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ABSTRACT. Although cobalt is an essential trace element for humans, the metal is genotoxic and mutagenic
at higher concentrations. Treatment of cells with cobalt generates DNA strand breaks and covalent protein
DNA complexes. However, the basis for these effects is not well understood. Since the toxic events
induced by cobalt resemble those of topoisomerase Il poisons, the effect of the metal on human
topoisomerase #l was examined. The level of enzyme-mediated DNA scission increasg8-tbld when
cobalt(ll) replaced magnesium(ll) in cleavage reactions. Cobalt(Il) stimulated cleavage at all DNA sites
observed in the presence of magnesium(ll), and the enzyme cut DNA at several “cobalt-specific” sites.
The increased level of DNA cleavage in the presence of cobalt(ll) was partially due to a decrease in the
rate of enzyme-mediated religation. Topoisomerasedtained many of its catalytic properties in reactions
that included cobalt(ll), including sensitivity to the anticancer drug etoposide and the ability to relax and
decatenate DNA. Finally, cobalt(ll) stimulated topoisomerageniiediated DNA cleavage in the presence

of magnesium(ll) in purified systems and in human MCF-7 cells. These findings demonstrate that cobalt-
(I1) is a topoisomerase Il poisdn vitro and in cultured cells and suggest that at least some of the genotoxic
effects of the metal are mediated through topoisomerase ||

Although cobalt is an essential trace element necessary Clearly, multiple modalities may be contributing to the
for the formation of vitamin B; in humans, the metal also  genotoxic effects of cobalt. Therefore, additional mechanisms
has been classified as a probable carcinogen based orfor the actions of the metal may need to be considered. To
experimental animal studiesl)( Furthermore, at higher this point, it is notable that the generation of DNA strand
concentrations, it is genotoxic and mutagenic to mammalian breaks and covalent protetDNA complexes are hallmarks
cells @—4). of topoisomerase Il poisond§—16).

Treatment of cultured cells with cobalt generates DNA  Topoisomerase Il is a ubiquitous enzyme that alleviates
strand breakss), induces the formation of covalent protein ~ DNA over- and underwinding and resolves knots and tangles
DNA complexes 6), and triggers recombination pathways [N the genetic materiall(, 18). It is required for DNA
(7). The basis for cobalt genotoxicity is not fully understood; eplication and recombination, as well as chromosome
however, two general mechanisms have been prop@sed ( Structure and segregatlolﬁ( 17, 19—21). Lower eukaryotes,

4). First, since cobalt can enhance the production of reactive SUch as yeast arfdrosophila contain only a single form of
oxygen species in the presence gl it has been suggested topoysomerase 1122, 23). Alternatlve_ly, vertebrates contain
that the toxic effects of the metal are caused by the (WO isoforms of the enzyme, topoisomerase énd topo-
accumulation of oxidative lesions in the genong 9). isomerasef} (24, 25). Topoisomerase d levels increase
Second, since replacement of active site divalent cations withdramatically during periods of cell growth, and this isoform
cobalt can lead to inactivation of metal-containing enzymes &PPears to be primarily responsible for the required roles of
and zinc finger proteins, it has been postulated that cobalt{N€ €nzyme during mitosi26—28).
toxicity results from inactivation of DNA repair or signal ~ Topoisomerase Il carries out its essential functions by
transduction pathway<.(). In support of this latter sugges- passing an intact double helix through a transient double-
tion, treatment of cells with the metal inhibits the repair of Stranded DNA break that it generates in a separate segment
DNA lesions generated by ultraviolet radiatiahil( 12). of DNA (13, 16, 19, 29, 30). To maintain the integrity of
the genome during the DNA strand passage event, topo-
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double-stranded breaks in the genetic material, trigger 7.9), 100 mM NaCl, 10% DMSO, and 2.5% glycerol.
recombination events, and lead to the formation of chromo- Reaction mixtures contained 1 or 5 mM divalent cation
some aberrationslg, 14, 16, 30, 34, 35). When topoi- (MgCl,, CaC}, MnCl,, CoCh, CdChL, BaChb, SrCh, CuCh,
somerase ll-generated DNA breaks overwhelm the cell, they or ZnCh) as indicated in the figures. Reactions that included
induce death pathway44, 35). etoposide utilized 10 nM pBR322 as the DNA substrate.
Topoisomerase Il poisons increase the concentration of DNA cleavage was initiated by the addition of enzyme (final
cleavage complexes and convert topoisomerase Il from anconcentration of 220 nM), and mixtures were incubated for
essential enzyme to a potent cellular toxin that generates6 min at 37°C (human) or 28°C (yeast). EnzymeDNA
strand breaks in the genetic materia8{ 16, 30). Some of cleavage intermediates were trapped by addipg. &f 5%
the most well studied topoisomerase Il poisons, including SDS and 1uL of 375 mM EDTA (pH 8.0). Proteinase K
etoposide, mitoxantrone, and doxorubicin, are among thewas added (2L of a 0.8 mg/mL solution), and reaction
most active anticancer drugs in clinical us6)( Despite mixtures were incubated for 30 min at 46 to digest the
their therapeutic value, these agents (as well as naturallytype Il enzyme. Samples were mixed wittuP of agarose
occurring topoisomerase ll-active compounds, such as biofla-gel loading buffer [60% sucrose in 10 mM Tris-HCI (pH
vonoids) have been linked to the generation of specific 7.9)], heated for 15 min at 45C, and subjected to
leukemias 87—41). Finally, several different DNA lesions  electrophoresis in 1% agarose gels in 40 mM Tris-acetate
are position-specific topoisomerase |l poisork?)( For (pH 8.3) and 2 mM EDTA containing 0,69/mL ethidium
example, abasic sites enhance enzyme-mediated DNA scisbromide. Cleavage was monitored by the conversion of
sion with a potency that is- 1000 times greater than that of negatively supercoiled plasmid DNA to linear molecules.

etoposide 43—45). DNA bands were visualized by ultraviolet light and quan-
Topoisomerase |l requires a divalent cation to carry out titated using an Alpha Innotech digital imaging system.
its DNA cleavage reaction3(, 32, 46). Although magne- In reactions that determined whether DNA cleavage by

sium(ll) is believed to fulfill this role in the cell, other —human topoisomerasenwas reversible, NaCl (an additional
divalent cations can substittitevitro. For example, previous  final concentration of 250 mM) or EDTA (final concentration
studies withDrosophilatopoisomerase Il indicate that the 0f 18 mM, in lieu of post-SDS addition) was added prior to
level of DNA cleavage is higher in the presence of calcium- treatment with SDS. To determine whether cleavage was
(1) (47). Since cobalt generates DNA strand breaks and protein-linked, proteinase K treatment was omitted.
covalent proteir DNA complexes in treated mammalian  Site-Specific DNA Claage DNA cleavage sites were
cells G, 6), the effect of cobalt(ll) on human topoisomerase Mmapped using a modification of the procedure of O'Reilly
llo. was examined. Results indicate that levels of enzyme- and Kreuzer§2). The pBR322 DNA substrate was linearized
mediated DNA cleavage increased B-fold when mag- by treatment withHindlll. Terminal 5-phosphates were
nesium(ll) was replaced by cobalt(ll). Furthermore, the removed by treatment with calf intestinal alkaline phos-
cellular concentration of topoisomerase HDNA cleavage ~ phatase and replaced witFPJphosphate using T4 poly-
complexes rose when human cells were treated with the metalnucleotide kinase andy{*P]JATP. The DNA was treated
ion. These findings indicate that cobalt(ll) acts as a topoi- With EcoRl, and the 4332 bp singly end labeled fragment
somerase |l poisoim zitro and in cultured human cells. They ~was purified from the smalEcoRI—Hindlll fragment by
further suggest that at least some of the genotoxic effects ofpassage through a CHROMA SPHYE-100 column (Clon-
cobalt are mediated through topoisomerase I tech).

Site-specific DNA cleavage assays were based on the
procedure of Burdest al. (53) and included 0.7 nM labeled
pBR322 DNA substrate and 90 nM human topoisomerase
[Taein 50 uL of human topoisomerase Il reaction buffer that

Enzymes and Material$Vild-type human topoisomerase contained 1 or 5 mM MgGlor CoCh. Reactions were started
Ila and topoisomeraseland Saccharomyces cerisiae by the addition of topoisomeraseall and mixtures were
topoisomerase Il were expressed3ncereisiae (48) and incubated for 6 min at 37C. Cleavage intermediates were
purified as described previousi¢q, 50). Negatively super-  trapped by adding &L of 5% SDS followed by 3.7%L of
coiled pBR322 DNA was prepared using a Plasmid Mega 250 mM EDTA (pH 8.0). Topoisomerasenliwas digested
Kit (Qiagen) as described by the manufacturer. Cobalt(ll) with proteinase K (5«L of a 0.8 mg/mL solution) for 30
(as CoC}) was obtained from Fisher Scientific. All divalent min at 45°C. DNA products were precipitated twice in 100%
cations were ACS certified grade, and were prepared as lethanol, washed in 70% ethanol, dried, and resuspended in
M chloride stocks and stored at room temperature. Etoposide6 uL of 40% formamide, 10 mM NaOH, 0.02% xylene
(Sigma) was prepared as a 20 mM stock solution in 100% cyanole FF, and 0.02% bromophenol blue. Samples were
DMSO and stored at room temperature. subjected to electrophoresis in a denaturing 6% polyacryla-

DNA Cleavage DNA cleavage reactions were carried out mide sequencing gel in TBE buffer [LOO mM Tris-borate
using the procedure of Fortune and Osherbff(For assays  (pH 8.3) and 2 mM EDTA]. The gel was fixed in a 10%
that utilized human type Il topoisomerases, each reaction methanol/10% acetic acid mixture for 2 min and dried. DNA
mixture contained 5 nM negatively supercoiled pBR322 cleavage products were analyzed on a Bio-Rad Molecular
DNA in a total of 20uL of human topoisomerase Il reaction Imager FX.
buffer [10 mM Tris-HCI (pH 7.9), 100 mM KCI, and 2.5% DNA Religation DNA religation mediated by human
glycerol]. For assays that utilized yeast topoisomerase Il, eachtopoisomerase él was monitored as described previously
reaction mixture contained 10 nM negatively supercoiled (54). DNA cleavage-religation equilibria were established
pBR322 DNA in a total of 2QuL of 10 mM Tris-HCI (pH for 6 min at 37°C as described above in the presence of 5

EXPERIMENTAL PROCEDURES
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mM MgCl; or 1 mM CoC}. Religation was initiated by
shifting samples from 37 to 0C. Reactions were stopped
at various time points up to 60 s by the addition qil2 of
5% SDS followed by 1uL of 375 mM EDTA (pH 8.0).

Samples were treated with proteinase K and analyzed as

described for DNA cleavage reactions. Religation was
monitored by the loss of linear DNA over time.

DNA Relaxation DNA relaxation assays were based on
the procedure of Fortune and Osherofl), Reaction
mixtures contained 2.5 nM human topoisomerasealhd 5
nM negatively supercoiled pBR322 DNA in a total of 20
uL of human topoisomerase Il reaction buffer containing 1
mM ATP and either 1 mM CoGlor 5 mM MgCh. Reaction
mixtures were incubated at 3C, and DNA relaxation was
stopped at various time points up to 15 min by the addition
of 3uL of 0.77% SDS, 77 mM NaEDTA (pH 8.0). Samples
were mixed with agarose gel loading buffer and subjected
to electrophoresis in a 1% agarose gel in TBE buffer. Gels
were stained with Jug/mL ethidium bromide, and DNA
bands were visualized with ultraviolet light and analyzed as
described above.

Decatenation of Kinetoplast DNADecatenation assays
were performed as described previoush5)( Reaction
mixtures contained 20 nM human topoisomeraseaihd 0.3
ug of kinetoplast DNA in a total of 2@L of 10 mM Tris-
HCI (pH 7.9), 175 mM KCI, 2.5% glycerol, 1 mM ATP,
and either 1 mM CoGlor 5 mM MgCk. Decatenation was
carried out at 37C for 15 min. Reactions were stopped and
products analyzed as described above for DNA relaxation.

Topoisomerase |lI-Mediated DNA Clessge in MCF-7
Cells MCF-7 human breast adenocarcinoma cells were
cultured under 5% C@at 37 °C in RPMI 1640 medium
(Cellgro by Mediatech, Inc.), containing 10% heat-inactivated
fetal calf serum (Hyclone) and 2 mM glutamine (Cellgro by
Mediatech, Inc.). Thén vivo complex of enzyme bioassay
(54, 56) (as modified on the TopoGEN, Inc., Web site) was
employed to determine the ability of cobalt(ll) to induce
topoisomerase ll-mediated DNA breaks in treated MCF-7
cells. Briefly, exponentially growing cultures were treated
with 200uM CoCl, for 24 h. Alternatively, cells were treated
with 100uM etoposide fo 1 h for comparison. Cells<4 x
10°) were harvested by centrifugation and lysed by the
immediate addition of 3 mL of 1% sarkosyl. Following gentle
douncing, cell lysates were layered orat 2 mLcushion of
CsClI (1.5 g/mL) and centrifuged at 42 000 rpm for 20 h at
20 °C. DNA pellets were isolated, resuspended in 5 mM
Tris-HCI (pH 8.0) and 0.5 mM EDTA, and blotted onto
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Ficure 1: Effect of divalent cations on DNA cleavage mediated
by human topoisomeraseaoll The ability of different divalent
cations to support DNA cleavage mediated by human topoisomerase
Il was assessed. An agarose gel of DNA cleavage reactions carried
out at 5 mM divalent cation is shown at the top. The mobilities of
negatively supercoiled DNA (form I, FI), nicked circular plasmid
(form 11, FIl), and linear molecules (form IllI, FlII) are indicated.
Levels of DNA cleavage were quantified and expressed as the
percentage of negatively supercoiled substrate that was converted
to linear molecules (bottom). Assays were performed af)lof 5

mM (m) divalent cation. Error bars represent the standard error of
the mean of four independent experiments. The inset shows DNA
cleavage over a range of Ce€bncentrations. Error bars represent
the standard deviation of four independent experiments.

isomerase b was examined and compared to that of several
other divalent cations.

As seen in Figure 1, levels of DNA cleavage observed in
the presence of Cog&lwere higher than those seen in
reactions that included equivalent concentrations of MgCl
CaClh, MnCl,, CdCh, BaCk, SrCh, CuCh, or ZnCk. Cobalt-

() displayed maximal enhancement between 1 and 5 mM

(inset). Over this range, levels of DNA cleavage wet€l8-

fold higher than that observed in the presence of magnesium-
(I1), the physiological divalent cation used by topoisomerase

o

Under conditions that support the production of reactive
oxygen species, cobalt generates DNA damage (including
strand breaks) in an enzyme-free mann8y %7—59).
Therefore, a number of controls were carried out to ensure
that the DNA cleavage seen in Figure 1 was mediated by
topoisomerase & (Figure 2). First, no linear DNA was
generated in the absence of enzyme. Second, all of the

nitrocellulose membranes using a Schleicher and Schuell slotcleaved plasmid molecules were covalently attached to
blot apparatus. Covalent complexes formed between DNA topoisomerase dl, as determined by omitting proteinase K

and topoisomerase dl were detected using a polyclonal
antibody directed against human topoisomeraséliamaya
Biochemical Co.) at a 1:2000 dilution.

RESULTS

Cobalt(ll) Increases the Lel of DNA Cleaage Mediated
by Human Topoisomeraseoll The genotoxic effects of
cobalt, including the generation of DNA strand breaks and
covalent proteinrr DNA complexes %, 6), are characteristic
of topoisomerase Il poisond 3). Therefore, the effect of
cobalt(ll) on DNA cleavage mediated by human topo-

treatment. In the absence of protease digestion, the electro-
phoretic mobility of cleaved (i.e., linear, FllII) DNA decreased
and the band broadened significantly (see the band near the
origin). Third, cleavage was reversed when EDTA or salt
was added to the reaction mixture prior to topoisomerase ||
denaturation with SDS. This reversibility is inconsistent with
an enzyme-free reaction and demonstrates that cobalt(ll) can
support both DNA cleavage and religation mediated by
human topoisomeraseall

DNA cleavage observed in reactions that included GoCl
cannot be explained by the presence of contaminating
magnesium(ll). The Coglpreparation that was used con-
tained less than 0.005% magnesium(ll) (as reported by the
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Ficure 2: DNA cleavage in the presence of cobalt(ll) is mediated
by topoisomerase d&. The ability of human topoisomerasexlto
cleave pBR322 in the presence of Co@hs assessed. An agarose
gel of the DNA cleavage reactions is shown. DNA controls in the
presence of 5 mM MgGI(—TII + Mg) or 5 mM CoC} (=TIl +

Co) in the absence of the enzyme are shown. DNA cleavage
mediated by human topoisomerase Ih the presence of 5 mM
MgCl; or 5 mM CoC} was examined. To determine whether the
DNA cleavage observed in the presence of cobalt(ll) was protein-
linked, proteinase K treatment was omittedRroK). The revers-
ibility of reactions that included Cogwas analyzed by adding
EDTA or NaCl prior to SDS treatment. The positions of negatively
supercoiled, nicked, and linear plasmid DNA are as in Figure 1.
The position of the gel origin also is shown.

manufacturer), which would lead to the presence<@b0

nM contaminant in reaction mixtures. As shown in Figure
1, 0.1 mM MgC} does not sustain DNA cleavage mediated
by the human enzyme. On the basis of these findings, it
appears that cobalt(ll) can substitute for magnesium(ll) as
the divalent cation used by the catalytic center of human
topoisomerase &l to mediate DNA cleavage and religation.
Furthermore, cobalt(ll) should be classified as a topoi-
somerase Il poison, at leaist vitro.

In addition to topoisomerased] human cells contain a
second isoform of the enzyme, topoisomerage Tlopoi-
somerase i appears to be present at low levels in most
human cells, irrespective of their proliferative stat28 60—

62). Similar to results with topoisomeraseu|ithe level of
DNA breaks generated by thieisoform increased-69-fold
when CoC} was substituted for Mg@lin cleavage assays
(Figure 3). Conversely, the DNA cleavage activity of yeast
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Ficure 3: Ability of cobalt(ll) to support DNA cleavage mediated

by human topoisomerasegllbr yeast topoisomerase Il. The ability

of human topoisomerasesl(hTII3) or yeast topoisomerase Il (yTlI)

to cleave DNA in the presence of CaeGlas assessed. Levels of
DNA cleavage were expressed as the percentage of negatively
supercoiled substrate that was converted to linear molecules. Assays
were performed at 100) or 5 mM (@) divalent cation. Error bars
represent the standard error of the mean of two independent
experiments.

FIGURE 4: Cobalt(ll) alters the DNA cleavage site utilization of
human topoisomeraseal The DNA cleavage site specificity of
human topoisomerasenllwas determined in the presence of CoCl
A polyacrylamide gel is shown. Cleavage reactions included 1 or
5 mM divalent cation. Control reaction mixtures contained the

topoisomerase |l was not stimulated by the presence ofindicated divalent cation in the absence of human topoisomerase

CoClb.

Cobalt(ll) Alters the DNA Clegage Site Utilization of
Human Topoisomerased! While some topoisomerase |l
poisons act primarily by increasing the level of DNA

Ila (—TH). Sites that were significantly stimulated in the presence
of cobalt(ll) are denoted with asterisks. Cobalt-specific sites are
labeled with daggers.

topoisomerase Il poison such as etoposide or when autora-

cleavage at sites normally utilized by the enzyme, others diograms were overexposed (not shown).

work by creating novel sites of DNA scissioh3 30, 63).

As shown in the DNA cleavage map in Figure 4, cobalt(ll)

appears to utilize both modes of action. While the divalent
cation significantly stimulated DNA cleavage at all of the

Effect of Cobalt(ll) on DNA Religation Mediated by
Human Topoisomerasedl Topoisomerase Il poisons in-
crease levels of enzyme-mediated DNA breaks by two non-
mutually exclusive mechanism$3, 16, 30). Some poisons,

sites observed in the presence of magnesium(ll) (marked withsuch as quinolones, genistein, and DNA lesions, appear to
asterisks), several additional strong sites appeared in reactionsict primarily by enhancing the forward rate of DNA scission.

that included CoGl(marked with daggers). These “cobalt-

Conversely, others such as etoposide and amsacrine appear

specific” cleavage sites were not observed in the absence ofto act primarily by inhibiting the ability of topoisomerase |l

topoisomerase &l. Furthermore, they only appeared as very
weak bands (if at all) in reactions that included Mg®@hen

to religate DNA breaks.
To determine the mechanistic basis for the actions of

DNA cleavage was carried out in the presence of a strong cobalt(ll) against human topoisomerase, lthe effect of the
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FiIGURE 5. Rates of DNA religation mediated by human topo- v hyman topoisomeraseailin reaction mixtures that contain
isomerase B are slower in the presence of cobalt(ll). DNA  copai(11). An agarose gel of DNA cleavage reactions is shown.
religation mediated by human topoisomerasewias examined in - peaction products from assays that omitted human topoisomerase
the presence of 5 mM Mggl(®) or 1 mM CoC} (O). DNA llo. (—=TH) or divalent cation £Co) are shown as controls.
cleavage-religation equilibria were established at 3T, and Reactions were carried out in the presence of 0.5 mM Co@r
religation was initiated by shifting samples t6©0. The amount of an etoposide concentration range efID0uM. The positions of

DNA cleavage observed at equilibrium for each divalent cation was pegatively supercoiled, nicked, and linear plasmid DNA are as in
set to 100% at time zero. Error bars represent the standard deV|at|or|:igure 1.

of four independent experiments.

100

divalent cation on enzyme-mediated religation was examined
(Figure 5). The rate of religation in the presence of GoCl
was ~3-fold slower than that observed in the presence of
MgCl,. Since this decrease cannot fully account for the
6—13-fold increase in the level of topoisomerase DINA
cleavage complexes observed in the presence of (qe€d ,
Figure 1), it suggests that cobalt(ll) is both stimulating 0¢ . L M9 Co,
scission and inhibiting religation. 0 5 10 15
Human TopoisomerasedIRetains Characteristic Cata- Time (min)
lytic Properties in the Presence of Cobalt(IBlthough levels Ficure 7: Cobalt(ll) supports DNA relaxation and decatenation
of topoisomerase |l-mediated DNA cleavage are higher in catalyzed by human topoisomerasec.lIDNA relaxation and

: it decatenation (inset) reactions catalyzed by human topoisomerase
the presence of Cog’aind the site utilization of the enzyme Il were carried out over 15 min in the presence of 5 mM MgCl

is altered, human topoisomerase Hppears to retain many (g orm) or 1 mM CoCh (O or ). DNA relaxation was quantified
of its fundamental catalytic properties when cobalt(ll) py the disappearance of the negatively supercoiled DNA substrate,
replaces magnesium(ll) as the active site divalent cation. Forand DNA decatenation was quantified by the appearance of
example, cleaved DNA is enzyme-linked and cleavage monomeric circular molecules. Error bars represent the standard
complexes are reversible (see Figure 2). Therefore, two d€viation of four independent experiments.
additional experiments were performed to determine whether || o maintains its sensitivity toward etoposide in the presence
topoisomerase i retains other characteristic catalytic prop- of cobalt(ll).
erties in the presence of cobalt(ll). Second, to determine whether cobalt(ll) can support the
First, the human enzyme is highly sensitive to topo- overall catalytic activity of the human enzyme, DNA
isomerase Il poisons such as etoposiaé),(an anticancer  relaxation and decatenation assays were performed. Topoi-
drug that is widely used for the treatment of human somerase Il requires a divalent cation at two separate catalytic
malignancies36). This agent functions in the active site of centers, the DNA cleavageeligation center and the ATP
the enzyme and strongly inhibits the ability of topoisomerase binding—hydrolysis center. Overall catalytic activity requires
Il to religate cleaved DNA molecules formed when magne- that the divalent cation functions at both catalytic centers
sium(ll) is used as the divalent catioB4j. To determine and supports coordination between the two. Under optimal
whether topoisomeraseadlimaintains its sensitivity toward  conditions (5 mM MgC] and 1 mM CoCJ), cobalt(ll)
etoposide when cobalt(ll) is used as the divalent cation, the supported the DNA relaxation reaction of topoisomerase Il
effect of the anticancer drug on DNA cleavage was assessedRates of DNA relaxation in the presence of Cp@lere
As seen in Figure 6, the level of DNA breaks (monitored by within a factor of 2 of those observed in reactions that
the conversion of the negatively supercoiled plasmid to unit- included MgC} (Figure 7). Similar results were seen in
length linear molecules) doubled when etoposid23 uM) decatenation reactions (inset). These results indicate that
was added to reaction mixtures that contained Gog&t cobalt(ll) can support the overall catalytic activity of the
higher drug concentrations @5 uM), the negatively super-  human enzyme.
coiled plasmid was converted primarily to a DNA smear that ~ Cobalt(ll) Increases the Lel of DNA Cleaage Mediated
contained shorter than unit-length linear molecules. This by Human Topoisomerasedin the Presence of Magnesium-
smear is indicative of multiple scission events per plasmid. (Il). Previous studies indicate that cobalt can have multiple
In addition, levels of cleavage at the DNA bands marked in effects on cellular processez<4). To establish the potential
Figure 4 approximately doubled when 1001 etoposide was  for a direct effect of the metal ion on topoisomerase Il in
added to cobalt-containing reaction mixtures (data not physiological systems, it is critical to determine whether
shown). These results demonstrate that human topoisomeraseobalt(ll) can alter the DNA cleavageeligation activity of
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Ficure 8: Cobalt(ll) can compete with magnesium(ll) as the
divalent cation utilized by human topoisomerase [To determine
whether cobalt(ll) can compete with magnesium(ll) for the DNA
cleavage-religation center of human topoisomerase, |IDNA
cleavage reactions were carried out in the presence of 1 mM MgCl
along with increasing concentrations of CaeClevels of DNA

1
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topoisomerase dl. As determined by the increased levels

of covalent enzymeDNA complexes, the stimulation of
DNA cleavage mediated by topoisomeraseil cobalt(ll)-
treated cells approached that observed in the etoposide-treated
culture. Therefore, we conclude that cobalt(ll) acts as a
topoisomerase Il poison in cultured human cells.

DISCUSSION

Cobalt is genotoxic to mammalian cells and is a suspected
human carcinogenl1(4). It induces DNA breaks and
covalent proteirDNA complexes in treated cell$b,(6).
Several potential mechanisms for explaining the genotoxicity
of cobalt have been proposed, including the generation of
reactive oxygen species and the inhibition of DNA repair
enzymes Z—4). While evidence that supports both hypoth-

scission were expressed as the percentage of negatively supercoiledses exists, there is no consensus about the precise mecha-
substrate that was converted to linear molecules. Error bars represenism by which cobalt damages the genetic material.

the standard error of the mean for two independent experiments.

NoDrug = "=
Etoposide = sllme
CoCl, | See

Ficure 9: Cobalt(ll) enhances DNA cleavage mediated by human
topoisomerase &l in treated human MCF-7 cells. Tha wvivo
complex of enzyme bioassay was used to monitor the level of
cleavage complexes in cells treated with GOOINA (10 ug) from
cultures treated with no drug, 1M etoposide, or 20@M CoCl,

was blotted onto nitrocellulose. Blots were probed with a polyclonal
antibody directed against human topoisomerase Results are
typical of two independent experiments.

Although cobalt genotoxicity can be mediated by many
different pathways, the DNA strand breaks and covalent
proteinr—DNA complexes formed after exposure to the metal
ion are suggestive of the actions of topoisomerase Il poisons.
Therefore, the effect of cobalt(ll) on the DNA cleavage
activity of human topoisomerasellwas examined. Results
indicate that the metal ion is a strong enhancer of DNA
cleavage mediated by the enzyme. DNA breaks increase by
an order of magnitude when cobalt(ll) is substituted for
magnesium(ll), the physiological divalent cation used by
topoisomerase Il. In addition, cobalt(ll) stimulates enzyme-
mediated DNA scission in the presence of magnesium(ll)
and induces the formation of covalent topoisomerase-1|
DNA cleavage complexes in cultured cells. On the basis of
these findings, we conclude that cobalt(ll) is a topoisomerase
[l poison, bothin witro and in cultured human cells.

Two broad classes of topoisomerase Il poisons have been

the enzyme in the presence of magnesium(ll). Therefore, asdescribed. The first is comprised of anticancer drugs and

a prelude to cellular studies, a competition experiment using
human topoisomerasecdllwas performed (Figure 8). Con-
sistent with the data shown in Figure~14% DNA cleavage
was observed in the presence of 1 mM Mg@hd the level

other organic compound43d, 14, 16, 30). These agents are

believed to increase the level of enzyme-mediated DNA
cleavage either by disrupting the orientation of the DNA
termini within the cleavage complex (thus impairing religa-

of double-stranded breaks increased dramatically as increastion) or by altering the structure of the DNA (thus creating

ing concentrations of CogWwere added to reaction mixtures.
Levels of DNA scission observed with a mixture of 1 mM
CoChL and 1 mM MgC} (52%, Figure 8) were similar to
those seen in the presence of 1 mM Gallbne (51%, Figure
1). This finding provides strong evidence that cobalt(ll)

a preferential substrate for cleavagk),(64, 65). The second
class is comprised of DNA lesion&3, 42). When situated
within a topoisomerase |l cleavage site, these lesions are
believed to act by altering DNA structure (once again,
creating a preferential cleavage substrate). We propose that

stimulates DNA cleavage mediated by human topoisomerasecobalt (and potentially other divalent cations) constitute a

Ila in the presence of magnesium(ll).
Cobalt(ll) Is a Topoisomerase Il Poison in Cultured

third class of topoisomerase Il poisons. In contrast to the
other two classes, divalent cations play a direct role in the

Human Cells The data presented above demonstrate thatDNA cleavage-religation reaction mediated by type Il

cobalt(ll) poisons human topoisomerase Ih vitro. Con-

topoisomerases.

sequently, experiments were performed to determine whether The mechanistic basis for the cobalt-induced increase in

the metal acts as a topoisomerase Il poison in cultured cells
The physiological effect of cobalt(Il) on DNA cleavage
mediated by topoisomerasexllwas monitored in cultured
human MCF-7 breast cancer cells usingithei vo complex
of enzyme bioassaybd, 56) (Figure 9). In this assay, cells
are lysed with an ionic detergent, and proteins that are
covalently attached to genomic DNA are separated from free
proteins by sedimentation through a CsCl cushion. The
pelleted DNA from cultures treated with no drug, 108!
etoposide (for comparison), or 200/ CoCl, was blotted
and probed with a polyclonal antibody specific for human

the level of DNA cleavage is not yet understood. The divalent

cation appears to promote both faster rates of cleavage and
slower rates of religation, and thus may act by favoring a
transition state of the DNA during the scission event. Since
cobalt is known to alter DNA structuré§—70), it is unclear
whether the effects of the metal ion on topoisomerase II-
mediated DNA cleavage ultimately result from an effect on
the active site of the enzyme, the structure of the nucleic
acid substrate, or the complex of the two.

Results of this study support the hypothesis that topo-
isomerase t plays a role in mediating the genotoxic effects
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of cobalt in human cells. The contributions of topoisomerase 23. Wyckoff, E., Natalie, D., Nolan, J. M., Lee, M., and Hsieh, T.

Ila relative to the other proposed mechanisms of cobalt
genotoxicity have yet to be determined. Since cobalt(ll)
increases the level of topoisomerase ll-mediated DNA
cleavagen vitro, even in the presence of magnesium(ll), it

is tempting to speculate that cobalt generates topoisomerase
lI-linked DNA breaks in treated cells by directly altering
the cleavagereligation equilibrium of the enzyme. Alter-
natively, cobalt may increase the level of topoisomerase II-
mediated DNA breaks by an indirect mechanism. Cobalt
generates oxidative DNA lesion8, 67—59) that have been
shown to act as modest poisons of human topoisomerase Il
(45). Furthermore, these lesions are processed by base
excision repair pathways that create abasic sites as requisite
intermediates {1—73). Since abasic sites formed during
DNA repair are strong topoisomerase Il poiso#2, @3, 45,

50), it is possible that cobalt alters enzyme-mediated DNA
cleavage in treated cells through the generation of DNA
lesions.

In summary, cobalt(ll) is a strong topoisomerase Il poison
both in witro and in cultured human cells. These results
strongly suggest that at least some of the genotoxic effects
of the metal ion are mediated by topoisomerase it
mammalian cells.
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