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Human Cells Lacking mtDNA: Repopulation with
Exogenous Mitochondria by Complementation

MicHAEL P. KING AND GIUSEPPE ATTARDI

Two human cell lines (termed p°), which had been completely depleted of mitochon-
drial DNA (mtDNA) by long-term exposure to ethidium bromide, were found to be
dependent on uridine and pyruvate for growth because of the absence of a functional
respiratory chain. Loss of either of these two metabolic requirements was used as a
selectable marker for the repopulation of p® cells with exogenous mitochondria by
complementation. Transformants obtained with various mitochondrial donors exhib-
ited a respiratory phenotype that was in most cases distinct from that of the p° parent
or the donor, indicating that the genotypes of the mitochondrial and nuclear genomes
as well as their specific interactions play a role in the respiratory competence of a cell.

ITOCHONDRIAL BIOGENESIS IS
under the control of both the
nuclear and the mitochondrial

genome (1). The replication and transcrip-
tion of mtDNA and the translation of
mtDNA-coded mRNAs require compo-
nents encoded in the nucleus, which must be
imported into the organelles. Most of the
enzymes of the respiratory chain are oligo-
meric complexes consisting of both nuclear
DNA-—coded and mtDNA-coded subunits.
Study of these nuclear-mitochondrial inter-
actions would be facilitated if it were possi-
ble to manipulate the mtDNA complement
of a cell, move mitochondria from one cellu-
lar environment to another, or introduce
new genes into mitochondria.

We have isolated two derivatives of the
human cell line 143B. TK™, which had been
entirely depleted of mtDNA by long-term
exposure to low concentrations of ethidium
bromide (2). DNA transfer hybridization
analysis of total DNA from these cell lines,
designated 143B101 and 143B206 (or
p®101 and p°206), did not reveal the expect-
ed mtDNA restriction fragments, under
conditions in which much less than one
molecule per cell would have been detected
(2). These p° cells rely exclusively on glycol-
ysis for their energy requirements, and, as
previously shown for p° avian cells (3), have
become pyrimidine auxotrophs because of
the deficiency of the respiratory chain—de-
pendent dihydroorotate dehydrogenase (4).
Unexpectedly, these p® cells have also be-
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come pyruvate-dependent (2). Complemen-
tation of either of these metabolic require-
ments was used as a selectable marker for the
repopulation of p° cells with exogenous
functional mtDNA.

The p° cell line 143B206 undergoes less
than one population doubling in the ab-
sence of uridine, whereas its growth rate

Fig. 1. Growth of (A and B) 143B.TK™ (Par)
cells or 143B206 (p°206) cells and (C) transfor-
mants 206.417.U3 and (D) transformant
206.415.P3 in the presence or absence of uridine
(U) or pyruvate (P). (A and B) Multiple series of
10-cm plastic petri dishes were seeded each with a
constant number of cells in (A) 10 ml of normal
DMEM supplemented with 5% dialyzed fetal
bovine serum (FBS), BrdU at 100 wg/ml, and
uridine (U) at 0 or 50 wg/ml, or in (B) 10 ml of
pyruvate-deficient. DMEM  supplemented with
5% dialyzed FBS, BrdU at 100 wg/ml, uridine at
50 pg/ml, and pyruvate (P) at 0 or 100 pg/ml. At
various time intervals, cells from individual plates
were trypsinized and counted. (C and D) Growth
curves of the recipient p°206 cells and of the
transmitochondrial cell lines were determined as
described above. The growth medium was normal
DMEM supplemented with 5% dialyzed FBS and
BrdU at 100 wg/ml (+P,—U), or pyruvate-defi-
cient DMEM supplemented with 5% dialyzed
FBS and BrdU at 100 pg/ml (—U,-P), or the
latter medium plus uridine at 50 pg/ml (+U,-P),
or the same medium plus uridine at 50 pg/ml and

closely approaches that of the parental line
in the presence of uridine at 50 pg/ml (Fig.
1A). The growth rate of the 143B parental
line is not affected by the absence of uridine.
When 5 x 10° 143B206 cells were grown
in the absence of uridine, no colony ap-
peared even after 10 weeks of selection in
culture. These p° cells have a similar depen-
dence on pyruvate [a normal component of
the Dulbecco modified Eagle’s medium
(DMEM)] for growth, undergoing less than
one population doubling in the absence of
pyruvate (Fig. 1B). In the presence of pyru-
vate at 100 wg/ml, the growth rate of this
cell line is similar to that of the parental line,
whose growth is not affected by the absence
of pyruvate. An identical dependence on
uridine and pyruvate was observed with the
143B101 cell line (2).

We used the two p° cell lines for mito-
chondrial transformation studies. Initially,
mitochondria were transferred by fusion of
cytoplasts with p® cells. Cybrids were
formed by fusion of cytoplasts from
HT1080-6TG human cells (enHT1080) (5)
with p°101 or p°206 cells and replated in
medium  containing  bromodeoxyuridine
(BrdU) and lacking either pyruvate or uri-
dine. These media permitted only the
growth of p° cells that had fused with
cytoplasts containing functional mitochon-
dria. Growth of presumptive transformants
was observed within 3 to 4 days after cell
fusion, and colonies were picked (with a
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pyruvate at 110 pg/ml (+U,+P). The transformants had been maintained in their original selective
media for 5 weeks (206.415) and 7 weeks (206.417) after fusion. The transmitochondrial derivatives
were obtained by fusing 143B206 cells with cytoplasts from HT1080-6TG. For preparation of
cytoplasts, HT1080-6TG cells were plated on 35-mm dishes at ~2 x 10 cells per dish. After ~24
hours, cells were enucleated while attached to the plate (15). The cytoplasts were fused as a monolayer
with 3 X 10° to 8 x 10° 143B206 cells (16), and incubated in DMEM supplemented with 5% FBS and
uridine at 50 pg/ml. The cells were replated 1 to 3 days after fusion and placed in selective medium.
Selective uridine-free medium consisted of DMEM supplemented with 5% dialyzed FBS and BrdU at
100 pg/ml; and selective pyruvate-free medium consisted of DMEM lacking pyruvate supplemented
with 5% dialyzed FBS, uridine at 50 pg/ml, and BrdU at 100 pg/ml.
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glass ring) 11 to 15 days after fusion.

It was previously shown that microinjec-
tion of a single mitochondrion could replace
a resident human mtDNA population in
relatively few cell generations (6). Hence,
isolated mitochondria from HeLa S3 (7) or
HeLaBU25 10B3R (8) or CAP23 cells [a
chloramphenicol (CAP)-resistant derivative
of the VA;,B cell line (9)] were injected into
p%206 cells, and transformants were selected
in the absence of uridine. Colonies were first
observed between 10 and 30 days after
injection. The efficiency of this transforma-
tion was estimated to be ~1 X 1073 to 3 x

p°101
p°206

“
c pYNH24 D pYNH24
-
-
-!- - O e " w. Taw
- - - Bl - e e -

Fig. 2. Mitochondrial transformants contain the
exogenous mtDNA and 143B.TK™ nuclear
DNA. Autoradiograms of blots of restriction
digests of total DNA from the 143B.TK™ paren-
tal cell line, its derivatives 143B101 and
143B206, the mitochondrial donor cell lines
Hela $3, CAP23, and HT1080-6TG, and vari-
ous transformants of 143B101 and 143B206,
hybridized with (A and B) mtDNA and (C and
D) nuclear DNA probes. (A and C) The transmi-
tochondrial derivatives of 143B101 and 143B206
analyzed here were obtained by fusing the p° cells
with cytoplasts from HT1080-6TG as de-
scribed in the legend of Fig. 1. Transformants
101.111.P2 (T111) and 206.415.P3 (T415) se-
lected in pyruvate-free medium and transformants
101.115.U3 (T115) and 206.417.U3 (T417)
were selected in uridine-free medium. (B and D)
The 143B206 transformants analyzed here were
obtained by injection of mitochondria from HeLa
83 cells [206.24 (T24) and 206.30 (T30)] or
CAP23 cells [206.102 (T102) and 206.104
(T104)] into 143B206 cells, followed by selection
in uridine-free medium. Mitochondria were iso-
lated and injected as described (6). Transformants
obtained by injection of HeLa S3 or CAP23
mitochondria were subcloned 4 to 5 weeks after
injection. Samples of total DNA from the trans-
formants and from the parental cell lines were
digested (A and B) with Hae III and (C and D)
with MsP I and, after electrophoresis and electro-
blotting, were probed (A and B) with mp8.M9
and mp8.M6 (6) or (C and D) with the nuclear
variable number tandem repeat marker pYNH24
(17).
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1073 per injected cell.

Total DNA was isolated from four inde-
pendent p°101 X enHT1080 cybrids and
four independent p°206 x enHT1080 cy-
brids, selected for either uridine- or pyru-
vate-independent growth. Analysis of the
DNA from all transformants revealed both
the Hae II and Hae III markers characteris-
tic of HT1080 mtDNA and the pYNH24
variable-number tandem repeat marker char-
acteristic of the 143B nuclear DNA (6).
Total DNA was also isolated from three
p%206 transformants injected with HeLa S3
mitochondria, from four p°206 transfor-

Fig. 3. Histogram of (A)
the rates of oxygen con-
sumption per cell and (B)
the levels of cytochrome ¢
oxidase activity per 10°
mtDNA  molecules of
143B.TK™ (open bars),
the mitochondrial donors
(solid bars) HT1080-6TG,
HeLa $3, CAP23, and He-
LaBU25 10B3R, and the
transmitochondrial  cell
lines (shaded bars). The
rates of oxygen consump-
tion per cell and levels of
cytochrome ¢ oxidase per
10* mtDNA molecules are
shown with error bars rep-
resenting two standard er-
rors. The cell lines are list-
ed below in the order in
which they appear in the
histogram. After each cell
line in parentheses is the “I's
number of determinations
of oxygen consumption,
the number of weeks after
fusion or after injection
that this was determined,
then the number of deter-
minations of cytochrome ¢
oxidase activity, and the

0, consumed (fmol/min)

30F

mants injected with CAP23 mitochondria,
and from four p°206 transformants injected
with HeLaBU25 10B3R mitochondria.
Analysis of the DNA from these transfor-
mants showed both the Hae II and Hae III
markers characteristic of the HeLa S3,
CAP23, and HeLaBU25 10B3R donor
mtDNA and the pYNH24 marker charac-
teristic of the 143B nuclear DNA. The
hybridization pattern of representative
transmitochondrial cell lines probed with
mtDNA-specific probes (Fig. 2, A and B) or
with the nuclear DNA-specific probe (Fig.
2, C and D) are shown.

number of weeks after fu-
sion or after injection that
this was determined.
143B.TK™ (13, -; 10, -),
HT1080-6TG (13, -; 9, -),
206.417.U3 (6, 8; 5, 6),
206.412.P4 (2, 8; ND),
101.111.P2 (5, 7; 5, 6),
206.415.P3 (5, 8; 5, 6),
206.416.U3 (2, 8; ND),
101.116.U3 (2, 7, ND),
101.121.P2 (3, 7; ND),
101.115.U3 (5, 7; 5, 6),
HelLa S3 (8, -; 8, -),
206.24.2 (7, 15-20; 4,
18), 206.30.1 (7, 15-20;
5, 18), 206.7.1 (4, 9; 3,

Cytochrome c oxidized (fmoV/min)
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10), CAP23 (7, -; 9, -), 206.105.3 (4, 12; 2, 12), 206.113.4 (4, 11; 2, 11), 4.22.66 (5, 7; 2, 7),
421.57(7,9;2,9),4.21.63 (4,7; 3,7),4.29.104 (4, 7; 3, 7), 206.102.3 (4, 15-19; 5, 18), 206.104.1
(4, 15-19; 5, 18), HeLaBU25 10B3R (6, -; 10, -), 206-227 (7, 10; 2, 10), 206-230 (4, 10; 5, 10),
206-211-(5, 13; 5, 13), 206-217 (6, 13; 2, 13). Consumption of O, was determined on samples of 5 X
108 cells in 1.85 ml of DMEM lacking glucose, supplemented with 5% dialyzed FBS at 37°C (Gilson 5/
6 oxygraph). Cytochrome ¢ oxidase activity was determined as described (2). The mtDNA concentra-
tion of the relevant samples was determined by dot blot analyses as described in the legend of Table 1,
and standards were prepared with closed circular HeLa mtDNA mixed with 143B206 mitochondria.
All CAP-resistant cell lines were grown for at least 1 week in the absence of CAP before analyses.
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The kinetics of mtDNA repopulation of p®206 cells transformed
by injection of mitochondria from Hela S3 or CAP23 cells was
analyzed by dot blot hybridization of total DNA isolated from six
transformants at various times after injection. As previously ob-
served (6), injection of single mitochondria into p® cells resulted in
the restoration of a full complement of mtDNA in fewer than 35
generations. Thus the normal constraints limiting the rate of mtDNA
replication to an average of one replication cycle per mtDNA molecule
per cell generation were not operating in the microinjected p° cells, a
phenomenon presumably linked to their reduced mtDNA comple-
ments.

The mtDNA content per cell was determined by dot blot
hybridization for each of the transmitochondrial cell lines, as well as
for the four donor cell lines and 143B (Table 1) (10). We included
four cell lines (4.21.57, 4.21.63, 4.22.66, and 4.29.104) that were
obtained by injection of CAP23 mitochondria into CAP-sensitive
143B cells and selection for CAP resistance (6). The ranges of values
for mtDNA observed for the various sets of transformants were not
significantly different from each other or from the parental mtDNA
complements. The cell size of the transmitochondrial lines was quite
uniform (Table 1); nearly all the transformants had cell sizes
averaging 5.0 to 7.0 pl, values quite similar to those of the p° cells.

Comparison of the growth properties of two representative
cybrids formed between p°206 cells and HT1080 cytoplasts with
the p®206 cell line shows that transformant 206.417.U3, selected for
uridine independence, could grow not only in medium lacking
uridine but also in medium lacking pyruvate, or both, in contrast to
the p®206 cell line (Fig. 1C). Similarly, transformant 206.415.P3,
selected for pyruvate independence, could grow in medium lacking
pyruvate or uridine, or both (Fig. 1D).

The population doubling times of p"101 x enHT1080 or p°206
x enHT1080 cybrids were significantly shorter than that of the
corresponding p” parent (Table 1), being comparable to the dou-
bling times of those of the 143B cells and of the HT1080
mitochondrial donor cells. The doubling times of the transformants
obtained by injection of HeLa S3 or CAP23 mitochondria into
p®206 cells were similar to those of the p®206 parent and of CAP23
cells, but longer than that of HeLa S3 cells (Table 1).

The respiratory competence of the transmitochondrial and paren-
tal cell lines was assessed by measuring the O, consumption by
intact cells and by the activity of cytochrome ¢ oxidase (COX) in
mitochondria isolated from cells. The O, consumption of the two p°
cell lines was less than 5% of that of the
parental 143B line. No COX activity was

Table 1. Amount of mtDNA, cell size, and doubling time of transmitochondrial and
parental cell lines. The mtDNA content of cells was determined as described (10). Cell
size was determined by measuring the volume (typically, ~1 ml) of a known number of
cells that had been suspended in 130 mM NaCl, 5 mM KCl, and 7.5 mM MgSO,, and
centrifuged for 7 min at 1000g. Population doubling time was determined as described
(9). All CAP-resistant lines were grown for at least 1 week in the absence of CAP before
analyses, except for the determination of the doubling times of 4.21.63 and 4.22.66 (6).
The mitochondrial donor for transformants 101.111.P2 to 206.417.U3 was HT1080-
6TG; that for transformants 206.7.1 to 206.30.1 was HeLa S3, that for transformants
206.102.3 to 4.29.104 was CAP23, and that for transformants 206-211 to 206-230
was HeLaBU25 10B3R.

. Population
Cell line molg;;ﬁ?’g cell) Cd(l Sllm doubling times

( P ph (hours)
143B.TK™ 9,100 = 1,600 (13) 7.0 17
143B101 0 6.2 20
143B206 0 6.8 19.8
HT1080-6TG 9,700 + 1,800 (8) 6.1 17
HeLa S3 7,900 + 1,700 (8) 49 16
CAP23 10,300 = 2,100§ (18) 4.1 19
HeLaBU25 10B3R 8,700 = 2,100 (8) 35 33
101.111.P2 6,700 = 1,800 (4, 7) 5.4 (6) 16.1 (6)
101.115.U3 10,200 % 1,500 (4, 7) 7.0 (6) 16.8 (6)
101.116.U3 8,000 = 800 (4, 7) ND' ND
101.121.P2 6,600 + 500 (4, 7) ND ND
206.412.P4 7,300 = 2,700 (4, 8) ND ND
206.415.P3 8,200 = 900 (4, 8) 5.3 (6) 17.8 (5)
206.416.U3 12,600 + 1,900 (4, 8) ND ND
206.417.U3 13,100 * 3,800 (6, 8) 5.5 (6) 17.9 (7)
206.7.1 8,200 = 2,000 (8, 10) 6.4 (10) 20.2 (15)
206.24.2 11,800 = 1,300 (8, 12-18) 5.4 (18) 18.8 (12)
206.30.1 8,000 * 1,300 (8, 12-18) 5.8 (18) 20.7 (12)
206.102.3 12,300 = 2,200 (8, 12-15) 5.4 (18) 19.5 (13)
206.104.1 13,900 = 4,400 (3, 14-15) 5.0 (18) 20.2 (14)
206.105.3 12,800 + 2,600 (5, 12) 9.0 (12) 229 (14)
206.113.4 8,200 =+ 1,300 (8, 11) 6.3 (11) 20.3 (13)
42157 10,900 = 3,300 (8, 9) 5.5 (9) ND
421.63 6,800 = 1,000 (8, 7) 6.0 (7) 17 (7)
422.66 8,600 = 2,400 (5, 7) 6.6 (7) 17 (7)
429.104 7,300 = 1,000 (8, 7) 6.2 (7) ND
206-211 8,400 + 600 (6, 13) 6.1 (13) ND
206-217 11,400 = 900 (6, 13) 5.8 (13) ND
206-227 7,200 + 1,300 (8, 10) 5.4 (10) ND
206-230 8,600 + 1,600 (6, 10) 5.6 (10) ND

*The results arc expressed as the mean *+ two standard crrors. The first figure in parentheses is the
number of determinations; for the transmitochondrial cell lines, the second figure or range of figures
represents the number of weeks passed after fusion or after injection when the determinations were
made.  tFor 143B.TK™, HeLa 83, CAP23, HeLaBU25 10B3R, 206-211, and 206-230, these
values are the averages of two determinations; the other values are based on a single determination.
The figure in parentheses is the number of wecks after fusion or after injection when the
determinations were made.  #The figure in parentheses is the number of wecks after fusion or after
injection when the determination was made. §The mtDNA content of CAP23 was determined in
a scparate cxperiment.  'ND, not determined.

detected in the p® mitochondria. The four
cell lines used as mitochondrial donors and
the 143B cell line exhibited considerable
differences in respiratory capacity (Fig. 3).
The various transmitochondrial cell lines
also displayed a comparable broad range of
respiratory capacities. Cell lines derived
from the same mitochondrial donor exhibit-
cd similar levels of respiratory competence,
although within each group certain individ-
ual lines deviated significantly from the aver-
age (Fig. 3). However, groups of transfor-
mants obtained with different mitochondrial
donors differed in their respiratory pheno-
type. The respiratory capacities of the trans-
formants did not simply reflect those of the
corresponding mitochondrial donors or of
the parent of the p° cells. Whereas HT1080
cells had a much lower respiratory capacity
than 143B cells, transformants obtained by
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fusion of p® cells with HT1080 cytoplasts
had respiratory rates significantly higher
than for HT1080, but similar to that for
143B. The converse occurred with the HeLa
S3 transformants. Although HeLa S3 and
143B cells had similar respiratory capacities,
the rates of O, consumption and the COX
activities of the three transmitochondrial
lines obtained by injection of HeLa S3
mitochondria into p° cells were considerably
lower than those of either parental line.
Although HeLa S3 and HeLaBU25
10B3R are derivatives of the same cell line
(8), it was not surprising because of the
large number of years in culture that the
respiratory capacities of these two lines
differed, with 10B3R having a lower rate of
O, consumption and lower COX activity.
Three of the four transmitochondrial lines
obtained by injection of 10B3R mitochon-

dria into p” cells showed a higher rate of O,
consumption than 10B3R cells, but lower
than 143B cells. More striking was the COX
activity; in the three transformants, the
COX activity was more than twice that of
10B3R and higher than those of either
143B or HeLa S3. In the fourth transfor-
mant, 206-217, although it was markedly
deficient in its rate of O, consumption, the
COX activity was higher than that of
10B3R.

CAP23 cells have a mutation in the mito-
chondrial large ribosomal RNA gene that
confers resistance to CAP, an inhibitor of
mitochondrial translation (6, 9). This muta-
tion also reduces the rate of mitochondrial
protein synthesis and causes defective assem-
bly of the ribosomal subunits in CAP23 cells
(11). Thus, the low respiratory capacity of
these cells was not unexpected. Most of the
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transmitochondrial lines obtained by injec-
tion of CAP23 mitochondria into either
p®206 or 143B had low respiratory compe-
tence.

The variation in respiratory competence
observed among sets of transformants ob-
tained with different mitochondrial donors
did not correlate with the number of
mtDNA molecules per cell in the transfor-
mants (Table 1), nor did the striking devi-
ation in respiratory capacity of an occasional
cell line within each group. This intragroup
variability in respiratory competence proba-
bly reflects variation among the individual
recipient cells. Yet, the possibility that het-
erogeneity in the exogenous mtDNA popu-
lation may have contributed to the observed
variability in respiratory phenotype among
transformants obtained by injection of indi-
vidual organelles cannot be excluded.

Our results show that p® human cells can
be repopulated with exogenous human mi-
tochondria and restored to respiratory com-
petence. Cell lines differing only in their
mtDNA genotype—that is, the parental
143B.TK™ cell line and the various groups
of transformants containing mitochondria
from HT1080, HeLa S3, HeLaBU25
10B3R, or CAP23 cells—exhibited respira-
tory differences. The sequence diversity of
human mtDNA and of the mtDNA of these
cell lines (12) is probably responsible for
differences in respiratory capacity. A com-
parison of the respiratory capacities of the
various sets of transmitochondrial cell lines
with those of the mtDNA donors indicates
that nuclear background also affects the res-
piratory competence of a cell.

The genetic analysis of mitochondrial bio-
genesis applied to Saccharomyces cerevisiae (1)
can now be extended to mammalian cells.
Thus, it should be possible to select for
nuclear suppressors of mtDNA mutations
affecting mitochondrial function, or con-
versely, for mtDNA suppressors of muta-
tions of nuclear genes controlling mitochon-
drial biogenesis.

Our work is also relevant to the study of
mitochondrial neuromuscular diseases (13).
In several cases, specific mtDNA mutations
have been associated with these diseases
(14). Our results suggest that one possible
mechanism for the observed different de-
grees of penetrance of these diseases is the
existence of specific interactions of the vari-
able complements of nuclear genes present
in different individuals with a mitochondrial
genome containing a mutation. Introduc-
tion of mitochondria derived from patients
affected with these disorders into p® cells
may help distinguish whether a defect is
mtDNA- or nuclear DNA—encoded. Fur-
thermore, repopulation of p° cells by micro-
injection of single organelles could be used
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to clone the mutant mitochondrial genome
from a heteroplasmic population.
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Myristoylated and Nonmyristoylated Forms of a
Protein Are Phosphorylated by Protein Kinase C

JoNATHAN M. GRAFF, JEFFREY I. GORDON, PERRY J. BLACKSHEAR¥*

Activation of protein kinase C is thought to require association of the kinase with the
cell membrane. It has been assumed that cellular substrates for the kinase must
likewise be associated with membranes, and previous studies with membrane-associat-
ed myristoylated proteins have supported this view. It is now shown that a mutation
that prevents the normal amino-terminal myristoylation of a prominent cellular
substrate of protein kinase C, and appears to prevent its membrane association, does
not prevent the normal phosphorylation of this protein in intact cells in response to
phorbol esters. Thus, membrane association may not be required in order for protein
kinase C substrates to undergo phosphorylation.

ROTEIN KINASE C (PKC), THE DI-
acylglycerol-activated, Ca?*- and phos-
pholipid-dependent protein kinase, has
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been implicated in the regulation of many
cellular processes (1). Because the kinase re-
quires lipid cofactors for activation, it is
thought to exist in an active form only in
close proximity to the cell membrane (2, 3).
In addition, most cellular substrates for
PKC are thought to be either integral mem-
brane proteins or associated with the mem-
brane in other ways (3). One example of
such a substrate is pp60¥~*", in which NH,-
terminal myristoylation promotes mem-
brane association (4-6); a mutation that
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