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4-Quinolones Cause a Selective Loss of Mitochondrial
DNA From Mouse L1210 Leukemia Cells
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Abstract The 4-quinolone antibiotics nalidixic acid and ciprofloxacin are potent inhibitors of the bacterial type I
topoisomerase DNA gyrase. Treatment of mouse L1210 leukemia cells with these drugs resulted in a delayed inhibition
of cell proliferation. Prior to inhibition of cell proliferation, there was a time-dependent decrease in the cellular content
of mitochondrial DNA (mtDNA). The decrease in mtDNA was associated with a decrease in the rate of mitochondrial
respiration and an increase in the concentration of lactate in the growth medium. Inhibition of cell proliferation by
4-quinolones was reversible upon drug washout. However, there was a 2- to 4-day lag before the growth rate returned
to normal levels. This was preceeded by an increase in mtDNA content and mitochondrial respiration. These studies
suggest that inhibition of mammalian cell proliferation by 4-quinolone drugs is related to the selective depletion of

mtDNA. ¢ 1993 Wiley-Liss, Inc.
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The 4-quinolones are a class of antibacterial
drugs that act by inhibiting the type II topoisom-
erase DNA gyrase [Drlica and Franco, 1988;
Gootz et al., 1990]. The structures of the 4-
quinolones, nalidixic acid and ciprofloxacin, are
shown in Figure 1. At very high concentrations
(approximately 100-fold higher than those re-
quired to inhibit bacterial growth), these agents
inhibit the growth of mammalian cells [Hussy et
al., 1986]. There is some evidence that the inhi-
bition of mammalian cell growth may be related
to effects of these drugs on mtDNA synthesis.
Castora et al. [1983] have shown that replica-
tion of mtDNA in isolated rat mitochondria is
inhibited in the presence of the 4-quinolone
drugs, nalidixic acid and oxolinic acid. These
investigators suggested that these drugs might
be acting by inhibiting a mitochondrial DNA

Abbreviations used: MEM, minimal essential media; SDS,
sodium dodecyl sulfate; PBS, phosphate-buffered saline (10
mM NaHPO, (pH 7.4), 137 mM NaCl, 2.5 mM KCl, 1.5 mM
KH,PO,); ddC, 2’,3'-dideoxycytidine; COX, cytochrome c
oxidase; VM-26, 4’-demethylepipodophyllotoxin-9-(4,6-O-
thenylidene-B-D-glucopyrano side); FACS, fluorescence acti-
vated cell sorter.
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gyrase-like enzyme that functioned to facilitate
changes in the topology of mtDNA that were
required for replication. This is consistent with
recent studies in the trypanosomatid Crithidia
fasiculata that have identified a mitochondrial
type II topoisomerase that is inhibited by the
4-quinolone, nalidixic acid [Melendy and Ray,
1989]. These studies have led us to investigate
whether the inhibition of mammalian cell growth
by 4-quinolones is related to alterations in the
content of mtDNA using mouse leukemia L1210
cells as a model.

MATERIALS AND METHODS
Materials

Agarose and RNase T1 were obtained from
Bethesda Research Laboratories (Gaithersburg,
MD). Nalidixic acid was purchased from Sigma
(St. Louis, MO). Ciprofloxacin was kindly pro-
vided from Miles Pharmaceuticals (West Haven,
CT). Proteinase K was from Boehringer Mann-
heim Biochemicals (Indianapolis, IN) and nitro-
cellulose BA85 was from Schleicher and Schuell
(Keene, NH).

Cell Culture

Mouse leukemia L1210 cells, a cell line with a
doubling time of approximately 12 h, were ob-
tained from Dr. William Hauswirth (University



166 Lawrence et al.

Nalidixic Acid

0
mCOOH
7
I

HyC” N NL

CHj

F)@é)TCOOH
|
N N
(Y A
H

Fig. 1. Structures of nalidixic acid and ciprofloxacin.
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of Florida). Cells were maintained as a suspen-
sion in a-MEM! media supplemented with 10%
fetal bovine serum at 37°C in a 5% CO, atmo-
sphere. Cell counts were done with a model Zf
Coulter Counter (Hialeah, FL). All cell culture
reagents were obtained from GIBCO (Grand
Island, NY).

DNA Clones

The human alu nuclear repetitive DNA clone
Blur 8 [Deininger et al., 1981] was obtained
from Dr. L. Liu (Johns Hopkins University).
The mouse per nuclear repetitive DNA clone
M2.5 RI [Shin et al., 1985] was obtained from
Dr. T. Bargiello (Rockefeller University). The
entire mouse mitochondrial genome, inserted
into the Sac I site of pSP64, was obtained from
Dr. W. Hauswirth at the University of Florida
[Hauswirth et al., 1987]. The mouse mitochon-
drial subclone pMBS-2.1 contains the 2.1-kb
Bam H1-Sac 1 fragment of mouse mitochon-
drial DNA {Bibb et al., 1981] inserted into the
BamHI-Sac I site of pSP64. The DNA clones
were radiolabeled with [a-32P]dCTP (3,000 Ci/
mmol, ICN, Costa Mesa, CA), using a nick-
translation kit obtained from Bethesda Re-
search Laboratories (Gaithersburg, MD).

Isolation of Cellular DNA

Total cellular DNA was isolated as described
previously [Kroeger and Rowe, 1989]. Briefly,
cells were collected by centrifugation at 1,000g
for 2 min at room temperature. The superna-
tants were discarded and the cell pellets resus-

pended in 400 pl of lysis buffer [20 mM Tris—Cl
(pHS8), 20 mM EDTA, 1% SDS, containing 400
pg proteinase K/ml] and incubated overnight at
37°C. The lysates were then phenol and ether
extracted. The residual ether in the samples was
removed under vacuum in a Savant Speed-Vac
centrifuge then the samples were digested with
RNase T1 (6 units) for 2 h at 37°C. Samples
were again phenol and ether extracted, the DNA
precipitated with 2.5 vol of ethanol, and the
resulting precipitates resuspended in 200 pl of
TE [10 mM Tris—HCI (pH 8), 1 mM EDTA]. The
concentration of DNA was then determined flu-
orometrically [Labarca and Paigen, 1980], and
equal amounts of DNA (10 pg) from each sam-
ple were analyzed by Southern hybridization
{[Southern, 1975]; see below).

Gel Electrophoresis, Southern Hybridization, and
Autoradiography

DNA samples (10 pg in 50 pl TE) were com-
bined with 5 pl of loading buffer (50% sucrose,
0.05% bromophenol blue) and loaded onto a
0.7% agarose horizontal gel in TBE [90 mM
Tris-borate (pH 8.3), 2 mM EDTA]. Following
electrophoresis at 70 V for 50 h, the gel was
stained with ethidium bromide and the DNA
visualized using a UV box. The DNA was then
transferred onto a nitrocellulose filter and hy-
bridized to nick-translated [3?P]-labeled mito-
chondrial-specific DNA probes as described by
Sambrook et al. [1989]. The radioactive mito-
chondrial DNA signal was directly quantitated
from the nitrocellulose filter using a Betascope
603 Blot Analyzer (Betagen Corporation,
Waltham, MA); the filter was then autoradio-
graphed at —70°C, using Kodak XAR 5 film and
a DuPont Lightning-plus intensifying screen.
Variations in the total amount of DNA loaded in
each sample were corrected for by removing the
mitochondrial DNA probe and then rehybridiz-
ing the filter to nuclear-specific per or alu DNA
probes [Shin et al., 1985; Deininger et al., 1981].
The amount of total cellular DNA in each sam-
ple was also independently determined from den-
sitometric tracings of the photographic nega-
tives of the ethidium bromide-stained gels.

FACS Analysis

Mouse L1210 cells (1 x 10%) were pelleted at
1,000g for 2 min and washed with 1 ml PBS
before resuspending in 500 pl of PBS. Cells were
then incubated on ice for 15 min before adding
500 pl ice cold ethanol. The ethanol was mixed
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by gently bubbling air through the sample to
minimize cell breakage. After an additional 15
min on ice, cells were pelleted at 1,000g for 5
min at room temperature. Cell pellets were then
washed once with 1 ml PBS and resuspended in
125 ul RNase buffer (500 U/ml RNase T1, 1.12%
sodium citrate). After 10 min at 37°C, cells were
stained by the addition of 125 ul propidium
iodide solution (50 ug/ml in 1.12% sodium ci-
trate). After staining for 30 min at room temper-
ature, samples were pushed through a 44-pM
nylon filter. FACS analysis of the resulting trip-
licate samples was done with a FACSCAN flow
cytometer (Becton-Dickinson, San Jose, CA) at
the University of Florida Flow Cytometry Core
Laboratory. The data were collected using the
CellFIT modeling program and the average fluo-
rescence per cell determined using the LYSYS II
program (Becton-Dickson).

Measurement of Mitochondrial Function

Mitochondrial respiration was measured for
duplicate samples, using a Clarke-type oxygen
electrode as described previously [Esnault et al.,
1990]. Briefly, cells (1 x 108) were harvested by
centrifugation and resuspended in 30 pl of GMC
buffer (8 mM Tris—HCl (pH 7.2), 1 mM potas-
sium phosphate, 14 mM KCl, 1 mM glutamate, 1
mM malate, 30 mM sucrose). A 10-pl aliquot of
the cell suspension was then pipeted into a micro-
chamber containing 0.6 ml freshly oxygenated
GMC buffer. Polarographic measurements of
oxygen consumption were made using a YSI
Biological Oxygen Monitor fitted with a Clarke-
type oxygen electrode for 10 min at 37°C. Values
were expressed as a percent of the non drug-
treated control cells.

Cytochrome c oxidase (COX) activity was de-
termined in duplicate, using a spectrophotomet-
ric assay [Segal-Bendirdjian et al., 1988]. Briefly,
cells (1 x 108) were harvested by centrifugation
and washed twice with 0.25 M sucrose before
resuspending in 1 ml of H;O. Cells were then
disrupted by 20 strokes in a tight fitting dounce
homogenizer. To initiate the assay, 200 pl of the
resulting lysate was combined with 100 pl of 0.1
M potassium phosphate (pH 7.0), 70 pl of 1%
(w/v) ferrocytochrome c (Sigma type III), and
630 ul HyO. The reactions were incubated at
37°C and the absorbance at 550 nm measured
over a 30-min period against a blank containing
1 ml of 0.01 M potassium phosphate (pH 7.0),
0.07% oxidized ferrocytochrome c (ferrocyto-
chrome ¢ was oxidized by including 1 mM potas-

sium ferricyanide in the blank). The level of
activity was expressed relative to the non-drug-
treated control cells.

Measurement of Lactate Accumulation

L1210 cells (duplicate samples) were collected
by centrifugation and washed and then resus-
pended in fresh media containing drug. At vari-
ous times of drug treatment an aliquot of the
culture containing 1 x 10% cells was removed
and the cells pelleted by centrifugation. The
supernatant was then removed and combined
with 2 vol of 10% trichloroacetic acid. After 10
min on ice, the sample was clarified by centrifug-
ing at 10,000g for 10 min. The clear superna-
tants were then collected and assayed for lactate
content using a kit from Sigma, according to the
manufacturer’s instructions. The amount of lac-
tate was calculated as mg/10° cells and the data
expressed relative to the non-drug-treated con-
trols.

RESULTS
Inhibition of Cell Growth by 4-Quinolones

In agreement with earlier studies [Hussy et
al., 1986], we found that the 4-quinolone drugs
nalidixic acid and ciprofloxacin inhibited the pro-
liferation of mammalian cells. Nalidixic acid in-
hibited mouse L1210 cell growth at concentra-
tions above 80 pg/ml, with greater than 90%
inhibition occurring at 250 pg/ml. Ciprofloxacin
was more potent, inhibiting growth at concentra-
tions above 20 ug/ml, with greater than 90%
inhibition at 80 pg/ml. An unusual feature of
the drug-induced inhibition of growth was that
it did not occur until after several days of drug
exposure. During the first 2 days of exposure to
250 pg/ml nalidixic acid, there was no apparent
slowing in the growth rate (Fig. 2). However by
day 4, growth was inhibited by 60%, and by day
10 the cells had essentially stopped dividing.
Inhibition of cell growth by nalidixic acid was
reversible upon transfer of cells to drug-free
media (indicated by an arrow). However, there
was a 3- to 4-day lag before growth resumed at
normal rates.

Drug-Induced Loss of Mitochondrial DNA

Previous in vitro studies have demonstrated
that 4-quinolone drugs inhibit the replication of
mitochondrial DNA in isolated mouse mitochon-
dria [Castora et al., 1983]. This led us to investi-
gate whether the delayed inhibition of cell growth
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Fig. 2. Effect of nalidixic acid on 11210 cell growth. L1210 cells were grown in Ts tissue culture flasks in
the presence (O) or absence (@) of 250 pg/ml nalidixic acid. Cell counts were done every 24 h using a
Coulter counter to determine the relative increase in cell number. Cells were then spun down and
reseeded at a density of 17 x 10% cells/ml in 10 m! fresh media containing drug and the incubation
continued. Growth was expressed as the cumulative number of cell doublings. B, drug-treated cells
transferred to drug-free media at day 6 (marked with an arrow).

might be related to a block in mtDNA synthesis.
Mammalian mtDNA is a 16- to 17-kb circular
duplex molecule encoding 14 tRNA genes, 2
ribosomal RNA subunits, and 13 proteins in-
volved in oxidative phosphorylation [Attardi and
Shatz, 1988]. Mammalian cells contain approxi-
mately 1,000-2,000 copies of mtDNA represent-
ing less than 1% of the total cellular DNA con-
tent [Clayton, 1982].

Previous studies have shown that inhibition
of mtDNA synthesis by the DNA intercalator
ethidium bromide causes a progressive dilution
in the cellular content of mtDNA following each
round of cell division [Desjardins et al., 1985;
Wiseman and Attardi, 1978]. If 4-quinolones
inhibit mtDNA synthesis, this should also result
in a depletion of the cellular content of mtDNA.
Total cellular DNA was isolated from cells ex-
posed to 250 pg/ml nalidixic acid for up to 14
days. Equal amounts of total DNA from each
time point were then analyzed for the presence
of mtDNA by Southern blotting using a [32P]-
labeled mitochondrial DNA probe. As is appar-
ent from the autoradiograph in Figure 3A, nali-
dixic acid caused a time-dependent loss of
mtDNA from mouse L1210 cells. Similar to the
inhibition of cell growth, the loss of mtDNA

could be reversed by transferring cells to drug-
free media. Cells exposed to nalidixic acid for 6
days were washed and then placed in drug-free
media for increasing times up to 8 days. Within
4 days there was a significant increase in mtDNA
content, and by day 7 the mtDNA content had
returned to near control levels. Values for
mtDNA content that have been corrected for
variations in total cellular DNA are plotted in
Figure 3B. These results indicate that mtDNA
decreased to 40% of control levels during the
first 24 h of drug exposure. The mtDNA content
continued to decline, although at a much slower
rate, to 20% of control levels by day 14. When
drug was removed from the media at day six
(marked by an arrow), the mtDNA content re-
turned to near-control levels within 7 days.
Ciprofloxacin was 4- to 5-fold more potent
than nalidixic acid in causing a loss of mtDNA
from L1210 cells. A dose-response curve show-
ing the effects of ciprofloxacin on mtDNA con-
tent is shown in Figure 4. In this experiment,
the mtDNA content was measured in cells
treated with 20-100 pg/ml ciprofloxacin for 4
days. As is evident from the graph, there was a
dose-dependent loss of mtDNA from mouse
L1210 cells, with a greater than 80% loss occur-
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Fig. 3. Effect of nalidixic acid on mouse L1210 cell mtDNA
content. L1210 cells were exposed to 250 pg/ml nalidixic acid,
and at each time point total cellular DNA was isolated and the
mtDNA content was measured as described under Materials
and Methods. A: Autoradiograph of Southern blot hybridized to
a probe containing the entire mouse mitochondrial DNA. Lane
1, no drug; lanes 2—7 contain total DNA from cells continuously
treated with 250 pg/ml nalidixic acid for 1, 3, 6, 10, 13, or 14
days; lanes 8-10 contain total DNA from cells continuously
treated with nalidixic acid for 6 days and then placed in drug-
free media for 4, 7, or 8 days. The arrow at the right marks the
position of supercoiled mtDNA. B: Quantitation of the mtDNA
content from Southern blot. The radioactive mtDNA signals and
corrections for variability in total DNA were quantitated as
described under Materials and Methods. O, cells continuously
exposed to nalidixic acid; @, cells exposed to nalidixic acid for 6
days and then placed in drug-free media. Data are expressed as
a percentage of nontreated cells.

ring at ciprofloxacin concentrations above 60
pg/ml.

Although these results suggested that 4-quino-
lones were inducing a selective depletion of
mtDNA from cells, there was a possibility that
this apparent decrease was due to an increase in
total cellular DNA with no net change in mtDNA
content. To investigate this possibility, cells
treated with ciprofloxacin were analyzed by flow
cytometry to monitor changes in total cellular
DNA content (Table I). Cells were continuously
exposed to either 80 or 160 png/ml ciprofloxacin
for 1-3 days and then fixed and stained with

propidium iodide. The average fluorescence in-
tensity per cell was then determined by flow
cytometry to assess changes in total cellular
DNA content. There was no significant change
in the average cellular DNA content in cells
treated for 1 day with ciprofloxacin. Following 3
days of drug exposure, there was still no signifi-
cant change in the average DNA content per cell
except at 160 pg/ml ciprofloxacin. At this concen-
tration there was a 10~20% increase in the aver-
age DNA content per cell relative to control
samples. These same drug treated samples also
showed a similar increase in the percentage of
cells in the G2 + M region of the cell cycle.
However, the small change in total cellular DNA
content observed in cells treated with 160 pg/ml
ciprofloxacin still cannot account for the greater
than 80% loss of mtDNA.

4-Quinolones Cause a Loss of Mitochondrial
Respiration

The drug-induced depletion of mtDNA from
mouse L1210 cells led us to examine whether
there was a corresponding decrease in mitochon-
drial respiration. Mitochondrial respiration was
monitored by measuring oxygen consumption in
cells after treatment with 250 pwg/ml nalidixic
acid for different lengths of time (Fig. 5A). There
was no significant loss of mitochondrial respira-
tion during the first 4 h of drug treatment (data
not shown). However, by 24 h, respiration had
decreased to 40% of that in control cells. Longer
drug exposures of up to 14 days resulted in little
additional decrease in respiration. When cells
treated with drug for six days were then placed
in drug-free media (marked with an arrow),
there was a time-dependent recovery of mito-
chondrial respiration.

The effects of nalidixic acid on mitochondrial
COX activity were also measured. This is a mul-
tisubunited lipoprotein that forms an important
part of the respiratory electron transport chain
[Tzagoloff, 1982]. Three of the subunits that
make up this protein are encoded for by mtDNA
with the remaining subunits being encoded for
by nuclear genes [Attardi and Shatz, 1988]. Na-
lidixic acid caused a decrease in COX activity
that paralleled the decrease in mitochondrial
respiration. Similarly, there was a time-depen-
dent return of COX activity to control levels
when cells were transferred to drug-free culture
media.

Ciprofloxacin caused a similar decrease in res-
piration at concentrations 5 to 10-fold lower
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Fig. 4. Effect of ciprofloxacin on mouse L1210 cell mtDNA content. Mouse L1210 cells were exposed to
various concentrations of ciprofloxacin and the mtDNA was assessed as in Figure 3. Data are expressed as
a percentage of the nontreated cell control. The autoradiograph of the Southern blot that was hybridized
with nick-translated mouse mitochondrial probe is shown as an inset. The lanes contain DNA samples
from cells treated continuously for 4 days with the indicated concentrations of ciprofloxacin.

TABLE I. FACS Analysis of L1210 Cells
Treated With Ciprofloxacin'

Days of exposure

(ciprofloxacin) Mean fluorescence/cell
1 day

No drug 115.08 = 4.1

80 pg/ml 120.87 £ 2.5

160 pg/ml 118.36 + 1.0
3 days

No drug 110.20 + 9.8

80 pg/ml 103.56 + 5.9

160 pg/ml 131.40 = 2.4*

*Mouse L1210 cells continuously exposed to ciprofloxacin for
1 or 3 days were fixed with ethanol and the mean fluores-
cence/cell determined by FACS analysis at the University of
Florida Flow Cytometry Core as described under Materials
and Methods. The fluorescence was determined for 20,000
cells from each sample. The data were expressed as
mean *=SE for three separate samples. Statistical analysis
was performed using a one-way ANOVA with Student-
Newman-Keul’s post hoc test.

*P < 0.05.

than nalidixic acid (Fig. 5B). Treatment of cells
with increasing concentrations of ciprofloxacin
for 4 days resulted in a dose-dependent loss of
mitochondrial respiration. Respiration was in-
hibited greater than 50% at 20 p.g/ml ciprofloxa-
cin. This drug also caused a dose-dependent
decrease in COX activity with greater than 50%
inhibition occurring at 80 wg/ml. This concentra-
tion was approximately 4-fold higher than that

required to inhibit respiration, suggesting that
the loss in respiration at 20 wg/ml ciprofloxacin
was not due to a loss in COX activity. Possibly,
the activities of other components that are im-
portant in mitochondrial respiration are more
sensitive to the action of ciprofloxacin. In this
regard, mtDNA encodes a number of genes for
proteins which are important in mitochondrial
energy metabolism. In addition to three sub-
units for COX, mtDNA encodes genes for apocy-
tochrome b and subunits for cytochrome c,
NADH dehydrogenase, and ATPase proteins (re-
viewed in Attardi and Shatz [1988]). Ciprofloxa-
cin-induced depletion of mtDNA would there-
fore be expected to cause a decrease in the
expression of a number of proteins important in
energy metabolism. However, why a loss of
mtDNA would affect the activities of some respi-
ratory enzymes more than others is unclear but
may be related to differences in the expression
or the half-lives of these proteins.

Lactate Accumulates When Cells Are Treated
With 4-Quinolones

The decrease in respiration following treat-
ment of cells with 4-quinolones was associated
with a corresponding increase in glycolysis as
indicated by lactate accumulation (Fig. 6). Treat-
ment of cells with 250 pg/ml nalidixic acid re-
sulted in a time-dependent 3- to 4-fold increase
in lactate accumulation that peaked by day 4 of
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Fig. 5. Effects of nalidixic acid and ciprofloxacin on mitochon-
drial function. A: Oxygen consumption (O, @) and cytochrome
c oxidase activity (O, @) were assayed in duplicate from mouse
L1210 cells treated for various times with 250 ug/ml nalidixic
acid as described under Materials and Methods. The closed
symbols represent oxygen consumption and cytochrome c
oxidase activities in cells that were removed from drug contain-
ing media at day 6 (marked by an arrow) and then placed in

the drug treatment (Fig. 6A). If cells were washed
and then placed in drug-free media at day 6
(marked by an arrow), lactate accumulation re-
turned to control levels within 4 days. The effect
of 4-quinolones on lactate accumulation was
dose-dependent. Continuous exposure of cells
for 4 days to increasing concentrations of cipro-
floxacin from 20-100 pg/ml resulted in as much
as a 7-fold increase in lactate accumulation (Fig.
6B).

DISCUSSION

We have demonstrated that the 4-quinolone
antibiotics, nalidixic acid, and ciprofloxacin,

60 80 100
(ng/mi)

drug-free media for various lengths of time. B: Mouse L1210
cells were treated with various concentrations of ciprofloxacin
for 4 days and the oxygen consumption (O) and cytochrome c
oxidase activity (O) were assayed as described above. Activities
were expressed as a percentage of the untreated control cells.
Data represent the mean *SE standard error of values obtained
from six independent experiments.

cause a selective loss of mtDNA from cultured
mammalian cells. The loss of mtDNA was accom-
panied by a decrease in mitochondrial respira-
tion and COX activity, followed by an inhibition
of cell proliferation. These effects were revers-
ible upon transfering cells to drug-free media
with the recovery in mtDNA and respiration
preceding the recovery in cell proliferation. These
studies raise the interesting possibility that inhi-
bition of growth by 4-quinolones is due to the
depletion of mtDNA.

Ciprofloxacin and nalidixic acid are potent
inhibitors of the bacterial type II topoisomerase
DNA gyrase [Gellert et al., 1977; reviewed in
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Fig. 6. Effect of nalidixic acid and ciprofloxacin on lactate
accumulation. A: Lactate accumulation was measured in mouse
L1210 cells treated with 250 pg/ml nalidixic acid (O) for
various lengths of time as described under Materials and Meth-
ods. @, lactate accumulation in cells removed from drug con-
taining media at day 6 (marked by an arrow) and then placed in

Drlica and Franco, 1988]. This enzyme plays an
important role in removing topological problems
that arise in bacterial DNA during replication
(reviewed in Drlica and Franco [1988]}). It has
been hypothesized that a DNA gyrase-like type
I1 topoisomerase is required to supercoil and
decatenate mtDNA during the initiation and
termination steps in mtDNA replication respec-
tively [Clayton, 1982; Castora et al., 1982]. This
is consistent with studies showing that mtDNA
replication in isolated mitochondria could be
arrested by the DNA gyrase inhibitors, nalidixic
acid, and oxolinic acid [Castora et al., 1983]. The
presence of a mitochondrial topoisomerase with
properties similar to the bacterial enzyme DNA
gyrase is not entirely surprizing, since mitochon-
dria are thought to have originated in evolution

— T

60 80 100
(ng/ml)

drug-free media for various lengths of time. B: Mouse L1210
cells were exposed to various concentrations of ciprofloxacin
for 4 days and the lactate accumulation determined as de-
scribed above. The amount of lactate was expressed relative to
untreated control cells. Data represent the mean *SE of values
obtained from six independent experiments.

as bacterial endosymbionts, accounting for many
structural, biochemical, and genetic similarities
of this organelle with bacteria [Gray, 1989].
Castora et al. [1982, 1985] partially purified a
topoisomerase IT activity from rat liver mitochon-
dria that could catalyze the catenation and decat-
enation of plasmid DNA. However, this activity
did not appear to be sensitive to the 4-quinolone
drugs, nalidixic or oxolinic acid. More recently,
Melendy and Ray [1989] have purified a mito-
chondrial topoisomerase I1 activity from the Try-
panosomatid Crithidia fasciculata that was in-
hibited by concentrations of nalidixic acid that
are effective against the bacterial enzyme DNA
gyrase. This mitochondrial type II topoisomer-
ase was also found to have physical and anti-
genic properties that were different from the
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nuclear type II topoisomerase in this organism
[Melendy and Ray, 1989]. Consistent with these
studies, we have recently found that ciprofloxa-
cin induces the formation of site-specific double-
stranded breaks in mitochondrial but not nu-
clear DNA from Chinese hamster ovary cells
(data not shown). We are currently investigat-
ing whether these breaks are mediated by a
topoisomerase II-like protein in mitochondria.
There is some evidence which suggests that
4-quinolones may inhibit mammalian cell prolif-
eration by interfering with the function of a
nuclear topoisomerase II enzyme [Bredberg et
al., 1991; Hussy et al., 1986]. However, it is
puzzling why inhibition of nuclear topoisomer-
ase 11 would cause a selective inhibition of mito-
chondrial but not nuclear DNA synthesis. Possi-
bly, inhibition of a nuclear topoisomerase by
4-quinolones interferes with the transcription
of nuclear-encoded mitochondrial proteins, re-
sulting in the observed loss of mtDNA and mito-
chondrial functions. If this is true, other inhibi-
tors of nuclear topoisomerase II should also
deplete mtDNA from cells. Preliminary studies
in our lab indicate that growth inhibition of
mouse L1210 cells by the nuclear topoisomerase
I1-specific drug VM-26 [Liu, 1989] has no effect
on mtDNA content, suggesting that the loss of
mtDNA is not mediated through inhibition of a
nuclear topoisomerase (data not shown).
Although a mitochondrial type II topoisomer-
ase is a likely target for drug action, there are
other activities that are required for mtDNA
replication (e.g., DNA polymerases, helicases)
that may also be inhibited by 4-quinolones.
Drugs that are structurally unrelated to 4-quino-
lones, such as the DNA intercalator ethidium
bromide, the polyamine analogue MGBG, and
the dideoxynucleoside analogue ddC, have also
been shown to cause a depletion of mtDNA from
mammalian cells [Wiseman and Attardi, 1978;
Nass, 1984; Vertino et al.,, 1991; Chen and
Cheng, 1989]. The mechanisms underlying the
depletion of mtDNA by ethidium bromide and
MGBG are unknown. However, there is some
evidence suggesting that ddC may be acting by
inhibiting the mitochondrial enzyme DNA poly-
merase gamma [Chen and Cheng, 1989]. How-
ever, in vitro studies suggest that this enzyme is
not inhibited by the 4-quinolone drugs nalidixic
acid or oxolinic acid [Castora et al., 1983]. We
are currently attempting to isolate a drug-
sensitive topoisomerase activity from mamma-
lian mitochondria. These studies should help

establish whether the selective depletion of
mtDNA by 4-quinolones is due to inhibition of a
mitochondrial topoisomerase.
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