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Replication of simian virus 40 (SV40) DNA in virus-infected CV1 cells
selectively permeabilized for small molecules by Staphylococcus aureus
α-toxin: involvement of mitochondria in the fast O2-dependent regulation
of SV40 DNA replication
Hans-Jörg RIEDINGER1, Frank EGER, Klaus TRUMMLER and Hans PROBST
Physiologisch-chemisches Institut der Universität Tübingen, Hoppe-Seyler-Strasse 4, D-72076 Tübingen, Germany

SV40 (simian virus 40)-infected CV1 cells were permeabilized
with Staphylococcus aureus α-toxin for small molecules
(<2 kDa) in a medium that supports DNA replication. Incorpor-
ation of [α-32P]dATP was shown to proceed at an essentially con-
stant rate for at least 1 h. 32P-labelled DNA replication inter-
mediates and products were analysed by alkaline sucrose density
centrifugation. The results suggested that SV40 DNA replic-
ation in α-toxin-permeabilized CV1 cells occurred essentially as
in vivo. After bromodeoxyuridine 5′-triphosphate-labelling and
isopycnic banding, significant amounts of DNA density-labelled
in both strands were detected from 110 min of permeabilization
onwards, indicating repeated rounds of viral DNA replication in
the permeabilized cells. Incubation of permeabilized SV40-
infected cells under hypoxic culture conditions caused inhibition
of SV40 DNA replication. As seen in unpermeabilized cells,
SV40 DNA replication was inhibited at the stage of initiation. The

inhibition of DNA replication induced by hypoxia was mimicked
by AA (antimycin A), an inhibitor of mitochondrial respiration,
and also by the replacement of glutamate, a substrate of mito-
chondrial respiration, by Hepes in the permeabilization medium.
Inhibition of DNA replication was not mediated by intracellular
ATP depletion. AA also inhibited SV40 DNA replication in unper-
meabilized, normoxically incubated cells. Moreover, as in hypoxi-
cally incubated cells, the addition of glucose to SV40-infected
cells incubated for several hours with AA induced a burst of new
initiations followed by a nearly synchronous round of viral DNA
replication. Taken together, these results indicate that mitochon-
dria are involved in the oxygen-dependent regulation of SV40
DNA replication.

Key words: DNA replication, hypoxia, mitochondria, oxygen, per-
meabilized cell, simian virus 40.

INTRODUCTION

DNA replication in mammalian cells is inhibited when the O2

concentration in the cellular environment falls below 0.1%.
Inhibition primarily concerns initiation, but, frequently, elong-
ation of DNA replication is also affected. So far, this oxygen-
dependent regulation of DNA replication was demonstrated to
occur in cellular genome replication of several mammalian cell
lines [1,2] and also in SV40 (simian virus 40) DNA replication in
virus-infected CV1 cells [3,4]. Glucose has been shown to prevent
the hypoxia-induced inhibition of initiation of DNA replication,
at least in SV40-infected CV1 cells and HeLa cells, but probably
also in other cell lines [5].

Examination of the molecular basis of this oxygen-dependent
regulation of DNA replication in living cells is hampered by the
fact that cellular ATP generation depends on either oxygen or
glucose, both of which can potentially release the inhibition of
DNA replication under hypoxia. To circumvent these difficulties,
permeabilized cells and an ATP-regenerating system can be used.
Although cells permeabilized by the usual membrane distorting
methods were shown to replicate their DNA at the nuclear matrix
[6] in a semi-conservative manner [7,8], initiation of cellular DNA
replication was reported to be impaired in cells permeabilized
thus [7] and, therefore, their DNA synthesis generally represents
elongation of replicons initiated before permeabilization. On the

other hand, initiation of SV40 DNA replication was shown to
be possible in lysolecithin-permeabilized, SV40-infected CV1
cells [9].

In the present study, we used α-toxin, produced by Staphyl-
ococcus aureus (see [10–12] and references therein), for permeab-
ilization. α-Toxin, a water-soluble protein of 34 kDa, hexamerizes
in the cell membrane and creates stable transmembrane pores of
1–2 nm effective diameter [11], which are permeable to low-mol-
ecular-mass compounds. The toxin exclusively enters the plasma
membrane and does not reach intracellular organelles or cyto-
plasmic components. The pores created by α-toxin are too small
to allow proteins to escape from the cell. Complex cellular ma-
chinery depending on a high local concentration of respective
proteins, like the DNA replication apparatus, is therefore expected
to remain intact over extended periods. Molecules of up to 1000–
2000 Da, on the other hand, are easily exchanged with the sur-
rounding medium.

After adaptation of the permeabilization medium according
to a cell-free system of SV40 DNA synthesis [13], SV40 DNA
replication was found to proceed essentially as in vivo, at least
for the first hour after permeabilization. Hypoxic incubation
of permeabilized cells inhibited SV40 DNA replication at the
stage of initiation. This effect of hypoxia could be mimicked by
AA (antimycin A), an inhibitor of mitochondrial respiration, or
by the replacement of glutamate, a substrate of the mitochondrial

Abbreviations used: AA, antimycin A; BrdU, bromodeoxyuridine; BrdUTP, bromodeoxyuridine 5′-triphosphate; hU, haemolytic unit(s); LL-, HL-, HH-DNA,
DNA substituted with BrdU in no, one or both strands respectively; PEP, phosphoenol pyruvate; p.i., post-infection; p.p.m., parts per million; ROS, reactive
oxygen species; SV40, simian virus 40.
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electron-transport chain, by Hepes in the permeabilization me-
dium. AA also mimicked the effect of hypoxia in unpermeabil-
ized, normoxically incubated cells. Taken together, these results
suggest that mitochondria are involved in the fast O2-dependent
regulation of SV40 DNA replication in virus-infected CV1 cells.

EXPERIMENTAL

Preparation of α-toxin and determination of haemolytic activity

α-Toxin was prepared from the culture fluid of Staph. aureus
(strain Wood 46, ATCC 10832). Bacteria were grown in 1 litre of
tryptic soy broth (30 g/l, pH 7.3; Difco Laboratories, Augsburg,
Germany) to an absorbance of approx. 7.0 at 578 nm. Sodium
azide (8 mM), EDTA (2 mM) and acetic acid (pH 5.0) were added.
The suspension was diluted with 1.5 litres of 8 mM sodium azide
and 10 mM sodium acetate (pH 5.0). After 3 h at 4 ◦C, bacteria and
contaminating protein were removed by centrifugation (9000 g,
15 min, 4 ◦C). Then, 200 g of preswollen cationic exchanger
CM52 (Whatman, Maidstone, U.K.), equilibrated in 10 mM
sodium acetate (pH 5.0) were added to the clear supernatant.
After 2 h, the column was filled with cationic exchanger and suc-
cessively washed with 700 ml of sodium azide (8 mM)/sodium
acetate (10 mM) solution (pH 5.0) and 600 ml of sodium azide
(8 mM)/sodium phosphate (10 mM) solution (pH 6.5). Elution
was performed with 200 ml of a solution containing 8 mM
sodium azide, 500 mM NaCl, 1 mM imidazole and 50 mM sodium
phosphate (pH 7.0). The eluate was collected in fractions of
10 ml. Haemolytic activity of fractions was determined semi-
quantitatively as described below. Fractions exhibiting haemolytic
activity were pooled and further purified on a chelating Sepharose
fast-flow column (Amersham Biosciences, Freiburg, Germany),
which was prepared as follows: 50 ml of chelating Sepharose in
8 mM sodium azide, 50 mM Tris (pH 8.0) and 20% (v/v) ethanol
was packed into a column of 30 mm diameter and washed with
150 ml of double-distilled water. The column was washed suc-
cessively with 54 ml of solution A (25 mM CuSO4, 1 M NaCl and
acetic acid, pH 3.4); 50 ml of solution B (500 mM NaCl, 8 mM
sodium azide, 1 mM imidazole and 50 mM sodium acetate,
pH 4.5); 50 ml of solution C (500 mM NaCl, 8 mM sodium azide,
300 mM imidazole and 50 mM sodium acetate, pH 4.5); and again
with 150 ml of solution B.

The collected eluate of the cationic exchange column was
loaded on to the chelating Sepharose column and washed with
500 mM NaCl, 8 mM sodium azide, 11 mM imidazole and 50 mM
sodium acetate (pH 4.5, 350 ml). Elution of α-toxin was per-
formed by gradually increasing the imidazole concentration from
11 mM (150 ml) to 50.5 mM (300 ml) and 300 mM (200 ml). The
eluate was collected in 10 ml fractions, which were analysed for
haemolytic activity (see below).

Active fractions were pooled, and (NH4)2SO4 was added to
90% saturation (at 0 ◦C) and EDTA to 5 mM. The precipitate
formed was collected by centrifugation, washed with a solution
containing (NH4)2SO4 (90% saturated at 0 ◦C) and EDTA (2 mM)
and frozen in a humid state at −80 ◦C. For the determination
of haemolytic activity or cell permeabilization, aliquots were
thawed, dissolved in 300 mM ammonium acetate (pH 7.0) and
dialysed against 500 ml of 0.5 mM Tris and 0.05 mM EDTA
(pH 8.0) for 2–3 h.

Activity of α-toxin was determined by haemolysis of rabbit
erythrocytes, essentially as described in [10,12].

Semi-quantitative estimation of haemolytic activity was per-
formed by applying aliquots of 10 µl to holes in sheep blood agar
plates (Oxoid, Wesel, Germany) and evaluating the area of haemo-
lysis surrounding the holes after incubation for 18 h at 37 ◦C.

Radioactive labelling of cells and viruses

African green monkey CV1 cells (ATCC CCL 70) were grown
in plastic flasks in Dulbecco’s modified Eagle’s medium, sup-
plemented with 10% (v/v) foetal calf serum, 100 units/ml peni-
cillin G and 100 mg/ml streptomycin, under standard tissue cul-
ture conditions. Infection with SV40 was performed as described
in [14]. SV40-infected cells were incubated normoxically (20%
O2, 5% CO2, N2 to 100%) and labelled with [methyl-3H]-
deoxythymidine as described previously [4].

Permeabilization of SV40-infected CV1 cells

For a typical permeabilization experiment, 300000 cells were
seeded on to plastic Petri dishes (35 mm; Greiner, Frickenhausen,
Germany) in 1.5 ml of Dulbecco’s modified Eagle’s medium
and, 24 h later, infected with SV40. From 24 to 36 h p.i. (post-
infection), the culture supernatant was removed by aspiration and
replaced by 300 µl of prewarmed permeabilization solution, con-
taining the following: potassium glutamate (120 mM), EGTA
(0.4 mM), nitrilotriacetic acid (4 mM), CTP, GTP, UTP (100 µM),
ATP (2.8 mM), dATP, dCTP, dGTP, dTTP (100 µM), MgCl2

(8.5 mM), CaCl2 (1 mM), Pipes (16 mM), α-toxin (3000 hU/ml),
creatine kinase (0.1 mg/ml), phosphocreatine (50 mM) and
dithiothreitol (0.5 mM), pH 7.8, where hU stands for haemoly-
tic unit(s) (1 hU = 3.6 ng of α-toxin = 0.1 pmol). In some experi-
ments, a permeabilization medium containing Hepes (120 mM)
instead of glutamate was used. Permeabilization components were
frozen in aliquots to avoid repeated freezing and thawing.

After permeabilization, cells were incubated at 37 ◦C and gassed
with artificial air (20% O2, 80% N2, no CO2) or with 0.015%
O2, Ar to 100% (hypoxic incubation). For radioactive labelling,
[α-32P]dATP or [α-33P]dATP (specific radioactivity, 3 µCi/pmol)
were either added directly to the permeabilized cells or, in the
case of hypoxic incubation, by putting a spatula carrying the ap-
propriate quantity in dried form into the culture medium. To
stop incubations, the permeabilization solution was withdrawn by
aspiration and the Petri dishes were washed once with ice-cold
KG buffer, containing 150 mM potassium glutamate, 0.5 mM
EGTA, 5 mM nitrilotriacetic acid and 10 mM Pipes (pH 7.8). The
radioactivity incorporated was determined as described by Probst
et al. [15].

Determination of ATP and glucose

Luminometric determination of cellular ATP was performed es-
sentially as described in [5]. Permeabilization medium was re-
moved by aspiration and cells were briefly washed once with ice-
cold KG buffer. Immediately thereafter, 1 ml of hot (90 ◦C) buffer
(50 mM Tris/HCl and 4 mM EDTA, pH 7.8) was added. The cells
were subsequently boiled for 5 min and ATP was determined
in the supernatant using the ATP Bioluminescence CLC assay
(Roche, Mannheim, Germany) according to the manufacturer’s
instructions.

Glucose concentration of the cell culture supernatant was
determined using an enzymic glucose assay (Sigma, München,
Germany).

Alkaline sedimentation analysis of labelled DNA

Alkaline sedimentation analysis was performed as described
previously [4]. First, 12 ml of 15–30% or 5–40% (w/v) linear
sucrose gradients in 0.25 M NaOH, 0.6 M NaCl, 1 mM EDTA,
0.1% sodium lauroyl sarcosinate (w/v) were built up over a
1.5 ml cushion of 30 or 40% (w/v) sucrose solution in centrifuge
tubes for the Beckman SW 40 rotor. After radioactive labelling,
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permeabilized cells were lysed in 0.2 M NaOH (200 µl) and laid
on the top of the gradients. After 1 h, gradients were centrifuged
at 163000 g for 16 h at 23 ◦C. Fractions of 0.6 ml each were
collected from the top and processed for determination of acid-
insoluble radioactivity as described in [15].

BrdUTP (bromodeoxyuridine 5′-triphosphate) density labelling
and isopycnic CsCl centrifugation

SV40-infected cell cultures were permeabilized, 24 h p.i. as de-
scribed above. dTTP in the permeabilization medium was, how-
ever, replaced by BrdUTP (400 µM)/dTTP (100 µM). For radio-
active labelling, [α-32P]dATP (30 µCi/ml; final specific activity,
0.3 µCi/nmol dATP) was added to the cells 20 min after per-
meabilization.

BrdUTP-labelled cells were processed essentially as described
in [16]. Cells were washed with ice-cold KG buffer and lysed in
2 ml of lysis buffer [20 mM Tris/HCl, 10 mM EDTA, 0.5%
sodium lauroyl sarcosinate, 100 µg/ml proteinase K (Merck,
Darmstadt, Germany), pH 8.0] for 1 h at 37 ◦C. A lysate of refer-
ence cells, prepared in the same way from approx. 60000 SV40-
infected CV1 cells labelled with [methyl-3H]deoxythymidine
(10 µCi/ml; 90 µCi/nmol deoxythymidine) for 1 h, was added.
The combined lysates were sheared by ten passages through
a 25-gauge injection needle followed by five passages through a
27-gauge injection needle. The lysates were diluted with 10 mM
Tris/HCl and 1 mM EDTA (pH 8.0) to 6 ml, mixed with 8.15 g of
solid CsCl (resulting density, approx. 1.74 g/ml) and then, after
being overlaid with paraffin oil, centrifuged in the Beckman 70 Ti
rotor at 37000 rev./min (93500 g) for 60 h at 20 ◦C. The gradi-
ents fractions were collected from below into 40 fractions of
200 µl, which were analysed for acid-precipitable 32P- and 3H-
radioactivity according to [15].

Detection of SV40 form U

SV40 form U was detected as described previously [4], and experi-
ments were performed 24 h p.i. throughout. Briefly, washed cells
were lysed and digested for 3 h at 55 ◦C in 0.25 M EDTA (pH 8.0),
1% sodium lauroyl sarcosinate and 100 µg/ml proteinase K. The
lysate was extracted twice with phenol/chloroform and dialysed
against 1 mM Tris/HCl and 0.1 mM EDTA (pH 8.0) at 4 ◦C over-
night. After digestion with RNase A (100 µg/ml; 1 h at 37 ◦C),
the concentration of isolated SV40 DNA was determined spectro-
metrically. Additionally, integrity and concentration were checked
by electrophoretic separation of 50 ng of isolated DNA on
an analytical agarose gel [17]. Thereafter, 100 ng of isolated
DNA was loaded on to a 25 cm × 20 cm agarose gel containing
20 µg/ml chloroquine (gel buffer: 30 mM NaH2PO4, 36 mM Tris
and 1 mM EDTA). Electrophoresis was performed at 2 V/cm and
4 ◦C for 20 h. After Southern blotting under alkaline conditions
[17], SV40 DNA was detected by hybridization with a 32P-labelled
SV40 DNA [18].

RESULTS

Incorporation of [α-32P]dATP into permeabilized
SV40-infected CV1 cells

All experiments described below were confirmed by rep-
etition. All repetitions strictly yielded the evidence presented in
the text. Nevertheless, mean values and error bars are usually
not shown since the results obtained from repetitions of one
and the same experiment were not sufficiently identical, but dif-
fered quantitatively. In particular, SV40 DNA sedimentation pro-
files obtained after alkaline sucrose gradient centrifugation (see

Figure 1 SV40 DNA synthesis in α-toxin-permeabilized CV1 cells

(A) Temporal course of SV40 DNA replication. SV40-infected cells were incubated in
permeabilization medium and labelled with [α-32P]dATP (5 µCi/ml, 0.05 µCi/nmol dATP).
[α-32P]dATP incorporation into acid-insoluble material was determined at the indicated times.
(B) Alkaline sedimentation profiles of permeabilized SV40-infected CV1 cells. Cells were
permeabilized and labelled with [α-32P]dATP (10 µCi/ml, 0.1 µCi/nmol dATP) for 30 or 60 min.
Thereafter, DNA was separated according to size by sedimentation in a 5–40 % alkaline sucrose
gradient. Sedimentation direction was from left to right; the top and bottom of the gradients are
indicated.

below) varied with respect to total [32P]dATP incorporated into
DNA or the position of peak maxima. In other words, it was
not possible to keep the experimental conditions as constant as
necessary. Therefore we selected representative results of the
respective experiments for presentation.

The medium used here to permeabilize SV40-infected CV1
cells was based on a medium described by Ahnert-Hilger et al.
[12]. Complete permeabilization, evaluated by the determination
of ATP released from the cells, occurred at α-toxin concen-
trations above 1000 hU/ml (results not shown). For standard
permeabilization experiments, 3000 hU/ml were used. To sustain
SV40 DNA replication, the permeabilization medium was sup-
plemented in analogy to described cell-free systems of SV40
DNA synthesis [13].

Continuous labelling of permeabilized SV40-infected CV1
cells with [α-32P]dATP (5 µCi/ml; 0.05 µCi/nmol dATP) resulted
in a linear increase of incorporation of 32P-radioactivity into DNA
between 2 min and approx. 60 min after permeabilization (Fig-
ure 1A). Thereafter, the incorporation usually slowed down.
Extension of incubation beyond 3 h revealed that SV40 DNA
replication frequently resumed, for unknown reasons, between
3 and 5 h after permeabilization (results not shown). Since the
reproducibility of the course of incorporation of [α-32P]dATP into
DNA was greatest within the first 90 min after permeabilization,
we restricted our experiments to this time span.

On the other hand, incorporation of [methyl-3H]deoxy-
thymidine (10 µCi/ml, 2 µM or 4.7 µCi/nmol deoxythymidine),
added to the cell cultures 10 min before permeabilization and
thereafter present in the permeabilization medium, ceased approx.
10 min after permeabilization (results not shown). This indicated
that the dTTP of the permeabilization medium was taken up
into the cells and effectively competed with dTTP salvaged from
deoxythymidine for incorporation into DNA.
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Characterization of 32P-labelled SV40 DNA was performed
by alkaline sedimentation analysis. The permeabilized SV40-
infected cells were labelled for 30 or 60 min with [α-32P]dATP
(10 µCi/ml, 0.1 µCi/nmol dATP). Thereafter, they were pro-
cessed for centrifugation in a 5–40% alkaline sucrose gradient.

Sedimentation profiles of viral DNA are shown in Figure 1(B).
Under the sedimentation conditions used, growing daughter
chains up to full-length (5.2 kb, 16 S) and relaxed circular DNA
(18 S) appeared in gradient fractions 7–12, and closed circular,
supercoiled duplexes (form I, approx. 50 S) sedimented to frac-
tions 15–19.

As shown in Figure 1(B), the amount of mature supercoiled
SV40 DNA significantly increased between 30 and 60 min after
permeabilization, whereas the amount of growing daughter
strands in fractions 7–12 remained unchanged. This indicates un-
restricted viral DNA replication during the whole incubation time.
Similar sedimentation profiles (results not shown) were obtained
when unpermeabilized, SV40-infected cells were labelled with
[methyl-3H]deoxythymidine [3,4], suggesting that SV40 DNA
replication in permeabilized cells proceeds essentially as in vivo.

Comparison of replicated viral DNA of permeabilized and
unpermeabilized SV40-infected cells by two-dimensional neutral/
alkaline agarose gel electrophoresis as described in [19] also
revealed no significant differences (results not shown).

BrdUTP density labelling of permeabilized cells

Generally, prolonged DNA replication and initiations of new
replicons have not been observed in permeabilized cells so far [7].
To examine whether initiations occur in α-toxin-permeabilized
SV40-infected cells, we used a BrdUTP-labelling schedule as
given in [16].

Repeated rounds of viral DNA replication result in viral DNA
substituted with bromodeoxyuridine in either one (HL-DNA) or
both strands (HH-DNA). The differently density-labelled DNA
can be detected by CsCl gradient centrifugation [16]. For the
demonstration of repeated rounds of viral replication, incubation
for up to several hours after permeabilization was necessary.

Figure 2 shows isopycnic profiles obtained from permeabilized
cells that were labelled with BrdUTP for 40, 110, 260 or 360 min.
Labelling with [α-32P]dATP was performed 20 min after per-
meabilization until the end of incubation. HH-DNA (fractions 6–
10) could be detected after 110 min of BrdUTP labelling and
it increased further thereafter. This demonstrates that initiations
occurred in the permeabilized cells and the viral DNA produced
was rereplicated at least once.

Total 32P-incorporation recovered from the gradients showed
an unexpectedly small increase (10785 versus 14427 c.p.m.)
between 40 and 110 min of incubation (probably caused by the
partial cell loss after the end of the 110 min incubation) and a sub-
sequent marked increase with an approximate doubling between
260 and 360 min of incubation (95117 versus 172136 c.p.m.).
This again indicates that SV40 DNA replication is possible even
after several hours of permeabilization. As mentioned above,
however, the best reproducibility was obtained when incubation
times were limited to � 90 min after permeabilization.

Hypoxic incubation of permeabilized SV40-infected cells

Figures 1 and 2 demonstrate that essentially unrestricted SV40
DNA replication is possible in permeabilized CV1 cells, at least
within the first hour after permeabilization. We next examined
whether the response of SV40 DNA replication to hypoxia, i.e.
inhibition of viral replicon initiations, is also observed in per-
meabilized cells.

Figure 2 Occurrence of multiple replication rounds of viral DNA in
permeabilized SV40-infected CV1 cells

Cells were permeabilized with medium containing BrdUTP/dTTP (400 µM/100 µM). Labelling
with [α-32P]dATP (30 µCi/ml, 0.3 µCi/nmol dATP) was started 20 min after permeabilization
and continued until the end of incubation. Total time periods of incubation are indicated. After
lysis, 3H-labelled control DNA (not density-labelled) was added and total DNA was separated
according to density by isopycnic banding using CsCl gradient centrifugation. Density increases
from right to left; the top and bottom of the gradients are indicated. Total 32P-incorporation
recovered from the gradients was 10 785 (40 min), 14 427 (110 min), 95 117 (260 min) and
172 136 c.p.m. (360 min).

In a first experiment, we compared the incorporation of [α-32P]-
dATP into viral DNA in hypoxically [150 p.p.m. (parts per
million)] and normoxically treated, permeabilized cells. As hy-
poxically incubated cells tend to get lost during aspiration and
washing after the end of incubation, cells were prelabelled
with [methyl-3H]deoxythymidine for 2 h immediately before per-
meabilization. For normalization according to cell number, the
recovered 32P-radioactivity was divided by 3H-radioactivity for
each sample.

In normoxically incubated cells, incorporation showed a similar
course as in Figure 1(A), i.e. a large increase until 60 min after
permeabilization and a slowing down thereafter (Figure 3A). In
hypoxic cells, on the other hand, incorporation of [α-32P]dATP
ceased within the first 30 min of incubation.

We further analysed the growth of SV40 DNA daughter strands
in hypoxically cultivated, permeabilized cells by means of alkaline
sedimentation analysis. In analogy to the experiment shown in
Figure 1(B), SV40-infected cells were permeabilized in the pre-
sence of [α-32P]dATP (10 µCi/ml, 0.1 µCi/nmol dATP) and
subsequently incubated hypoxically for 30 or 60 min. 32P-labelled
DNA was analysed by centrifugation through a 5–40% sucrose
gradient. Figure 3(B) shows that the amount of closed circular
supercoiled SV40 DNA, represented by fractions 16–20, only
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Figure 3 Hypoxic incubation of permeabilized SV40-infected CV1 cells

(A) Temporal course of [α-32P]dATP incorporation. Cells were prelabelled with [methyl-3H]-
deoxythymidine (10 µCi/ml, 2 h, 90 µCi/nmol deoxythymidine) and permeabilized thereafter.
[α-32P]dATP (10 µCi/ml, 0.1 µCi/nmol dATP) was added to the permeabilization medium.
(B) Alkaline sedimentation analysis of 32P-labelled SV40-DNA. Cells were permeabilized and
labelled with [α-32P]dATP (10 µCi/ml, 0.1 µCi/nmol dATP) for 30 or 60 min under hypoxic
culture conditions. Thereafter, DNA was separated according to size by sedimentation in a 5–40 %
alkaline sucrose gradient. (C) Permeabilized SV40-infected cells were incubated normoxically
or hypoxically for 30 min and then labelled with [α-32P]dATP (10 µCi/ml, 0.1 µCi/nmol dATP)
for 5 min. Thereafter, DNA was separated according to size by sedimentation in a 15–30 %
alkaline sucrose gradient. Sedimentation in (B, C) was from left to right; the top and bottom of
the gradients are indicated.

slightly increased between 30 and 60 min of hypoxic incubation.
The amount of growing daughter strands (fractions 8–12), on the
other hand, decreased between 30 and 60 min. The shift of
the peak from fraction 10 (30 min) to fraction 11 (60 min),
i.e. the disappearance of low-molecular-mass SV40 DNA strands,
moreover, suggests that initiations were inhibited under hypoxia.

Suppression of initiations was also confirmed by comparison
of the SV40 DNA of permeabilized cells pulse-labelled for 5 min
after 30 min incubation under hypoxic or normoxic culture con-
ditions (Figure 3C). For the separation of labelled SV40 DNA,
a 15–30% alkaline sucrose gradient, which better resolves low-
molecular-mass DNA but also results in pelleting of mature super-
coiled viral genomes, was used. Whereas DNA from hypoxic cells
sedimented to fractions 8–12, DNA from normoxic cells spanned
fractions 5–12. This demonstrates that labelled small SV40
DNA strands were underrepresented in the hypoxically incu-
bated permeabilized cells, also indicating that new initiations
of the viral replicons were missing. The high c.p.m. values in
fractions 1–3 most probably represent unincorporated 32P-deoxy-
nucleotides.

Finally, we also determined whether the highly underwound
SV40 topoisomer, form U, was absent from SV40-infected per-
meabilized cells under hypoxic incubation conditions. SV40 form
U represents the small fraction of SV40 genomes just engaged in
initiation of DNA replication [4,20]. Since SV40 replication

Figure 4 Formation of SV40 form U in permeabilized SV40-infected cells

Cells were permeabilized and incubated normoxically or hypoxically for the indicated times.
For the last 15 min of each incubation, aphidicolin (2 µg/ml) was added. Thereafter, incubation
was stopped and isolated viral DNA was separated on a chloroquine-containing agarose gel
and detected after Southern blotting using 32P-labelled SV40-DNA as the probe. LC, late Cairns
SV40 DNA; IC, intermediate Cairns SV40 DNA; T, topoisomers of mature SV40 DNA (form I);
U, form U.

proceeds at an almost linear rate between 20 and 40 h p.i. [21], the
amount of form U remains constant, whereas the amount of mature
SV40 DNA increases. At 24 h p.i., form U only represents approx.
1% of the total SV40 DNA. The high background produced by
the remaining SV40 genomes not engaged in DNA replication,
indicated by ‘T’ in Figure 4, impede the demonstration of form U,
especially in asynchronously growing SV40-infected cells [3,4].
To enhance the signal of form U, we treated the permeabilized
cells with aphidicolin (2 µg/ml) for the last 15 min of hypoxic
or normoxic incubation. This inhibits the elongation of newly
initiated SV40 DNA molecules and thus leads to accumulation of
form U [4].

As shown in Figure 4, form U was detectable in normoxic
cells but hardly at all in cells incubated hypoxically after per-
meabilization.

Mitochondria are involved in the regulation of SV40 DNA
replication

Adaptation of the permeabilization medium with respect to
optimal SV40 DNA replication revealed that a medium containing
potassium glutamate (120 mM) sustained SV40 DNA replication
under normoxic culture conditions, whereas a medium containing
Hepes instead did not. Since glutamate is a substrate delivering
electrons to site I of mitochondrial respiration, we tested whether
succinate, also a substrate of mitochondrial respiration, was able to
rescue SV40 DNA replication in Hepes-containing permeabiliz-
ation medium.

Figure 5 shows the DNA sedimentation profiles of cells labelled
with Hepes buffer in the presence or absence of succinate
(20 mM). For comparison, the profile of cells cultivated in gluta-
mate buffer is also shown. Addition of succinate (20 mM) to
the Hepes-containing medium significantly ameliorated SV40
DNA replication. Succinate not only increased the overall incor-
poration of [α-33P]dATP into growing SV40 DNA (2870 versus
1863 c.p.m. total 33P-incorporation, shown as a percentage of
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Figure 5 SV40 DNA replication in Hepes-containing permeabilization
medium

SV40-infected CV1 cells were permeabilized either in standard permeabilization medium
containing glutamate or in a medium containing Hepes instead of glutamate; the cells were
incubated normoxically thereafter. Succinate (20 mM) was added to one (Hepes) culture,
15 min after permeabilization. All cultures were labelled for 5 min with [α-33P]dATP (10 µCi/ml,
0.1 µCi/nmol dATP), 30 min after permeabilization, and processed for alkaline sedimentation
on a 15–30 % sucrose gradient. Sedimentation was from left to right; the top and bottom of the
gradients are indicated. Total incorporation (fractions 5–20) was 2137 (glutamate buffer), 1863
(Hepes buffer) and 2870 c.p.m. (Hepes buffer + succinate).

total 33P-incorporation in Figure 5), but especially augmented the
incorporation into small-sized DNA, represented by fractions 6–8.
This indicates that the addition of succinate stimulated initiation of
SV40 DNA replication. Indeed, the DNA sedimentation profiles
of cells cultivated either in Hepes buffer in the presence of
succinate or in glutamate buffer are almost identical, indicating
that DNA replication proceeds similarly in both buffers. As men-
tioned above, the high c.p.m. values in fractions 1–3 are probably
due to unincorporated 33P-labelled deoxynucleotides.

We next examined whether inhibition of mitochondrial respir-
ation by AA in glutamate-containing permeabilization medium
resulted in a similar inhibition of SV40 DNA replication as
replacement of glutamate by Hepes.

As shown in Figure 6(A), the inhibitor strongly decreased the
overall incorporation of [α-32P]dATP into viral DNA. Especially,
diminished incorporation into small-sized DNA was seen in AA-
treated permeabilized cells. Moreover, analysis of the formation
of SV40 form U indicated that, as in hypoxic cells, replicon
initiations did not occur in AA-inhibited permeabilized cells
(Figure 6B). As mentioned above, form U represents the very
small amount of total SV40 DNA that is actually initiated. Most
of the SV40 genomes, represented by SV40 topoisomers (T) in
Figure 6(B), are not engaged in DNA replication.

A similar restriction of SV40 DNA replication was obtained
when rotenone, an inhibitor of site I mitochondrial respiration,
was used instead of AA (results not shown).

Intracellular ATP concentration is not altered in permeabilized
cells after inhibition of mitochondrial respiration

In a previous report, we showed that inhibition of SV40 DNA rep-
lication under hypoxia is not correlated with a diminished intra-
cellular ATP concentration in unpermeabilized cells [5]. In the
permeabilization system used here, ATP is regenerated extra-
cellularly by creatine kinase and phosphocreatine. ATP depletion
is therefore only possible if extracellular regeneration cannot
keep track of the intracellular demand. Supposing this is the case,

Figure 6 AA inhibits SV40 DNA replication in normoxically cultivated
permeabilized cells

(A) SV40-infected cells were permeabilized and incubated normoxically in the presence or
absence of AA (2 µM). Cultures were labelled for 5 min with [α-32P]dATP (10 µCi/ml,
0.1 µCi/nmol dATP), 30 min after permeabilization, and processed for alkaline sedimentation
on a 15–30 % sucrose gradient. Sedimentation was from left to right; the top and bottom of the
gradients are indicated. (B) Formation of SV40 form U. SV40-infected cells were permeabilized
and incubated normoxically in the presence or absence of AA (2 µM) or hypoxically for 30 min.
For the last 15 min, aphidicolin (2 µg/ml) was added. Thereafter, incubation was stopped and
isolated viral DNA was separated on a chloroquine-containing agarose gel, blotted and detected
using 32P-labelled SV40-DNA as probe. LC, late Cairns SV40 DNA; IC, intermediate Cairns
SV40 DNA; T, topoisomers of mature SV40 DNA (form I); U, form U.

inhibition of mitochondrial ATP generation would probably in-
tensify intracellular ATP shortage, possibly leading to inhibition
of DNA replication.

To determine whether inhibition of SV40 DNA replication in
permeabilized cells is correlated with a possible intracellular ATP
depletion as a result of impaired mitochondrial respiration, we
measured the ATP remaining in the cells after a quick washing.
Untreated permeabilized cells and permeabilized cells incubated
with PEP (phosphoenol pyruvate) to allow intracellular ATP
regeneration (see below) were taken as controls. After incubation,
cells were briefly rinsed to keep diffusion of ATP to a minimum
and quickly lysed thereafter. Figure 7(A) shows that the overall
ATP recovered was not significantly changed when mitochondrial
respiration was inhibited by different means.

In a further experiment, we tested whether addition of the gly-
colysis intermediate PEP (5 mM) can reverse the inhibitory effect
of AA on SV40 DNA replication. PEP is capable of regenerat-
ing ATP from ADP within permeabilized cells, since pyruvate
kinase is strongly expressed in SV40-infected CV1 cells (results
not shown). Reversal of the effect of AA in this experiment may
be a hint of ATP deficiency in the permeabilized cells.

Figure 7(B) shows, however, that inhibition of SV40 DNA repli-
cation by AA persisted in the presence of PEP. Taken together,
these results indicate that alterations of intracellular ATP concen-
tration are not responsible for the inhibition of SV40 DNA rep-
lication in AA-treated permeabilized cells. Instead, a mito-
chondrial function in the regulation of SV40 DNA replication,
which is independent of ATP production, is probable.

Hypoxia-induced inhibition of SV40 DNA replication is mimicked
by AA in unpermeabilized cells

The results presented above indicate that mitochondria are
involved in the regulation of SV40 DNA replication. To demon-
strate that the effects are not restricted to permeabilized cells,
we examined whether AA is capable of mimicking the hypoxia-
induced inhibition of SV40 DNA replication in normoxic
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Figure 7 ATP concentrations in SV40-infected permeabilized cells

(A) Luminometric determination of ATP concentration. SV40-infected cells were permeabilized
using glutamate- or Hepes-containing (Hepes or Hepes + succinate) permeabilization medium
and incubated normoxically or hypoxically (hypoxic) in the presence or absence of the indicated
effectors for 30 min. Concentrations were 20 mM for succinate (succ.), 5 mM for PEP and 2 µM
for AA. Incubation was stopped by quickly rinsing the cells with ice-cold KG buffer and immediate
lysis thereafter. Intracellular ATP concentration was determined luminometrically. Results are
expressed as the means for two independent experiments and vertical bars indicate S.D. values.
(B) SV40 DNA replication in the presence of PEP. SV40-infected cells were permeabilized in
the presence or absence of AA (2 µM). PEP (5 mM) was added 10 min after permeabilization
and, 20 min later, cultures were labelled with [α-32P]dATP (10 µCi/ml, 0.1 mCi/nmol dATP) for
5 min and processed for alkaline sedimentation on a 15–30 % sucrose gradient. Sedimentation
was from left to right; the top and bottom of the gradients are indicated.

unpermeabilized cells. As reported previously, inhibition of SV40
DNA replication under hypoxia only takes place under ‘low-
glucose’ conditions [5].

In a first experiment, SV40-infected cells were cultivated in
the presence or absence of AA, pulse-labelled with [methyl-3H]-
deoxythymidine at different times after the start of incubation and
subsequently processed for the determination of acid-precipitable
radioactivity. Concomitantly, intracellular ATP concentration and
glucose concentration in the cell culture supernatant were deter-
mined.

Figure 8(A) shows that the incorporation of [methyl-3H]deoxy-
thymidine decreased to almost zero after 7 h of incubation in the
presence of AA. Intracellular ATP concentration also decreased.
However, this decrease was distinctly delayed compared with the
decrease of [methyl-3H]deoxythymidine incorporation. It is there-
fore unlikely that ATP depletion causes inhibition of DNA
replication. On the other hand, the decrease of [methyl-3H]deoxy-
thymidine incorporated into DNA began when the glucose
concentration in the culture fluid decreased below approx.
0.2 mg/ml. Thus inhibition of SV40 DNA replication emerged at
the same glucose concentration as that found earlier in hypoxically
incubated CV1 cells [5].

In the absence of AA, incorporation of [methyl-3H]deoxy-
thymidine only slightly decreased and ATP concentration re-
mained constant for the first 5 h and then increased (Figure 8B).

Addition of glucose to 1 mg/ml after 7 h of incubation induced
new initiations and a synchronous round of SV40 DNA replication
in AA-treated cells (Figure 8C), but not in untreated cells (Fig-
ure 8D). This was indicated by an increased shifting of labelled
DNA molecules to higher sedimentation fractions with increase

Figure 8 SV40 DNA replication in unpermeabilized AA-treated cells

(A, B) Temporal course of [methyl-3H]deoxythymidine (dThd) incorporation and of glucose and ATP concentrations. SV40-infected cells were incubated normoxically in the presence (A) or absence
(B) of AA (2 µM), and the ATP and glucose concentrations as well as incorporation of [methyl-3H]deoxythymidine (10 µCi/ml, 2 µM ≡ 4.7 µCi/nmol deoxythymidine) into SV40 DNA were
determined at the indicated times. Glucose concentration at the start of incubation was 0.4 mg/ml. (C, D) Induction of a synchronous viral DNA replication round after the addition of glucose
to AA-treated SV40-infected cells. Cell cultures containing 0.4 mg of glucose/ml were incubated in the presence (C) or absence (D) of AA (2 µM) for 7 h. Subsequently, glucose (1 mg/ml) was
added, and cells were labelled with [methyl-3H]deoxythymidine (10 µCi/ml, 90 µCi/nmol deoxythymidine) at different times thereafter. Labelled DNA was separated by alkaline centrifugation using
a 5–40 % sucrose gradient. Sedimentation was from left to right; the top and bottom of the gradients are indicated.
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in incubation times in the AA-treated cells. Essentially the same
results had been obtained earlier when glucose was added to
SV40-infected cells which were incubated hypoxically, and under
glucose-limiting conditions for several hours [5]. Thus glucose
exerts the same effect on SV40 DNA replication in AA-treated
and hypoxic cells.

DISCUSSION

SV40-infected CV1 cells as well as other eukaryotic cells are
subject to O2-dependent regulation of DNA replication [1–5]. To
study further this phenomenon, we established an α-toxin-based
permeabilization system capable of sustaining SV40 DNA rep-
lication in virus-infected CV1 cells. As the permeabilization me-
dium contained creatine kinase and phosphocreatine for regen-
erating ATP, SV40 DNA replication is supposed to be independent
of intracellular ATP generation, which may be impaired under
hypoxic/hypoglycaemic incubation conditions. In the first part of
the present study, we have provided evidence that SV40 DNA
replication in α-toxin-permeabilized CV1 cells proceeds essen-
tially as in vivo. Viral DNA synthesis, measured as [α-32P]dATP
incorporation into acid-precipitable material, occurred for at least
60 min at a nearly constant rate in the permeabilized cells and
slowed down during prolonged incubation (Figure 1).

Alkaline sedimentation analysis of 32P-labelled viral DNA
demonstrated that incorporation of [α-32P]dATP into permeab-
ilized cells represented replication of SV40 DNA.

The occurrence of complete repeated rounds of SV40 DNA
replication in permeabilized cells was confirmed by means of
isopycnic banding of SV40 DNA density-labelled with BrdUTP.
A small peak of DNA density-labelled in both strands (HH-DNA),
i.e. DNA that had been replicated at least twice during the per-
meabilization time, emerged after 110 min and further increased
up to 360 min after the start of incubation (Figure 2).

Permeabilized SV40-infected cells incubated under hypoxic
conditions showed a significant decrease in SV40 DNA repli-
cation. Analysis of growing SV40 DNA daughter strands by
alkaline sucrose gradient centrifugation revealed that low-mol-
ecular-mass DNA strands were significantly underrepresented
(Figure 3). Furthermore, generation of SV40 form U, indicative of
initiation of viral DNA replication was distinctly decreased under
hypoxia (Figure 4). Taken together, these results demonstrate
that hypoxia exerts a similar inhibitory effect on SV40 DNA
replication in permeabilized and in unpermeabilized cells.

The hypoxia-dependent decrease of SV40 DNA replication is
most probably not caused by a depletion of intracellular ATP,
because ATP is delivered by the ATP-regenerating system in the
permeabilization medium. Determination of intracellular ATP
concentration gave no hint that regeneration did not keep step
with the intracellular ATP demand even when mitochondrial
respiration was compromised (Figure 7). We demonstrated earlier
that inhibition of SV40 DNA replication under hypoxia is not
accompanied by intracellular ATP depletion in unpermeabilized
cells [5].

A regulatory role of the concentration of dCTP or other dNTPs,
as we have proposed for other cell lines in previously published
studies [22,23], also appears unlikely, as these compounds are pre-
sent in the permeabilization medium.

In analogy to hypoxia, incubation of normoxically cultivated
permeabilized cells with AA, a site III inhibitor of mitochondrial
respiration, or replacement of glutamate by Hepes in the per-
meabilization medium also led to a significant inhibition of
(initiation of) SV40 DNA replication (Figures 5 and 6). In unper-
meabilized SV40-infected cells, AA inhibited the incorporation

of [methyl-3H]deoxythymidine into viral DNA when the glucose
concentration in the cell culture supernatant decreased below
≈0.2 mg/ml (Figure 8). Re-addition of glucose to AA-treated
cells after several hours of (normoxic) incubation led to new
SV40 replicon initiations, followed by a synchronous round of
viral DNA replication. Essentially the same response was obtained
when SV40-infected cells were incubated hypoxically for several
hours and then treated with glucose under hypoxia [5].

These results strongly suggest that mitochondria are involved
in the fast O2-dependent regulation of SV40 DNA replication in
virus-infected CV1 cells. DNA replication under glucose-limiting
conditions probably depends on respiring or at least energized
mitochondria since inhibition of respiration by hypoxia or AA
or by withdrawal of substrates of mitochondrial respiration ap-
parently leads to inhibition of DNA replication.

Are mitochondria the cellular O2 sensors for O2-dependent
regulation of (SV40) DNA replication? To be considered for such
a function, the O2 range where mitochondrial respiration becomes
impeded should be the same as that where DNA replication is de-
creased by the fast O2-dependent regulation, i.e. 1000–100 p.p.m.
(0.1–0.01 %) O2 [1]. This seems to be the case: Gnaiger et al. [24]
showed that the oxygen concentration necessary to support half-
maximal mitochondrial respiration is over the range of 250 p.p.m.
in resting liver mitochondria and increases 2–3-fold on stimu-
lation of respiration by ADP [25]. In Ehrlich ascites cells, half-
maximal respiration was found at 250 p.p.m. oxygen [26]. Oxygen
pressures of 0.3–0.4% are observed in the microenvironment
of mitochondria in tissues under normoxia [25,27–29], indicat-
ing that these O2 concentrations are not yet completely unphysio-
logical.

Another important question is how transduction of the hypo-
thetical signal from mitochondria to the cell nucleus can be
realized. One possibility is that ROS (reactive oxygen species)
are involved in signal transduction. Besides their cell-damaging
effects, ROS have been shown to act as signal transducers,
which evoke several intracellular events, such as gene activation,
induction of protein tyrosine phosphorylation and proliferation
[30–32].

It is known that mitochondria are the main source of ROS
in mammalian cells [33] and that mitochondrial ROS generation
depends on substrates of the electron-transport chain and a high
mitochondrial membrane potential [34,35]. Actually, mitochon-
dria-generated ROS have been shown to act as second messengers
in several hypoxia-induced processes [36–38].

Thus the following signal transduction for oxygen-dependent
regulation of DNA replication seems possible: under normoxic
conditions, mitochondrial respiration induces ROS generation,
which in turn activates (by as yet unknown mechanisms) replicon
initiation. Hypoxia (or inhibition of respiration by other means)
causes decreased production of ROS and thereby inhibition of
DNA replication. In support of this, ROS formation was reported
to decrease under hypoxia compared with normoxia [39–41]. Our
own experiments, although still preliminary, also indicated that
ROS concentration decreases in hypoxically incubated SV40-
infected cells (results not shown).

Paradoxically, however, the opposite, i.e. increased ROS form-
ation, was also observed under hypoxia, and many effects are
reported to depend on this increase of ROS concentration in the
cell [37,38,42,43]. These discrepancies may be explained by dif-
ferent hypoxic incubation conditions. At moderate hypoxic O2

concentrations (5–0.2%) or for a short hypoxic incubation,
ROS formation may be enhanced. On the other hand, prolonged
incubation under severe hypoxia or anoxia, however, probably
diminishes ROS formation because of substrate deficiency. Both
an increase as well as a decrease of ROS after hypoxia may be
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used as a part of signal-transduction pathways for decreased intra-
cellular O2 concentration [44], at least in distinct cell types.
Interestingly, opposite to the effect we found for DNA replication
under hypoxia, Schafer et al. [42] observed a stimulation in the
proliferation of hypoxically incubated endothelial cells, and this
stimulation was caused by an increased ROS formation compared
with normoxia.

By analogy to hypoxia, inhibition of the electron-transport
chain with AA produced different effects concerning generation
of ROS. On one hand, AA and another inhibitor of site III respir-
ation, myxothiazol, were reported to stimulate generation of ROS
[45,46]. On the other, AA also showed the opposite effect, i.e. a
suppression of ROS formation compared with untreated control
cells [47].

At the present time, we cannot yet decide whether mito-
chondria-generated ROS are involved in the regulation of SV40
DNA replication in CV1 cells. The involvement of mitochondria
themselves, however, is strongly supported by our results.
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