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ABSTRACT. The enzymatic function of the C-terminal domain of eukaryotic topoisomerase 1l is not well
defined. This region of the enzyme is highly variable and hydrophilic and contains nuclear localization
signals and phosphorylation sites. In contrast to eukaryotic topoisomerase I, type Il enzymes from chlorella
virus completely lack the C-terminal domain. These viral enzymes are characterized by a robust DNA
cleavage activity, high coordination between their two active site tyrosyl residues, and reduced sensitivity
to anticancer drugs. As a first step toward characterizing the contribution of the C-terminal domain of
human topoisomerased|to enzyme function, the protein was truncated at amino acid 1175, which
corresponds to the C-terminal residue Rdramecium bursariachlorella virus-1 topoisomerase Il as
determined by BLAST sequence alignment. Although the overall catalytic activity of the resulting enzyme,
hTopZrA1175, was lower than that of full-length topoisomerasg tthe mutant protein displayed a double-
stranded DNA cleavage activity that was2—3-fold higher. While the DNA breaks created by
hTop2xA1175 were primarily double stranded, cuts generated by topoisomesaserié primarily single
stranded. Thus, the enhanced cleavage observed for b’ddZ5 appears to be due, at least in part, to

an increase in active site coordination. Finally, hT@p2175 displayed a distinctly lower susceptibility

to anticancer agents than did topoisomeraag despite the fact that it showed a similar binding affinity

for etoposide. Therefore, the C-terminal domain of human topoisomerkasgiears to play significant

roles in modulating the DNA cleavage/ligation reaction of the enzyme and its response to anticancer
agents.

Topoisomerase Il is an essential enzyme that is responsiblg3, 5, 7, 16, 17). As a result, topoisomerase |l normally
for resolving knots and tangles in chromosomal DNA that cleaves and ligates the genetic material very rapidly.

are generated during normal nuclear processkes7) However, physiological conditions that increase levels of
Vertebrate species encode two distinct isoforms of the topoisomerase ll-associated DNA strand breaks convert the
enzyme, topoisomeraselandg (8, 9). Topoisomerase d enzyme to a potent cellular toxin that fragments the genetic

expression is linked to the proliferative status of cells. material 8, 5, 7, 16, 18).
Enzyme levels rise dramatically during periods of active  Because of its DNA cleavage activity, topoisomerase I
growth, and this isoform is required for replication and plays a central role in cancer. The enzyme is the cytotoxic
mitosis (L0, 11). In contrast, the expression of topoisomerase target for some of the most successful anticancer drugs
I3 appears to be independent of cell growth, and the specific currently in clinical use3, 5, 7, 19—21). All of these agents
physiological functions of the enzyme have yet to be defined act by increasing cellular levels of topoisomerase ll-mediated
(12, 13). Although this isoform is dispensable at the cellular DNA strand breaks 3, 5, 7, 19). In contrast, emerging
level, deletion of topoisomerasefllleads to neurological  evidence suggests that strand breaks generated by the enzyme
defects in developing mouse embrydsi) may initiate chromosomal translocations that trigger specific

Topoisomerase |l functions by passing an intact double types of leukemiaX7, 22—27).
helix through a transient double-stranded break that it It is difficult to study the DNA cleavage/ligation reaction
generates in a separate segment of DA, 5, 7, 15). of eukaryotic topoisomerase Il because the enzyme normally
Although the DNA strand passage activity of the enzyme is maintains low equilibrium levels of strand break 8, 5,
essential for cell survival, the double-stranded DNA breaks 7). Recently, however, novel viral type Il topoisomerases
that it creates have the potential to destabilize the genomewere discovered that possess a dramatically-&Bfold)

higher DNA cleavage activity than their eukaryotic coun-
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the high DNA cleavage activity of chlorella virus topoi- Cloning of hTop2&A1175. A fragment of the human
somerase Il is not known. However, both viral enzymes are topoisomerase &l gene in the YepWob6 plasmid was
considerably £45—60 kDa) shorter than eukaryotic topoi- generated by digestion witkpnl and Sma (43). PCR was
somerase Il and lack the entire C-terminal domain typical utilized to introduce a stop codon at 1175 an&ma cut
of the eukaryotic enzyme. The remaining portion of chlorella size downstream of the stop codon. The following sequences
virus topoisomerase Il displays nearly 50% amino acid were used for the forward and reverse primers, respectively:
sequence identity to human topoisomeraee Hurthermore, CATTGGTCAGTTTGGTACCAGGCTACATGGTGGCA-
virtually every amino acid residue that is invariant or highly AGGATTCTGCTAG and CAGTGTATATTGCCCGGGAT-
conserved within the eukaryotic type Il family also is retained GATGTTATTAATAAATGTAGCCAAGTCTTCTTTCCA-
in chlorella virus topoisomerase |II. CAAATCTGATGG. DNA was denatured at 9% for 6 min

The enzymatic function of the C-terminal domain of and subjected to 30 cycles of PCR using the following
eukaryotic topoisomerase Il is not well defined. This region program: denaturation at & for 1 min, annealing at 53
of the enzyme is highly variable and hydrophilic and contains °C for 1 min, and primer extension at 7Z for 4 min.
nuclear localization signals as well as phosphorylation sites Following the last round of PCR, primers were allowed to
(11, 32, 33). On the basis of structural studies, it has been extend for an additional 8 min at 72, and the final product
proposed that the C-terminal domain of prokaryotic type Il was purified by gel electrophoresis. The new insert was
topoisomerases interacts with DNA, but comparable studiesdigested withSma and Kpnl, ligated into the previously
have not been carried out with eukaryotic topoisomerase |l digested YepWob6 plasmid, and transformed iBszheri-
(34-37). chia coli DH5a.. The truncated human topoisomerase |l

Human topoisomeraseollis 1581 amino acids in length.  construct was sequenced to confirm the primary structure
Truncation of the protein at residue 1296 yields an enzyme of the gene. The resultant plasmid carryim§op2xtA1175
that is active but unable to complement a yeast strain was transformed int8accharomyces cerisiae JEL-1Atop1
encoding a temperature-sensitive topoisomeraszS)l This by heat shock.
failure to complement presumably results from deletion of g,y ression and Purification of Recombinant Type I
nuclegr Ioca!lzatlon S|gnals. Truncation of th‘.a h“ma” enzyme TopoisomerasesPBCV-1 topoisomerase Il was expressed
at amino acid 1121 yields an enzyme that is neither able 10, 5 " ergisiae JEL-1Atop and purified by a modification
complementadeﬁme_nt_yeast strain nor able to catalyze DNA (31) of the procedure of Lavrukhin et al2@. Human
strand passag@8®). Similar findings have been reported for topoisomerase ¢l and hTop&A1175 were expressed B

yeast andDrosophilatopoisomerase 1133, 38-41). cerevisiae JEL-1Atopl and purified as described by Kingma
The impact of the C-terminal domain on the DNA ot aII@IM) P purit ! y King

cleavagel/ligation reaction of human topoisomerasehls , )

not been analyzed. However, the enhanced DNA cleavage Decatenation of Kinetoplast DNA (kDNAPNA decat-
activity of chlorella virus topoisomerase Il suggests that the €nation reactions were carried out as described by Miller et
C-terminal region of the enzyme may affect its ability to & (49)- Assay mixtures contained 1 mM ATP, 5 nM kDNA,
generate DNA strand breaks. Therefore, the human enzymend 0-20 nM topoisomerasedlor hTop2xA1175 in a total
was truncated at amino acid 1175, which corresponds to the®f 20 #L of topoisomerase I activity buffer (10 mM Tris-
terminal amino acid in PBCV-1 topoisomerase Il as deter- HCl pPH 7.9, 175 mM KCl, 5 mM MgGl, 0.1 mM NaEDTA,
mined by BLAST sequence alignment. The double-stranded 2.5% glycerol). Decatenation was initiated by the addition
DNA cleavage activity of the truncated human enzyme, ©f enzyme, followed by incubation for 30 min at 3T.

hToparA1175, was 23-fold higher than that of full-length ~ Réactions were terminated by the addition qil3of stop
topoisomerase dl. Increased cleavage appears to be due, atSolution (0.5% SDS, 77 mM EDTA). Proteinase K was added

least in part, to a greater coordination between the two active (2 #L of 2 0.8 mg/mL solution), and reactions were incubated
site tyrosyl residues. Finally, similar to the viral enzyme, for 30 min at 45°C to digest the enzyme. Samples were
hTop2xA1175 displayed a decreased sensitivity toward Mixed with agarose gel loading buffer (60% sucrose in 10
anticancer drugs. On the basis of these resullts, it is concluded™ Tris-HCI, pH 7.9) and subjected to electrophoresis in
that the loss of the C-terminal domain contributes to the 1% agarose gels in 100 mM Tridorate, pH 8.3, and 2 mM
robust DNA scission activity and low drug sensitivity of EDTA. Gels were stained for 30 min with 0.6g/mL

light and quantified using an Alpha Innotech digital imaging
EXPERIMENTAL PROCEDURES system.
Enzymes and MaterialfNegatively supercoiled pBR322 DNA RelaxationDNA relaxation assays were carried out

DNA was prepared using a plasmid mega kit (Qiagen) as as described by Fortune and Osheraf6)( For catalytic
described by the manufacturer. Kinetoplast DNA (kDNA) reactions, assay mixtures contained 1 nM topoisomerase ||
was isolated fromCrithidia fasciculataas described by or hTopaxtA1175, 1 mM ATP, and 10 nM negatively
Englund et al. 42). [y-3?P]JATP (~5000 Ci/mmol) was  supercoiled pBR322 DNA in a total of 20L of topoi-
obtained from ICN. Etoposide was from Sigma, amsacrine somerase |l activity buffer. Samples were incubated at 37
was from Bristol-Myers Squibb, and CP-115,953 was from °C for 0—30 min. For nonturnover reactions, assay mixtures
Pfizer Global Research. Drugs were stored &C4as 10 or contained 110 nM human enzymes, 5 nM negatively super-
20 mM stock solutions in 100% DMSO. Etoposide labeled coiled pBR322 DNA, and 5@M ATP in a total of 20uL

with 3H (654 mCi/mmol) was obtained from Moravek of topoisomerase Il activity buffer. Samples were incubated
Biochemicals and stored at80 °C in 100% methanol. Al for 0—60 s at 37°C. In all cases, reactions were stopped by
other chemicals were of analytical reagent grade. the addition of 3uL of stop solution. Samples were



11548 Biochemistry, Vol. 44, No. 34, 2005

Dickey and Osheroff

processed, and products were quantified as in the precedindhuman topoisomeraseadland hTop2A1175 (see Figures

section.
DNA Cleaage Plasmid DNA cleavage reactions were
based on the procedure of Fortune and Oshed®jt (Unless

stated otherwise, reaction mixtures contained 10 nM nega-

tively supercoiled pBR322 DNA in a total of 20 of DNA

2 and 3).

Topoisomerase #DNA Binding The ability of topoi-
somerase L or hTop2xA1175 to bind DNA was assessed
using a nitrocellulose filter-binding assay81j. Linear
pBR322 DNA radiolabeled witt¥fP]phosphate was prepared

cleavage buffer (human type Il topoisomerases, 10 mM Tris- as described in the preceding section. Binding mixtures

HCI, pH 7.9, 100 mM KCI, 5 mM MgClJ, 0.1 mM NaEDTA,
and 2.5% glycerol; PBCV-1 topoisomerase Il, 10 mM Tris-
HCI, pH 8.5, 62.5 mM NaCl, 62.5 mM KCI, 0.1 mM
NaEDTA, 2.5 mM MgC}, and 2.5% glycerol). Where noted,

contained 5 nM DNA and 16400 nM enzyme in a total of
20 uL of DNA binding buffer (10 mM Tris-HCI, pH 7.9, 5
mM KCI, 0.1 mM NaEDTA, and 2.5% glycerol) and were
incubated for 6 min at 37C. Nitrocellulose membranes (0.45

0—200uM etoposide, amsacrine, or CP-115,953 was added sm HA; Millipore) were prepared by incubation in DNA
to cleavage reactions. DNA cleavage was initiated by the binding buffer for 10 min. Samples were applied to the

addition of topoisomerase Il (final enzyme concentrations
were hTopaA1175 or topoisomerased] 0.2—1 uM, and
PBCV-1 topoisomerase Il, 0.02V). Reaction mixtures were
incubated for 6 min at 37C (human) or 25C (PBCV-1)

to establish cleavage/religation equilibria. Cleavage inter-
mediates were trapped by the addition gil2 of 5% SDS
and 2uL of 250 mM NaEDTA, pH 8.0 (human), or 2L of
1.15% SDS and 2L of 115 mM NaEDTA, pH 8.0 (PBCV-

1). Proteinase K was added & of 0.8 mg/mL), and
mixtures were incubated for 30 min at 46 to digest the
type Il enzyme. Samples were mixed withuP of agarose
gel loading buffer, heated for 2 min at 46, and subjected

to electrophoresis in 1% agarose gels in 40 mMTasetate,

pH 8.3, and 2 mM EDTA containing 0.bg/mL ethidium
bromide. Double- or single-stranded DNA cleavage was
monitored by the conversion of negatively supercoiled
plasmid to linear or nicked circular molecules, respectively.
DNA bands were quantified by digital imaging as described
above.

DNA sites cleaved by hTopA1175 or human topoi-
somerase & were mapped as described by a modification
(47) of the procedure of O’Reilly and Kreuzet§). A linear
4330 bp fragmentHindlll/ EcaRl) of pBR322 plasmid DNA
singly labeled with f?P]phosphate on the-ferminus of the

Hindlll site was used as the cleavage substrate. Reaction

mixtures contained 0.35 nM DNA molecules and 60 nM
enzyme in a total of 5aL of DNA cleavage buffer. Assays
were carried out in the absence or presence ofub0

etoposide. Reactions were started by the addition of enzyme

and mixtures were incubated for 10 min at ¥7. Cleavage

intermediates were trapped and processed as described abov

Products were precipitated twice in 100% ethanol, dried,
resuspended in 40% formamide, 8.4 mM EDTA, 0.02%

bromophenol blue, and 0.02% xylene cyanole FF, and
subjected to electrophoresis in 6% polyacrylamide gels. Gels

were fixed in 10% methanol/10% acetic acid for 5 min and
dried. DNA cleavage products were visualized using a Bio-
Rad molecular imager FX.

It should be noted that DNA cleavage reactions were

membranes and filtered in vacuo. Membranes were washed
three times with 1 mL of DNA binding buffer, dried, and
submerged in 8 mL of scintillation fluid (Econo-Safe;
Research Products International). Radioactivity remaining on
the membranes was quantified using a Beckman LS 5000
TD scintillation counter. The percent DNA bound to topoi-
somerase |l was determined on the basis of the ratio of the
radioactivity on the membranes vs that of the input DNA.

DNA Religation DNA religation mediated by topoi-
somerase . or hTop2tA1175 was monitored according to
the procedure of Robinson and Osherdf)( Enzyme-DNA
cleavage/religation equilibria were established as above for
plasmid DNA cleavage. Religation was initiated by shifting
reactions from 37 to OC. Reactions were stopped-G0 s
after the temperature shift by the addition oixR of 5%

SDS followed by 2uL of 250 mM NaEDTA, pH 8.0.
Samples were processed and analyzed as described for
topoisomerase Il plasmid DNA cleavage reactions. Religation
was monitored by quantifying the loss of linear DNA.

Topoisomerase HEtoposide Binding The ability of
human topoisomerasedl] hTop2xrA1175, or PBCV-1 to-
poisomerase Il to bind etoposide was monitored as described
by Kingma and Osheroff50). Nitrocellulose membranes
(0.45um HA) were presoaked in DNA cleavage buffer for
10 min. Binding mixtures contained:8M enzyme and 25
100uM [3H]etoposide in a total of 6@AL of cleavage buffer.
Samples were incubated at 26 for 6 min and applied to
the nitrocellulose membranes in vacuo. Filters were im-

'mediately washed three times with 1 mL of ice-cold DNA

cleavage bulffer, dried, and submerged in 8 mL of scintillation
fluid. Radioactivity remaining on the membranes was quanti-
fied as described above. The amount of radioactive etoposide
remaining on the filter in the absence of enzyme was
subtracted for binding calculations.

RESULTS

Because of the deleterious effects of DNA strand breaks
in proliferating cells, eukaryotic type Il topoisomerases

performed in the absence of ATP. The nucleotide cofactor normally maintain very low levels of DNA scission inter-

does not influence the mechanism of topoisomerase II-

mediated DNA scission5j. Furthermore, the omission of

mediates. Typically, less than 0.2% of a population of human
topoisomerase dl is in a DNA cleavage complex at any

ATP from cleavage assays is advantageous in that thegiven time @, 3, 5, 7). In marked contrast, topoisomerase ||

topological state of the DNA is not altered during the

from chlorella virus PBCV-1 or CVYM-1 maintains a dra-

reaction. Thus, negatively supercoiled substrates are neithematically higher level of cleavage intermediates (typically

relaxed nor catenated over the course of the asSay (
Alterations in DNA topology have the potential to be-
come problematic, especially in light of the fact that the
efficiency of DNA strand passage differs between full-length

>25%) 29—31). The major structural difference between
the chlorella and human type Il topoisomerases is the lack
of a C-terminal domain in the viral enzyme. Therefore, to
determine the impact of the C-terminal domain on the DNA
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Ficure 1. Decatenation of KDNA by human topoisomerase Il F |

and hTop2A1175. The percent decatenation was determined by
guantifying minicircles that were released from kDNA networks

by human topoisomerasenl(hTop2x, open circles) or hTop2A- hTOp20A1 1 75

1175 (A1175, closed circles) and is shown on the left. Error bars

represent the standard deviation of three independent experimentsgyre 2: Relaxation of negatively supercoiled pBR322 plasmid
The image at the right is an ethidium bromide-stained gel showing pNA by topoisomerase ¢l and hTop2A1175. The relaxation of
kDNA decatenation in the absence of enzyme (DNA) or in the negatively supercoiled pBR322 plasmid DNA by human topoi-

presence of human topoisomerase ®F hTop2xA1175. Reaction  somerase i (hTopay, top) and hTop@A1175 (bottom) is shown.

at the origin, as well as those of the released DNA maxicircles and nm enzyme. Ethidium bromide-stained gels that are representative

minicircles, are indicated. of three independent experiments are shown. Negatively supercoiled
DNA (form I, Fl) and nicked circular DNA (form II, FIl) are

cleavage activity of topoisomerasen)lwe truncated the indicated. A DNA control in the absence of enzyme is shown

human enzyme at amino acid 1175. This position corresponds(PNA)-

to the terminal residue in PBCV-1 topoisomerase Il, as i .

determined by BLAST sequence alignment. The resuling 1he decreased catalytic activity of hTap®1175 could

enzyme, hTop@A1175, was expressed in yeast and purified P€ due to deficiencies in DNA strand passage or enzyme

along with full-length topoisomerase oll and PBCV-1 turnover. To distinguish b_etween these tWC_)_pOSSlblIltles_,, a

topoisomerase II. nonturnover DNA relaxation assay was utilized. Reaction

: . : ixtures contained a 22-fold stoichiometric excess of either

Catalytic Actiity of hTop2tA1175.Before addressing the mix ) .
effects of the C-terminal domain on the DNA cleavage full-length top0|.somerasedlo.r hToprAll?S over plasmid
activity of human topoisomerasellwe determined whether molecules. Th|s excess ehmmates the.neec.i for enzyme
the truncated enzyme retained overall catalytic activity. Two turnovgr and dlssomatlorj during the regctlon, since comple'te
independent assays were used to assess the ability Ofelaxatmn of the plasmid can be ach|ev_ed if each topoi-
hTop2xA1175 to catalyze the DNA strand passage reaction. somerase |l molecule cataly_zes only a single DNA strand
First, the ability of the truncated enzyme to decatenate kDNA passage event. Human.top0|someraaerdallaxed the DNA
was characterized (Figure 1). hT@p®1175 was able to sgbstrate V.V'th'n 60 s (F'gufe 3). In contrast, hTapa175
unlink catenated DNA rings, albeit with an activity that was d'SP'?Ved little DNA relaxation over the course of the assay.
~2-fold lower than that of full-length topoisomerasecll This finding suggests that hTopA1175 catalyzes the DNA

To further characterize the influence of the C-terminal strand passage event more slowly than the_full-length
region on catalytic activity, the ability of hTopA1175 to enzyme. Taken together, the above results confirm that the

relax negatively supercoiled plasmid DNA was determined. C-telrm.mal dgmam of the huma_n enzyme is ;j|srﬁ)ensablg for
Under optimal reaction conditions for human topoisomerase cata Y“C activity. Howeyer, t IS portion ol the protein
llo, hTop@xA1175 was able to remove negative supercoils contributes to the catalytic efficiency of topoisomerase |
from plasmid molecules (Figure 2). However, reaction rates

were lower than observed for the full-length enzyme. In 2 Although partially relaxed plasmid molecules can be seen in the

i ; ; reactions catalyzed by topoisomeraseahd hTopaA1175, the DNA
addition, as determined by the loss of the negatively relaxation patterns generated by the two enzymes differ. In the reaction

supercoiled band relative to the production of partially catalyzed by the full-length enzyme, the negatively supercoiled band
relaxed plasmid species, the reaction catalyzed by theis rapidly shifted to an intermediate superhelical density, which

truncated enzyme appeared to be more proce33ikis latter gradually shifts to the position of fully relaxed products. This pattern

. . . _is indicative of a distributive reaction, in which topoisomerase I
result was unexpected. If the C-terminal domain of eukaryotic gissociates from partially relaxed plasmids during the course of the

topoisomerase Il interacts with DNA, its presence might assay. In contrast, in the reaction catalyzed by hTaxP175, the
enhance enzymenucleic acid binding and, hence, increase negatively supercoiled band persists and appears to be shifted primarily

processivity. However, as discussed below, the assumptionto the position of fully relaxed products with minimal accumulation of
’ ’ ’ partially relaxed intermediates. This pattern is indicative of a processive

that the C-terminal domain of human topoisomerage Il reaction, in which hTop2A1175 remains largely bound to plasmids
increases the affinity of the enzyme for DNA is not correct. throughout the relaxation process.
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Ficure 3: Nonturnover relaxation of negatively supercoiled
pBR322 plasmid DNA by topoisomerasexland hTop2A1175.
The nonturnover relaxation of negatively supercoiled pBR322
plasmid DNA by human topoisomerasex|(hTop2y, top) and
hTop2xA1175 (bottom) is shown. Relaxation reactions were carried
out from 0 to 60 s using 110 nM enzyme and 5 nM DNA. Ethidium

bromide-stained gels that are representative of three independen

experiments are shown. Negatively supercoiled DNA (form I, FI)
and nicked circular DNA (form I, FIl) are indicated. A DNA
control in the absence of enzyme is shown (DNA).
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‘:IGURE 4: Double-stranded DNA cleavage by type Il topoi-
somerases. The ability of human topoisomeras€iillop2y, open
circles) and hTop2A1175 (A1175, closed circles) to cleave
negatively supercoiled pBR322 plasmid DNA is shown. A range
of enzyme concentration (0:2 uM) was used at a constant
concentration of 10 nM plasmid. Double-stranded DNA cleavage

dramatic enzymatic difference between human topoisomerasgs expressed as the percentage of circular plasmid substrate that is
Ila. and chlorella virus topoisomerase |l is the enhanced converted to linear molecules. Error bars represent the standard

double-stranded DNA scission activity of the viral enzyme
(29—31). Therefore, the ability of hTopA1175 to cleave
DNA was compared to that of the full-length human enzyme.
As seen in Figure 4, loss of the C-terminal domain of
topoisomerase &l increased levels of double-stranded DNA
cleavage. Over a range of enzyme concentrations, hilAp2
1175 generated 23 times more double-stranded DNA
breaks than did full-length topoisomerase.IWhile this

deviation of three independent experiments. The inset shows an
ethidium bromide-stained agarose gel of a DNA cleavage reaction
in the absence of enzyme (DNA) and in the presence ofu®6
human topoisomerasedli(hTop2x) or hTop2xA1175 (A1175) or
0.02uM PBCV-1 topoisomerase Il (PBCV). Double-stranded DNA
cleavage converts negatively supercoiled plasmid (form I, Fl) to
linear molecules (form 1ll, Flll). The position of nicked circular
DNA (form Il, FIl) also is indicated.

slightly faster than that of human topoisomerase [This

difference does not approach the enhancement observed withiesult indicates that the loss of the C-terminal domain does

the viral enzyme (Figure 4, insert), the loss of the C-terminal
domain clearly enhances the ability of topoisomeraadadl
cleave DNA.

DNA Binding Several factors may contribute to the
increased DNA cleavage activity of hTop&1175. One
possibility is that the truncated enzyme binds more tightly
to its DNA substrate. To test this hypothesis, the ability of
hTop2xA1175 to bind DNA was compared to that of full-
length human topoisomerasexllAs seen in Figure 5, the
affinity of the two enzymes for DNA was similar. Thus, the

not increase levels of double-stranded DNA breaks by
impairing the religation reaction of the enzyme.
Coordination between Enzyme SubunR8CV-1 topoi-

somerase |l displays significantly greater coordination be-
tween its two active site tyrosyl residues than does human
topoisomerase dl. In this regard, the overwhelming majority
of DNA breaks created by the chlorella virus enzyme are
double stranded in nature. Under optimal reaction conditions,
PBCV-1 topoisomerase Il generates nearly five double-
stranded DNA breaks for every nick (i.e., single-stranded

increase in DNA scission that accompanies the loss of thebreak) that it creates (Figure 7). In contrast, topoisomerase

C-terminal domain is not due to an enhanced affinity for
nucleic acids.
DNA Religation A number of topoisomerase ll-targeted

Il o displays markedly lower coordination between its active
site tyrosyl residues5@). For every double-stranded break
that the human enzyme creates, it generates gicks (i.e.,

anticancer drugs raise levels of enzyme-generated DNA cleavage intermediates in which one or the other active site

strand breaks by inhibiting the religation of cleaved DNA
molecules 8, 5, 7, 51). Thus, the rate of DNA religation
mediated by hTop2A1175 was determined (Figure 6). The

tyrosyl residue, but not both, has cleaved the DNA) (Figure
7). Itis not obvious how this coordination contributes to the
catalytic activity of topoisomerasedll However, the ability

truncated enzyme resealed DNA breaks at a rate that wasf the two active site tyrosyl residues to work in concert
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DNA. The percent binding of radiolabeled linear pBR322 DNA to FiGure 7: Ratio of single-stranded to double-stranded DNA breaks
. generated by type Il topoisomerases. The ratio of single-stranded

human topoisomerased(hTop2x, open circles) or hTop2A1175
(A1175, closed circles) was determined by the ratio of radioactivity PNA breaks to double-stranded DNA breaks generated by human
retained on a nitrocellulose filter vs the input amount of radioactiv- (0Poisomerase ¢ (hTopax, open bars), hTopA1175 A1175,
ity. A range of 0-400 nM enzyme was examined at a constant cl0sed bars), or PBCV-1 topoisomerase Il (PBCV-1, shaded bar)
concentration of 5 nM linear pBR322. Error bars represent the 1S Shown. A range of 0:21 uM enzyme was examined for the
standard deviation of three independent experiments. human enzymes, and the ratio of breaks produced by 0102
PBCV-1 topoisomerase Il is shown for comparison. Double-
stranded and single-stranded DNA cleavage is expressed as the
percentage of supercoiled substrate that is converted to linear or
nicked circular molecules, respectively. Error bars represent the
standard deviation of three independent experiments.
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Ficure 8: Etoposide hinding to type Il topoisomerases. The ability
of 3uM human topoisomerasedll(hTop2y, left panel), hTop2A-

Ficure 6: DNA religation mediated by topoisomerase: land
hTop2xtA1175. DNA religation mediated by human topoisomerase
Ila. (hTop2y, open circles) or hTop2A1175 (A1175, closed circles)
is shown. The DNA cleavage/religation equilibrium was established 1175 721175, middle panel), or PBCV-1 topoisomerase Il (PBCV-
at 37°C, and religation was initiated by shifting samples & 1, right panel) to bind¥H]etoposide was examined. The free and
The DNA cleavage observed at equilibrium for each enzyme was pound fractions of etoposide were separated by filtration through
set to 100% at time 0. Error bars represent the standard deviationpjtrocellulose membranes, and the binding of etoposide to the filter
of three independent experiments. in the absence of enzyme was subtracted as background. Error bars
represent the standard deviation of at least three independent
clearly should enhance the generation of double-strandedexperiments.
DNA breaks at the expense of single-stranded cuts.

To determine whether the C-terminal domain of topoi- Il displays low sensitivity to DNA cleavage-enhancing
somerase t affects active site coordination, the ratio of anticancer drugs. When global levels of DNA cleavage are
single- to double-stranded DNA breaks generated by monitored using plasmid substrates, the viral enzyme is
hTop2xA1175 was calculated. Results indicate that active nearly refractory to a number of topoisomerase Il-targeted
site coordination of the truncated human enzyme was agents 29). It is not apparent why PBCV-1 topoisomerase
intermediate between those of full-length topoisomerase Il 1l is resistant to anticancer agents. One possibility is that
and PBCV-1 topoisomerase Il. On the basis of the averagesthe C-terminal domain of the enzyme contributes to drug
of three independent DNA cleavage titrations, hTop2175 binding. Consequently, the ability of topoisomerase, Il
produced approximately one nick for every double-stranded hTop2xA1175, and PBCV-1 topoisomerase Il to bifH]J-

DNA break that it generated (Figure 7). This marked rise in etoposide was assessed using a nitrocellulose filter technique
active site coordination can account, at least in part, for the (Figure 8). Results indicate that the three enzymes bind
increase in double-stranded DNA breaks that accompany thesimilar amounts of the drug. Therefore, the insensitivity of
loss of the C-terminal domain of topoisomerase. I| the viral enzyme toward anticancer agents, at least etoposide,

Sensitiity of hTop2tA1175 to Anticancer DrugsCom- is not due to a lack of drug binding. Etoposide, amsacrine,

pared to human topoisomerase,|PBCV-1 topoisomerase and CP-115,953 increase double-stranded DNA cleavage
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Ficure 9: Double-stranded DNA cleavage by type Il enzymes in
the presence of topoisomerase Il poisons. The ability of human
topoisomerase &l (hTopax, open circles) and hTop2\1175
(A1175, closed circles) to cleave negatively supercoiled pBR322
plasmid was determined in the presence of three topoisomerase II-
targeted anticancer drugs, etoposide, amsacrine, and CP-115,953.
Relative DNA cleavage is based on levels of double-stranded DNA
breaks generated by the respective enzymes in the absence of drugs.
For each individual enzyme, DNA cleavage in the absence of drugs
was set to 1. Error bars represent the standard deviation of three
independent experiments.

mediated by full-length topoisomerase. B—10-fold (Figure

9). Since the C-terminal domain of the human enzyme does
not appear to contribute to drug binding, the effects of these
anticancer agents on the DNA cleavage activity of hof?2
1175 were determined. As seen in Figure 9, the truncated
enzyme was less sensitive to the drugs. In most cases, the
relative DNA cleavage enhancement observed was ap-
proximately 50% that seen with full-length topoisomerase
o

Despite the diminished susceptibility of hTap21175 for
anticancer drugs, the loss of the C-terminal domain does not
appear to alter the DNA cleavage specificity of the truncated
enzyme, in either the absence or presence of etoposide
(Figure 10). It should be noted that the DNA samples shown
in Figure 10 were subjected to electrophoresis under denatur-
ing conditions. Therefore, the overall levels of DNA cleavage
seen in the autoradiogram reflect both single- and double-
stranded DNA breaks. Although hTop2&1175 generates
higher levels of double-stranded DNA breaks than full-length
human topoisomerased)] the truncated enzyme produces
considerably lower levels of single-stranded breaks. Conse-
quently, the intensity of the DNA cleavage pattern observed
with the full-length enzyme in the absence of etoposide is
somewhat greater than that seen for hTop2175.

Finally, in most cases, the intensity of etoposide-induced
DNA cleavage bands generated by the truncated enzyme was
lower than that of the corresponding bands produced by
topoisomerase &l. However, in a few instances, the intensity
of bands generated by hTop2&1175 in the presence of
etoposide was comparable to or slightly greater than those
produced by the full-length enzyme. Whether this result
reflects differences in levels of single-stranded DNA cleavage - o .

T @ @ B e

or subtle effects of the C-terminal domain on DNA cleavage

site utilization in the presence of anticancer drugs is not Ficure 10: Distribution of topoisomerase Il-mediated DNA

known at the present time. cleavage sites on a linear DNA substrate. A singly end-labeled 4330
Taken together, the above findings indicate that the bp fragment of pBR322 was employed. The autoradiogram shows

C-terminal domain of topoisomerase Il substantially influ- ?&'}‘Sﬁrﬁg?;g g;?’\('ﬁ_%o%rg)d?:r‘)’;ggn;grg‘see p&eﬁz‘s"esgfﬂwma”

ences the degree to which the enzyme responds to antlcanceéaoposide (hTop2/Etop), hTob&All?S (\1175), or hTop@A1175

agents, but not the sites at which it forms DNA cleavage pjus 504M etoposide 41175/Etop). Data are representative of three
complexes. independent experiments.
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DISCUSSION domain to enzyme function is not known. It is clear from
. ) ) . the properties of hTop2A1175 that the C-terminal domain
The C-terminal domain of eukaryotic type Il t0pOi-  yoe5 not contain any essential “active site” amino acid
somerases varies considerably from species t0 spe38es ( regidues. Thus, it is possible that this portion of the enzyme
41, 53, 54). It is believed that this portion of the protein  ay act by altering the conformation of topoisomerase I
contributes to the physiology of topoisomerase 1l, as it pyernatively, based on the finding that the C-terminal
contains phosphorylation sites and nuclear localization signalSyomain of bacterial DNA gyrase plays a role in mediating
(11, 32, 33, 55). However, the contribution of the C-terminal enzyme-DNA binding, this region of the human enzyme
domain to the enzymatic activity of topoisomerase Il has oy syptly alter interactions between the active site of

yet to be defined. Structural studies indicate that the q5nisomerase dl and its nucleic acid substrate. Ultimately,

C-terminal domain of prokaryotic type Il topoisomerases g ciural studies will be required to address this important
interacts with nucleic acids34—37). Unfortunately, com- issue

parable studies have not been carried out with eukaryotic

enzymes. In contrast to eukaryotic topoisomerase Il, type | ACKNOWLEDGMENT
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