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ABSTRACT The activity of the endogenous DNA topo-
isomerase type I (EC 5.99.1.2) can be quantified in situ by
determining how efficiently the enzyme is trapped in a cova-
lent complex with DNA upon lysis of nuclei with detergents. In
this way, we can measure relative levels of topoisomerase
binding to DNA at native sites in chromatin. Since the
majority of topoisomerase I is localized in the nucleolus at
rRNA genes, we have evaluated how low levels of actinomycin
D, which terminate transcription of rRNA genes, affect the
activity of topoisomerase I. In vivo, as well as in vitro with
purified topoisomerase I, we have found that drug treatment
extends the half-life of the covalent topoisomerase-DNA com-
plex. Actinomycin D stabilizes the nicked intermediate in the
cleavage and resealing reaction but otherwise does not signif-
icantly alter the strand-passing ability of topoisomerase I.
Sequence-specific cleavages by topoisomerase I were stimu-
lated by actinomycin D at identical sequences recognized by
the enzyme in the absence of drug. The localization of topo-
isomerase I in the nucleolus, coupled with the observation that
transcription in this organelle is highly sensitive to actinomy-
cin D and camptothecin treatment, leads us to propose that
topoisomerase I contributes to actinomycin D inhibition of
transcription.

A number of reports have suggested that type I DNA
topoisomerase (topoisomerase I; EC 5.99.1.2) is involved in
transcription based on its association with actively tran-
scribed genes in chromatin (1-6). This association is clearly
evident for rRNA genes in animals, yeast, and Tetrahymena
(2, 3, 7). The enzyme is acting catalytically at genes charac-
terized by a high rate of transcription and the heaviest
enrichment of topoisomerase I is seen cytologically within
the nucleolus (2). Topoisomerase I makes a transient single-
strand break in the sugar-phosphate backbone of DNA (for
reviews, see refs. 8 and 9), which introduces a site of
rotational freedom in the template; thus, topoisomerase
action may provide a swivel point to facilitate entry and/or
progression of the bulky transcriptional apparatus. Alterna-
tively, when nascent RNA chains are hybridized to the one
strand of template, the topology changes and topoisomerase
I may be required to return to (or adjust) the topological
ground state. Studies of yeast topoisomerase I mutants
suggest that topoisomerase I is not an essential gene (10, 11);
however, it seems that topoisomerase II (EC 5.99.1.3) is
complementing the defect since topoisomerase II (like topo-
isomerase I) has been associated with transcriptionally ac-
tive regions in chromatin (ref. 12; M.T.M. and V. Mehta,
unpublished data) and topoisomerase I and II double mu-
tants display a defect in rRNA transcription (7).
A better understanding of the involvement of topoisomer-

ase I in transcription can be obtained by analyzing the

activity of topoisomerase I catalyzed reactions in a chromo-
somal setting. The covalent intermediate is a functional
reaction intermediate in the process of breaking and rejoin-
ing the DNA substrate (13-15), and we have shown that the
amount of DNA trapped in a covalent complex with topo-
isomerase I is a quantitative measure of the steady-state
levels of topoisomerase activity (16). Therefore, the relative
activity of endogenous enzyme can be determined by mea-
suring the ratio between covalently bound and free topo-
isomerase.
Because of the close association between topoisomerase I

and transcription, we determined whether inhibition of tran-
scription had any effect on endogenous topoisomerase I
activity. We report that actinomycin D results in an increase
in formation of the covalent intermediate between topoisom-
erase I and DNA, and these findings may explain why rRNA
transcription is particularly sensitive to low levels of the
drug.

MATERIALS AND METHODS
Isolation of Topoisomerase-DNA Complexes. After wash-

ing the cells (17) in buffer A (10mM TrisFHC1, pH 7.6/0.15 M
NaCI), the final pellet was resuspended in 4-6 pellet vol-
umes of buffer B (50 mM Tris-HCI, pH 7.5/1 mM EDTA/5
mM MgCI2/0.5% Nonidet P-40), and incubated on ice for 10
min. Nuclei were released with 5 or 6 strokes of a Dounce
homogenizer using the A pestle, centrifuged for 5 min at 1500
x g, washed again with 5 pellet volumes of buffer B, and
resuspended to 5 x 108 nuclei per ml in buffer B. After
incubation at 37°C for 30 min, sarkosyl was added to 1%
(vol/vol) and rapidly mixed. Two volumes of 9 M NaSCN
were then added and the lysate was layered on a step CsCI
gradient (18), which was centrifuged in an SW41 rotor
(33,000 rpm; 18 hr) and fractionated into 0.4-ml fractions.
The DNA peak was localized by absorbance at 260 nm,
pooled, and dialyzed against buffer C (10 mM Tris-HCI, pH
7.6/1 mM EDTA) and digested with EcoRI. If the topoisom-
erase-DNA complexes were to be analyzed by the
KDodSO4 method (16), NaDodSO4 was added to 1% fol-
lowed by the addition of 0.1 vol of 2.5 M KCl. After 15 min
on ice, the precipitate (KDodSO4) was deposited by centrif-
ugation (12,000 x g; 2 min). The pellet was washed three
times by resuspension in 1 ml of buffer D (10 mM Tris HCI,
pH 7.5/1 mM EDTA/100 mM KCI) and centrifugation
(12,000 x g; 2 min). The final pellet was resuspended in
buffer E (same as buffer D but with NaCI replacing KCI).
The DNA was precipitated with ethanol, washed with 70%
ethanol, and resuspended in buffer E followed by digestion
with proteinase K (50 ,ug/ml) for 30 min at 600C. Immunoblot
assays for topoisomerase I were performed on the CsCI
gradient fractions exactly as described (2, 19).
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Topoisomerase Cleavage Reactions. Reaction mixtures (20
gl) contained 50 mM TrisHCl (pH 7.6), 5 mM MgCl2, 3 mM
2-mercaptoethanol, 50 ,ug of bovine serum albumin per ml
(topoisomerase I cleavage buffer), 5 ng of 5'-end-labeled
DNA (20), and the specified amount of purified topoisomer-
ase I (15). Topoisomerase II cleavage buffer contained 20
mM Tris-HCl (pH 8.0), 3 mM 2-mercaptoethanol, 4 mM
MgCl2, 100 mM NaCl, 3 mM ATP, and 100 ,4g of bovine
serum albumin per ml. Reaction mixtures were incubated for
20 min at 30'C, terminated by the addition of 2 vol of 1.5%
NaDodSO4, and digested with proteinase K. The DNA was
purified by organic extractions, ethanol-precipitated, and
resuspended in buffer for loading onto a 20% polyacrylamide
sequencing gel (20, 21).

RESULTS
Actinomycin D Treatment of Nuclei Stimulates Formation

of Covalent Complexes in Situ. Previous results have demon-
strated that in MSB-1 cells topoisomerase I is localized
predominantly in the nucleolus and is catalytically active on
rRNA genes (2). These findings, in conjunction with the
results from other investigators (3, 5, 7, 22), suggest that
topoisomerase I is enriched at genes transcribed by RNA
polymerase I, and we estimate that 60-80% of total cellular
topoisomerase I is localized to the nucleolus. To explore the
dependence of transcription on topoisomerase I activity, we
used actinomycin D to terminate RNA chain elongation.
MSB-1 cells were treated with either 0.08 or 1 ,ug of drug per
ml and lysed with detergent to trap the covalent complexes
(Fig. 1). The fraction of topoisomerase I trapped in covalent
complexes was determined as described (2). Transcription of
rRNA genes by RNA polymerase I is inhibited at the lower
concentration, whereas polymerases II and III are affected
only at the higher concentration (23, 24). The relative
proportion of topoisomerase I in the DNA peak was greater
in nuclei treated with actinomycin D. Intensity measure-
ments were made with a soft laser densitometer and amounts
of topoisomerase I at the density ofDNA and free topoisom-

1.7 g/cc

erase I were quantified relative to the total. In the absence of
drug, 37% of the antigen (topoisomerase I) was associated
with DNA, compared to 44% or 66% after treatment with
0.08 or 1 jig of actinomycin D per ml, respectively. As a
control, nuclei were incubated at 4°C to terminate the
endogenous topoisomerase I reaction. Essentially all of the
topoisomerase I was released from DNA and found at the
top of the gradient as free protein. Reconstruction experi-
ments with purified topoisomerase I revealed that at 4°C the
enzyme cannot initiate cleavages on DNA (data not shown),
suggesting that upon shifting to 4°C, the enzyme can reseal
preexisting nicks but cannot begin a new round of nicking
(see Discussion).
The possibility that actinomycin D stabilized the covalent

DNA-topoisomerase I intermediate was tested by using the
KDodSO4 precipitation assay (15, 16). KDodSO4 precipi-
tates only those DNA molecules with covalently bound
topoisomerase and thus measures the concentration ofDNA
molecules trapped with protein (16). Reactions between
topoisomerase I and simian virus 40 DNA were carried out
in the presence or absence of the drug, NaDodSO4 was
added, and the complexes were precipitated by addition of
KCl to measure formation of covalent complexes. The
results (Fig. 2) reveal that actinomycin D treatment pro-
duced a 2-fold increase in the amount of protein-DNA
covalent complexes.
The DNA molecules coupled to topoisomerase I were

recovered from the KDodSO4 precipitate and analyzed by
gel electrophoresis. Based on the reaction mechanism of
topoisomerase I (8, 9), each arrested covalent intermediate
should contain DNA with at least one single-stranded nick
because coupling of the enzyme to DNA via a 3'-phosphoryl
linkage will break the deoxyribose-phosphate backbone. If
actinomycin D were stabilizing the covalent intermediate,
then after drug treatment the KDodSO4-precipitated DNA
should be enriched for open circular DNA (Fig. 3). Essen-
tially all of the precipitable DNA from drug-treated reactions
was open circular, and the increase in nicked DNA mole-
cules parallels drug concentration.
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FIG. 1. Effect of actinomycin D on endoge-
nous topoisomerase I activity. Nuclei were
prepared from exponentially growing MSB-1
cells (labeled with [3H]thymidine) and were
incubated for 30 min at 37°C in buffer B in the
indicated amount of actinomycin D. The con-
trols were reaction mixtures without drug either
at 37°C or at 4°C. The reactions performed at
37°C contain 1 x 108 nuclei each, whereas the
4°C control contained 2.5 x 107 nuclei. Reac-
tions were terminated by addition of detergent
followed by CsCl gradient fractionation and
immunoblotting with anti-topoisomerase I IgG.
The gradient profile was taken from a single
representative gradient. The densities are indi-
cated and the UV absorbing material at 1.7 g/ml
was coincident with the [3Hlthymidine-labeled
material.
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FIG. 2. Actinomycin D stimulates formation of covalent topo-
isomerase-DNA complexes in vitro. Reaction mixtures contained
0.1 ,g of [3H]thymidine-labeled simian virus 40 DNA, 20 ng of
purified avian topoisomerase 1 (15) in a final vol of 0.1 ml in buffer
B, and the indicated amount of actinomycin D. Reactions were
carried out in triplicate. After 30 min at 37°C, the reactions were
terminated with KDodSO4 (SDS-K+) and precipitable DNA was
measured by the filter method as described (16). A control reaction
mixture contained 5 gg of actinomycin D per ml and no topoisom-
erase I.

Sequence-Specific Cleavage by Topoisomerase I Is Stimu-
lated by Actinomycin D. To determine whether actinomycin
D alters the sequence specificity of the cleavage reaction, an
end-labeled fragment was incubated with purified chicken
topoisomerase I or II and cleavages were induced by addi-
tion of NaDodSO4 followed by analysis ofDNA products on
a sequencing gel. The DNA sequence that was tested for
cleavage contained a strong topoisomerase II cleavage site.
The sequence, therefore, has an internal control to test the
possibility that site-specific topoisomerase II cleavages
might be stimulated by actinomycin D. The results (Fig. 4)
show that addition of drug at 0.04 ,ug/ml did not stimulate
topoisomerase I cleavage, whereas 0.5 and 2.5 ,ug/ml re-
sulted in a 2- or 4-fold stimulation in cleavage, respectively.
The topoisomerase I cleavage site TIa (Fig. 4) that was
barely detectable in the absence of drug (lane 2) was clearly
stimulated by actinomycin D (lanes 4 and 5). Therefore,
actinomycin D stimulated cleavages at the same sites, and it
does not appear to alter sequence specificity of topoisomer-
ase I. (The conclusion applies to this particular test se-
quence, which we presume to represent the general case.) In
contrast, camptothecin, a potent inhibitor of topoisomerase
I (25), stimulated cleavages at a number of different sites
(lane 6), which did not match the cleavages seen in the
absence of drug. Similar results with camptothecin were
recently reported by Thomsen et al. (26). Based on the
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FIG. 3. Analysis of KDodSO4-precipitated DNA from actino-
mycin D-treated reaction mixtures. The reactions described in the
legend of Fig. 2 were carried out and the radioactive DNA in the
KDodSO4 precipitate was recovered and analyzed by gel electro-
phoresis in a 1% agarose gel (11 x 14 cm). Electrophoresis was
performed at 2 V/cm for 16 hr in TAE buffer (40 mM Tris/25 mM
Na acetate/i mM EDTA, pH 8.3) containing 0.5 ,ug of ethidium
bromide per ml. Lane 1 contains three DNA markers: form II, open
circular DNA; form III, linear DNA; form 1F, relaxed DNA. Lane 2
contains a linear DNA marker and lane 3 contains a supercoiled
(form I) DNA marker. The remaining reaction mixtures contained
topoisomerase I and the amount of actinomycin D indicated above
each lane.

intensity of bands, camptothecin was more effective than
actinomycin D in stimulating the cleavage reaction; how-
ever, camptothecin was tested at a significantly higher
concentration than actinomycin D. The location of cleavage
sites is shown in the sequence at the bottom of Fig. 4. Note
that the topoisomerase I cleavage of 5'-end-labeled DNA
yields a residual peptide coupled through the 3'-phosphoryl
end. As a result, a mobility shift of up to 5 base pairs (bp) is
encountered (27); therefore, the actual cleavage sites must
be inferred.
Topoisomerase II cleavages in the test fragment were not

stimulated by actinomycin D (Fig. 4, lanes 8-12). A strong
topoisomerase II cleavage site (see sequence at bottom of
Fig. 4) was clearly detected in the absence of drugs (lane 8)
and cleavage at this site was stimulated by 4'-(9-acridinyl-
amino)methanesulfon-m-anisidide (lane 9). Addition of ei-
ther 0.5 or 2.5 ,mg of actinomycin D per ml did not stimulate
topoisomerase II cleavages but suppressed the cleavage
reaction at that sequence. Additional cleavage specificities
on this particular 72-bp fragment were not revealed in the
presence of actinomycin D.

Covalent Complex Formation in the Presence of Actinomy-
cin D Is Reversible. The following experiment was carried
out to determine whether actinomycin D treatment induces
the formation of an irreversible covalent (nicked DNA)
intermediate. We show in Fig. 1 that incubating nuclei at 4°C
prior to adding the protein denaturant resulted in a >80o
release of the topoisomerase from the DNA. At the subop-
timal temperature, the enzyme seals the nicks and does not
reinitiate subsequent rounds of breaking and rejoining. To
determine whether actinomycin D is permanently freezing a
nicked intermediate (as measured by increased formation of
covalent complexes induced by NaDodSO4), we incubated
nuclei in the presence or absence of drug at 37°C and then
shifted the temperature to 4°C prior to trapping the covalent
complexes with the detergent. The formation of the covalent
intermediate was then measured by CsCl gradients and
immunoblotting followed by densitometry of the blot to
ascertain the proportion of topoisomerase I that was cova-
lently coupled to DNA (Table 1). Lowering the temperature
resulted in the enzyme resealing the nicks both in the
presence and absence of actinomycin D as attested by the
finding that significantly less topoisomerase I is covalently
bound to DNA at 4°C. Formation of covalent complexes was

Biochemistry: Trask and Muller
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stimulated at least 2-fold by drug at 1 pug/ml; however, the
lower concentration (0.08 ,ug/ml) was identical to the control

Table 1. Effect of temperature shifts on actinomycin D
stimulation of covalent complexes in nuclei

% topoisomerase I
Experimental treatment associated with DNA

No drug, 37TC for 15 min, followed by
sarkosyl lysis 32

No drug, 37TC for 15 min, 40C for 30 min,
followed by sarkosyl lysis 5.9

Actinomycin (0.08 jig/ml), 37TC for 15 min,
40C for 30 min, followed by sarkosyl lysis 5.9

Actinomycin (1.0 Aglml), 37TC for 15 min,
40C for 30 min, followed by sarkosyl lysis 10.3
Nuclei were prepared from exponentially growing MSB-1 cells

and 1 x 108 nuclei were incubated as indicated prior to lysis with
detergent. The lysates were layered on the step CsCl gradients and
the distribution of topoisomerase I in the various fractions was
analyzed by immunoblotting on a slot-blot device as described in
Materials and Methods. The fraction of topoisomerase I coupled
covalently to DNA was determined by densitometry of the immu-
noblot. The sum of intensities of antigen in fractions 6-9 (which
correspond to the DNA peak, see Fig. 1) were divided by the total
intensities of antigen in all fractions.

;ATCCCCGGG...

:TAGGGGCCC ...

FIG. 4. Effect of actinomycin on sequence-
specific cleavages of topoisomerase I and II. Topo-
isomerase I or II cleavage reactions were carried out
as described in Materials and Methods and in the
presence or absence of various inhibitors. The frag-
ment (72 bp, containing a strong topoisomerase II
site that was cloned into pUC12) was uniquely
5'-end-labeled at the HindIII site. The chemical
sequence ladders are indicated (leftmost lanes) and
the cleavage sites are marked to the right of the
figure and on the DNA sequence displayed at the
bottom. Cleavages marked on the sequence were
derived from an analysis of the top strand cleavages.
On the bottom strand, the topoisomerase II site was
derived from a different experiment (not shown).
The underscored sequence denotes the region syn-
thesized as an oligonucleotide. TIa corresponds to
cleavages induced by topoisomerase I in the pres-
ence of actinomycin D, TIc are topoisomerase I
cleavages due to camptothecin, and TII marks the
topoisomerase II cleavage site. Lane 1 shows the
intact fragment. Topoisomerase I reactions corre-
spond to lanes 2-7 (30 ng of topoisomerase I per
reaction and 5 ng of DNA) as follows: lane 2,
topoisomerase I alone; lane 3, 0.04 ,ug of actinomy-
cin per ml; lane 4, 0.5 ,ug of actinomycin per ml; lane
5, 2.5 ,ug of actinomycin per ml; lane 6, 0.25 mg of
camptothecin per ml (lactone form); lane 7, 20 ,ug of
4'-(9-acridinylamino)methanesulfon-m-anisidide per
ml. Reaction mixtures in lanes 8-12 contained 50 ng
of purified topoisomerase II and the following con-
stituents: lane 8, topoisomerase II alone; lane 9, 20
gg of 4'-(9-acridinylamino)methanesulfon-m-anisi-
dide per ml; lane 10, 0.04 ,ug of actinomycin per ml;
lane 11, 0.5 ,ug of actinomycin per ml; lane 12, 2.5 ,ug
of actinomycin per ml.

without drug. A cross-linking efficiency of 5.9o was very
close to the detection limit with the method (see Fig. 1, 4°C
control) and, therefore, these values are not reliable.

Actinomycin D Does Not Inhibit Strand-Passing Activity of
Topoisomerase I. Actinomycin D intercalates and unwinds
DNA (28, 29). The addition of actinomycin D to relaxed
DNA results in the introduction of positive supercoils, and in
the presence of purified topoisomerase I these positive
supercoils are then relaxed. After removal of the drug, the
DNA will become more negatively supercoiled if the topo-
isomerase has strand-passing activity in the presence of the
drug. As shown in Fig. 5 (lanes 4-9), the topoisomerase I
must be active in the presence of actinomycin D. The same
results were obtained with topoisomerase II (data not
shown).

DISCUSSION
Actinomycin D inhibits transcript elongation (not initiation)
by RNA polymerase, and DNA intercalation could explain
the basis for inhibition of transcription in vivo (29-31). Our
results indicate that actinomycin D stimulates the formation
of covalent (or nicked) topoisomerase I-DNA intermediates
in vivo and in vitro. These findings suggest a mechanism by
which actinomycin D may contribute to the observed inhi-
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FIG. 5. Relaxation of plasmid DNA by topoisomerase I in the
presence of actinomycin D. Reaction mixtures contained pXP1,
which is a 5S RNA gene cloned into pSP64 (courtesy of D. Brown).
Lanes: 1, supercoiled DNA; 2, relaxed DNA; 3, HindIII-digested
DNA (controls). In lanes 4-9, supercoiled DNA was incubated with
1 unit of purified topoisomerase I (unit definition in ref. 16) for 60
min at 37TC followed by the addition of 0, 0.025, 0.05, 0.1, 1, or 5 ,ug
of actinomycin D per ml, respectively. Reactions were continued for
an additional 60 min. A small amount of contaminating nuclease
from bovine serum albumin produced linear DNA during the first 60
min of incubation. Relaxed (1r), supercoiled (I), and linear DNA
positions (III) are marked.

bition of transcription by the drug and the following argu-
ments support this possibility.

First, rRNA genes are extremely sensitive to relatively
low concentrations of actinomycin D, whereas there is little
effect on the transcription by RNA polymerase II or III (23,
24). Topoisomerase I is heavily concentrated in the nu-
cleolus and catalytically active on rRNA genes (2); thus,
high sensitivity to actinomycin D may reflect the require-
ment for topoisomerase in transcription of rRNA genes (7).
Second, the sensitivity of transcription to actinomycin D in
vivo is not observed in vitro: Concentrations of the drug
required to arrest transcription in vitro are considerably
higher than in vivo concentrations (32). Evidently, actino-
mycin D blocks in vitro transcription because of the unfa-
vorable interaction between the drug-DNA complex and
RNA polymerase (33). Studies in this laboratory (unpub-
lished data) and others (34) have indicated that topoisomer-
ases are not required for in vitro transcription utilizing RNA
polymerase II or III. In contrast, topoisomerase I is essential
for in vitro transcription of supercoiled rRNA plasmids (35).
Third, addition of actinomycin D to cells results in the
production of DNA breaks (36) with attached proteins (37).
We have used monospecific antibodies to demonstrate in
situ that topoisomerase I is a logical candidate for a protein
that is coupled to DNA at the site of these breaks. In
addition, actinomycin D alone does not cause strand break-
age in vitro, demonstrating that intercalation by itself is not
sufficient to cause this effect (38).
The in vitro cleavages with purified topoisomerase I and

end-labeled DNA fragments directly show that actinomycin
D stimulates topoisomerase I cleavages at the same sites
observed in the absence of drug. Camptothecin yielded
cleavages at many different sites and stimulated cleavage to
a much greater extent. Topoisomerase II-induced cleavages
in a 72-bp test sequence were not stimulated by actinomycin
D; however, with a plasmid DNA substrate of 5 kilobases,
we find that topoisomerase II cleavages are stimulated
(although weakly) by actinomycin D at sites that are differ-
ent from those sites stimulated by 4'-(9-acridinylamino)meth-
anesulfon-m-anisidide (data not shown). Our data indicate
that actinomycin D stabilizes a covalent intermediate that is
detected after denaturing the active topoisomerase. The
mechanism is not clear but stabilization could be due to
either accelerated cleavage ofDNA or impaired ability of the
topoisomerase to reseal transient breaks. While actinomycin
D treatment of nuclei extends the half-life of the covalent

complex, it appears that topoisomerase I can still carry out
the resealing step in the presence of drug; thus, actinomycin
does not freeze the topoisomerase-DNA intermediate into a
permanent and irreversible complex. As shown in Table 1,
lowering the temperature in the presence of the drug signif-
icantly decreased the number of covalent complexes. There-
fore, the enzyme must have resealed the existing nicks but
failed to reenter the nicking and closing cycle. We also note
that at 4TC, purified topoisomerase I will not initiate new
rounds of cleavage. These findings suggest that at the
suboptimal temperature, the resealing activity of the enzyme
was slightly impaired by actinomycin at 1 Ag/ml. The data
suggest, but do not prove, that actinomycin D impairs the
ability of topoisomerase I to reseal the single-stranded
breaks in the process of strand passing.
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