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Topoisomerase II (Top2) is the primary target for active anti-
cancer agents. We developed an efficient approach for identify-
inghypersensitiveTop2mutants and isolated apanel ofmutants
in yeast Top2 conferring hypersensitivity to the intercalator
N-[4-(9-acridinylamino)-3-methoxyphenyl]methanesulphona-
nilide (mAMSA). Some mutants conferred hypersensitivity to
etoposide as well as mAMSA, whereas other mutants exhibited
hypersensitivity only to mAMSA. Twomutants in Top2, chang-
ing Pro473 to Leu and Gly737 to Val, conferred extraordinary
hypersensitivity to mAMSA and were chosen for further char-
acterization. The mutant proteins were purified, and their
biochemical activities were assessed. Both mutants encode
enzymes that are hypersensitive to inhibition by mAMSA and
other intercalating agents and exhibited elevated levels of
mAMSA-induced Top2:DNA covalent complexes. While
Gly7373 Val Top2p generated elevated levels of Top2-medi-
ated double strand breaks in vitro, the Pro4733 Leu mutant
protein showed only a modest increase in Top2-mediated
double strand breaks but much higher levels of Top2-medi-
ated single strand breaks. In addition, the Pro473 3 Leu
mutant protein also generated high levels of mAMSA-stabi-
lized covalent complexes in the absence of ATP. We tested
the role of single strand cleavage in cell killing with alleles of
Top2 that could generate single strand breaks, but not double
strand breaks. Expression in yeast of a Pro4733 Leu mutant
that could only generate single strand breaks conferred
hypersensitivity to mAMSA. These results indicate that gen-
eration of single strand breaks by Top2-targeting agents can
be an important component of cell killing by Top2-targeting
drugs.

DNA topoisomerases are enzymes that alter DNA topology
by the transient introduction of strand breaks that allow trans-
formations such as changing the levels of DNA supercoiling
and the decatenation of linked DNA molecules. Two major
classes of topoisomerases are distinguished by the introduction
of single stand breaks (type I topoisomerases) and double

strand breaks (type II topoisomerases). Eukaryotic topoisomer-
ase II (Top2)2 is a homodimer with each subunit capable of
forming a covalent 5�-phosphotyrosyl intermediate with a
DNA substrate. The generation of transient double strand
breaks is biologically essential, because type II topoisomerases
are required to complete the separation of newly replicated
DNA molecules prior to cell division (1, 2). The generation of
protein-linked DNA breaks is advantageous to prevent poten-
tial deleterious consequences of free double strand breaks (3, 4).
Biochemical and structural studies have illuminatedmany of

the details of DNA cleavage by type II topoisomerases
(reviewed in Ref. 5). Mutational analysis has identified residues
that play key roles in the cleavage reaction (6, 7). These studies
demonstrated that DNA cleavage by the tyrosine of each sub-
unit requires the collaboration of other residues from the other
subunit. A major DNA binding domain of one protomer that
includes the active site tyrosine collaborates with residues from
the other protomer that are part of a Rossman fold, leading to
DNA cleavage. A recently determined x-ray crystal structure of
the breakage-reunion domain of yeast Top2 bound to DNA
elegantly supports this model (8). This structure shows amino
acids from the Rossman fold in relatively close proximity to the
active site tyrosine suggesting the assembly of catalytically
active complex during the Top2 reaction cycle.
DNA topoisomerases have also proven to be effective anti-

bacterial and anti-cancer drug targets (9–11). The clinically
active agents block the enzyme reaction at steps where the
enzyme is covalently bound to DNA. The efficacy of drugs tar-
geting topoisomerases is due primarily to trapping the enzyme-
DNA covalent intermediate, leading to DNA damage that
includesDNAstrand breaks, with the enzyme covalently bound
to DNA. Such covalent intermediates are also capable of
impeding cellular processes such as DNA replication and tran-
scription. Because the drugs subvert the normal enzymemech-
anism to generate toxicity, these drugs have been referred to as
topoisomerase poisons.
Although the molecular details of the normal topoisomerase

II reaction are becoming better understood, the action of drugs
that trap covalent complexes has remained mysterious. Many
different classes of compounds have been demonstrated to tar-
get DNA topoisomerases, including agents that likely bind
directly to the enzyme, such as the epipodophyllotoxins etopo-
side and teniposide, and many agents that intercalate in DNA,
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such as anthracyclines, aminoacridines, and anthracenediones
(12, 13). The chemical diversity of compounds that can target
topoisomerase II hasmade it difficult to identify common features
required for enzyme inhibition. A strategy for overcoming this
obstacle is isolation of mutants that reduce drug sensitivity. This
strategy has been applied both inmammalian cell systems, as well
as systematically in lower eukaryotic model systems (14–16).
These studies have suggested that many mutations that reduce
enzyme activity can lead to drug resistance. Importantly, drug-
resistant enzymes are typically (although not universally) cross-
resistant to all classes of topoisomerase poisons (13). Therefore,
these mutations have provided limited information about the
details of drugmechanisms.
In this work, we have systematically applied an alternate

strategy; the isolation of drug hypersensitive Top2 alleles. We
used mAMSA as a model intercalating Top2 poison, and iso-
lated a series of mAMSA hypersensitive alleles. Two mutants
conferring hypersensitivity specifically to mAMSA, and not
other Top2 poisons, were selected for biochemical character-
ization. Both of the mutant enzymes exhibit elevated levels of
mAMSA-induced DNA cleavage. The mutants localize near
the catalytic center of the enzyme, but have distinct biochemi-
cal properties. The availability of an mAMSA-hypersensitive
mutant near the Rossman fold has allowed us to specifically
assess the role of single strand cleavage by topoisomerase II in
cell killing by topoisomerase poisons.

EXPERIMENTAL PROCEDURES

Materials, Yeast Strains, and Plasmids—Etoposide was
obtained fromBedford LaboratoriesTM (Bedford, OH) and eto-
poside (powder) was from Sigma-Aldrich. mAMSA (N-[4-(9-
acridinylamino)-3-methoxyphenyl]methanesulfonanilide) was
from Bristol-Myers Co., and CP-115,953 was a gift from Pfizer.
Drug stock solutions were prepared in dimethyl sulfoxide at
concentration 20 mg/ml and stored at �20 °C.
All experiments for assessing drug sensitivity were carried

out in JN394at2-4 (MAT� ura3-52 leu2 trp1 his7 ade1-2 ISE2
rad52::LEU2 top2-4) (17, 18). Yeast Top2p (wild-type and
mutant enzymes) were purified using a top1 derivative of the
protease-deficient strain JEL1t1 (trp1 leu2 ura3-52 pbr1-1122
pep4-3 his3::pGAL10GAL4 top1::LEU2). pDED1Top2, a single
copy yeast plasmid was used for overexpression of TOP2 from
the yeast DED1 promoter (18).
RandomMutagenesis of Plasmid DNA—Randommutagene-

sis of yeast topoisomerase II was done using PCR mutagenesis
kit from Stratagene. To facilitate the mutagenesis of yeast
TOP2 gene and transformation, we constructed plasmid
pDED1TOP2 with a gap 5�-1133 bp and 3�-2965 bp by restric-
tion enzymes SanDI and BseRI, respectively. Segment 1053–
2888 bp of yeast Top2 gene on plasmid pDED1 was mutated
using error prone PCR with mutazyme DNA polymerase that
randomly introduces errors. PCR products were cloned in vec-
tor by homologous recombination, so they were constructed to
overlap on 5� and 3� sides of gaped plasmid by �200 bp. The
following oligonucleotides were used for PCR: as a forward
primer: 5�-CTTTTGCGGTTTCTGATATCTCTTTTC-3�; as
a reverse primer: 5�-ACCTCCCACTGTAACCTTTCGCTC-
3�. A 2188-bp product size was generated by PCR.

The PCR conditions were selected to generate less than one
nucleotide substitution per segment. 50 or 100 ng of target
DNA was taken in reaction for producing low mutation fre-
quencies. PCR was performed using mutazyme DNA polymer-
ase and 30 cycles at 95 °C for 30 s, 54 °C for 30 s, and 72 °C for 2
min and 20 s. Yeast strain JN394at2-4 was transformed using
the lithium acetate procedure with single-stranded carrier
DNA (19) bymix of purified gapped plasmid andPCRproducts.
Transformants were plated to synthetic complete medium
lacking uracil.
Site-directed Mutagenesis of Plasmid DNA—Mutagenesis

was carried out with QuikChange site-directedmutagenesis kit
from Stratagene (La Jolla, CA) and as described previously (20).
The plasmid pDED1TOP2 was used as the template in PCR
reaction (18). The reaction mix (50 �l) contained 20 ng of tem-
plate plasmid DNA, 125 ng of each primer, 10 nM dNTPs, 2.5
units of Pfu DNA polymerase, and 1� reaction buffer. PCR
amplification was performed using 16 cycles at 95 °C for 30 s,
50 °C for 1 min, and 68 °C for 22min. 10 units of DpnI endonu-
clease was used for elimination of parental plasmid for 2 h at
37 °C. 1 �l of the DpnI-treated PCR DNA was used for trans-
formation of supercompetent cells XL-1 Blue from Stratagene.
Plasmids were purified using GenElute Plasmid Miniprep Kit
(Sigma), as described by themanufacturer’s protocol. All muta-
tions were verified by DNA sequencing.
Measurement of Drug Sensitivity in Yeast Cells—Drug sensi-

tivity in yeast cells was carried out as described previously (18,
21). Briefly, cells were grown to midlog phase in liquid YPDA
(yeast extract/peptone/dextrose/adenine) or synthetic com-
plete dropout to 2 � 106 cells/ml, and drug was added. Cells
were incubated for 24 h, diluted, and plated to plates with syn-
thetic media lacking uracil. Plates were incubated at 34 °C, and
the numbers of cells giving rise to colonies were counted.
Results were expressed relative to the number of viable colonies
at the time of drug addition.
As a simple and reproducible metric for comparing the drug

sensitivity of different Top2 alleles, we computed theminimum
lethal concentration (mlc), which was determined by extrapo-
lating cell survival versus drug concentration curves and deter-
mining the point that gives 100% survival (22).
Overexpression and Purification of Topoisomerase II from

Yeast Cells—Yeast wild-type topoisomerase II and the mutant
proteins were purified from protease-deficient strain JEL1t1.
Yeast topoisomerase II was expressed for purification using the
plasmid pGAL1TOP2 (23) and induction of Top2 by galactose
as described previously (22, 24–26). Enzymes used were of
�90% purity as assessed by SDS-PAGE, based on the 165-kDa
band of intact yeast Top2.
Measurement of Topoisomerase II Enzymatic Activities—

DNA topoisomerase II assays (decatenation and relaxation)
were carried out as described previously (22). Briefly, the reac-
tion mixture contained 10 mM Tris-HCl, pH-7.5, 50 mM NaCl,
50mMKCl, 5.0mMMgCl2, 2.5% glycerol, 0.5mMATP, 200 ng of
pUC18 (for relaxation activity), or 200 ng of kinetoplast DNA
(kDNA, TopoGen, Inc., Port Orange, FL) (for decatenation
activity) and the indicated amount of purified TOP2 protein
and drug of interest. Samples were subjected to electrophoresis
in 1% agarose gel; bands were visualized by UV and quantified

Top2-mediated Single Strand Damage

29240 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 43 • OCTOBER 24, 2008



using the Quantity One imaging system (Bio-Rad). The rate of
Top2-catalyzed ATP hydrolysis was measured using a coupled
enzyme assay as described previously (27, 28).
Quantitation of DNACleavage—TheK�/SDS assaywas used

to assess quantitative levels of DNA cleavage as performed pre-
viously (22, 29). Briefly, linearized plasmid pUC18 was end-
labeled at its 3�-ends with the Klenow DNA polymerase using
[�-32P]dATP. Unincorporated nucleotides were removed by
ethanol precipitation.
The cleavage reaction was carried out in TOP2 buffer

(described above) and in a total volume of 100 �l. The reaction
was incubated for 30min at 30 °C and then stoppedwith 1ml of
stop buffer (1.25% SDS, 5mM EDTA, pH 8.0, 0.4 mg/ml salmon
sperm DNA). Then 0.25 ml of 325 mM KCl was added, and the
reaction was incubated 10 min at 65 °C. The reactions were
placed on ice for 10min and then centrifuged at 14,000 rpm for
10 min. The supernatant was removed, and the samples were
resuspended in 1 ml of wash buffer (10 mM Tris-HCl, pH 8.0,
100 mM KCl, 1 mM EDTA, 1 mg/ml of salmon sperm DNA).
Samples were incubated 10 min at 65 °C, then placed on ice for
10 min and centrifuged as above. The wash procedure was car-
ried out three times. After the final wash, the samples were
resuspended in 400 �l of water, and 100 �l of sample was taken
for determining the counts.
To map of the sites of cleavage of TOP2, we used the DNA

substrate labeled on only one end. DNA labeled according to
the protocol described above was digested with BamH1 restric-
tion enzyme and then was purified by ethanol precipitation.
Cleavage reactions were performed as described above. After
the reaction was stopped, the reaction mixture was treated by
proteinase K for 1 h at 55 °C. Then the nucleic acids were eth-
anol-precipitated, and pellets were air-dried and resuspended
either in agarose gel loading buffer (for neutral agarose gel) or in
2�TBE-Urea Sample Buffer (Novax) (for denatured gel). Then
samples for neutral agarose gel were loaded on agarose gel,
while samples for denatured gel were boiled for 5 min and run
on 4%urea-acrylamide gel. The gels were dried before exposure
and analyzed on a PhosphorImager (Molecular Dynamics).
Gel Cleavage Assay by Topoisomerase II—DNA cleavage

using plasmid pUC18 DNA as a substrate was determined by
the procedure described by Robinson and Osheroff (30, 31)
with slight modifications. Cleavage assays were incubated in a
total volume of 200 �l for 15 min at 30 °C and terminated with
50 �l of 10% SDS. Samples were digested with 400 �g of pro-
teinase K at 50 °C for 2.5 h, phenol extracted, precipitated with
ethanol, resuspended in TE(10mMT/Tris-HCL, pH 8.0, 1mM
EDTA) buffer, and analyzed by 1% agarose gel, stained with
ethidium bromide.
Topoisomerase II-mediated DNA Re-ligation—DNA re-liga-

tion assay was carried out by a modification of the protocol of
Osheroff (25, 32). Cleavage re-ligation equilibrium was estab-
lished by incubating the complete reaction mixture at 30 °C for
15min as described above for topoisomerase II-mediated DNA
cleavage. Then re-ligation reaction was initiated by 0.5 M NaCl
and was terminated by the addition of 1% SDS (final concentra-
tion) at different points of time (seconds). Then samples were
prepared and analyzed as described above for DNA cleavage

protocol. Rate of DNA re-ligation was determined by quantify-
ing the loss of cleavage product.

RESULTS

Selection and Characterization of Mutants in Yeast Top2
Conferring Hypersensitivity to Intercalating Agents—We previ-
ously described mutations in yeast Top2 that result in hyper-
sensitivity to different classes of Top2-targeting agents such as
etoposide andmAMSA (22, 24, 33). In all cases, the drug hyper-
sensitivity was identified fortuitously withmutants constructed
for other purposes. We devised a genetic screen for TOP2
mutations conferring hypersensitivity toTop2-targeting agents
and first applied it to the intercalating agent mAMSA. We
chose to maximize intrinsic drug sensitivity in two ways: using
repair-deficient yeast strains, and overexpression of Top2. Both
strategies have been shown to increase the efficacy of topoi-
somerase II poisons (17, 18). Briefly, a plasmid-encoded copy of
the yeast topoisomerase II gene under the control of the DED1
promoter was used for Top2 expression.Mutations were intro-
duced in the segment of DNA coding for amino acids 351–963
(nucleotides 1053–2888 of the yeast Top2 open reading frame)
by error-prone PCR. This mutagenized fragment was co-trans-
formed with linearized pDED1Top2 lacking an internal SanDI/
BseRI fragment. Because the gap repair by homologous recom-
bination requires RAD52, the strain also included a plasmid
carrying the RAD52 gene under the control of the GAL1 pro-
moter. The co-transformationwas carried out in cells grown on
galactose (and cells were therefore phenotypically RAD52�).
After transformation, the parental strain (JN394t2-4) con-
tained a plasmid-based collection of mutated TOP2 genes. The
initial transformants were plated at 34 °C, a temperature that is
non-permissive for the top2–4 allele. Therefore, mutants
unable to complement top2–4 were excluded from this collec-
tion. Individual colonies (�4000) were picked and analyzed for
sensitivity to mAMSA on plates containing 1 �g/ml mAMSA.
Colonies failing to grow on this concentration ofmAMSAwere
re-analyzed for sensitivity to mAMSA, and verified sensitive
colonies were stocked for further analysis. Typically, plasmids
fromdrug-hypersensitive cloneswere isolated and transformed
into Escherichia coli cells. Plasmids were purified from E. coli
and introduced into JN394t2-4 cells. Detailed characterization
of drug sensitivitywas carried out in the re-transformed cells, to
verify that drug hypersensitivity was mediated by the plasmid
carryingmutatedTOP2. In isolates selected for further analysis,
DNA sequence of the mutated plasmid was determined, and
the mutation was re-introduced into the plasmid pDED1Top2
by oligonucleotide-directed mutagenesis. These re-isolated
mutants were retested to verify that the identified amino acid
change was sufficient to confer drug hypersensitivity. All
mutant Top2 enzymes described here have phenotypic changes
due to a single amino acid substitution.
Fig. 1 illustrates the mAMSA sensitivity of two isolated

mutants. The sensitivities conferred by mutations in TOP2
changing P473L or G737V were compared with either wild-
type Top2 or cells carrying Top2(T744P). Top2(T744P)
resulted in a mutated Top2 with hypersensitivity to both
mAMSA and fluoroquinolones. At 5 �g/ml mAMSA, cells car-
rying wild-type TOP2 had limited sensitivity to the drug, with
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substantial growth inhibition after 24-h drug exposure. The
hypersensitive T744P conferred greater sensitivity, with anmlc
after 24-h drug exposure of 1.8 �g/ml mAMSA. Both P473L
and G737V top2 alleles confer much greater mAMSA sensitiv-
ity than the T744P allele, with mlc values much less than 1
�g/ml mAMSA. This can be clearly seen because the survival
after 24-h exposure to 1 �g/ml mAMSA was �1% for both
alleles.
The P473L and G737V alleles conferred the greatest

mAMSA sensitivity of any of the mutants we recovered. We
also recovered several other isolates carrying single pointmuta-
tions conferring mAMSA hypersensitivity that was at least as
great as the T744P allele (Table 1). The mutations localized to
three different regions of the enzyme. Mutations in this second
groupwith somewhat lowermAMSAhypersensitivity included
one (A484P) in the B�-subfragment of Top2, three mutations

(F711I, H735Q, and L787S) in the CAP homology domain, and
one mutant (L1052I) that localized to the A�-A� dimer
interface.
Strains carrying the mAMSA-hypersensitive alleles

described above were tested for sensitivity to other Top2-tar-
geting agents. We were particularly interested in whether the
mutants were hypersensitive to non-intercalating Top2-target-
ing agents, because non-intercalating agents may act by mech-
anisms that are partially distinct from intercalating agents. We
used both etoposide and CP-115,953, a fluoroquinolone that is
active against eukaryotic type II topoisomerases. The results
summarized in Table 1 show that the two most sensitive
mutants, P473L andG737V, hadminor resistance to etoposide.
TheG737V allele was highly resistant to CP-115,953, whereas the
P473L allele conferred essentially wild-type sensitivity to this
agent. Importantly, these two alleles exhibited hypersensitivity
that is specific formAMSA and does not carry through to other
classes of Top2-targeting poisons.
Themlc formAMSA for strains carrying the other five alleles

ranged from 1.5 to 3.0 �g/ml, �2- to 4-fold hypersensitivity.
These alleles all conferred etoposide hypersensitivity (mlc
range from 2.0 to 2.5 �g/ml, about a 4- to 5-fold decrease), and
hypersensitivity to CP-115,953 of 0.8–2.2 �g/ml, with
decreases of 1.5- to 4-fold. Although some minor drug-specific
effects were observed, in general, all five alleles increased sen-
sitivities to multiple classes of Top2-targeting drugs. Although
it will be of interest to examine the biochemical alterations in
the mutations that result in hypersensitivity to multiple classes
of drugs, we decided to first concentrate on the two mutations
conferring high specific sensitivity to mAMSA.
We examined other amino acid changes at positions 473 and

737 to assess what altered biochemical properties were
required for drug hypersensitivity. We constructed a wide
range of amino acid changes, including changes to hydrophobic
amino acids (Ala, Ile, and Phe), polar, uncharged amino acids
(Ser and Tyr), positively (Lys), and negatively charged amino
acids (Glu). Fig. 2 shows the pattern of mAMSA sensitivity
obtained for cells expressing the various substitutions. Fig. 2A
shows that the effect of P473L was very specific. No other
amino acid substitution tested conferred as great sensitivity to
mAMSA as a change to Leu; only a change to Ser exhibited
significant hypersensitivity (a 2-fold decrease in mlc), whereas
most other amino acid changes resulted in mAMSA resistance.
These results indicate that Leu at 473, rather than a loss of Gly,
is primarily responsible for mAMSA hypersensitivity. By con-
trast, several changes at position 737 resulted in a Top2 gene-
conferring hypersensitivity. In general, substitution of any
hydrophobic amino acid (except Phe) for Gly resulted in
mAMSAhypersensitivity (Fig. 2B). Notably, changingGly to Ile
resulted in a Top2 gene conferring even greater mAMSA sen-
sitivity than theG737V allele. Overall, these results suggest that
the change to a hydrophobic residue, rather than loss of theGly,
is mainly responsible for mAMSA sensitivity. We noted that
few amino acid changes at position 737 result in mAMSA
resistance (a change of Gly to Lys), whereas many substitutions
at amino acid 473 reduced drug sensitivity. This may reflect
that a very specific structural change is required around amino
acid 473, suggesting that this change may be near a site of

FIGURE 1. G737V and P473L mutations of yeast TOP2 confer hypersensi-
tivity to mAMSA. JN394t2-4 yeast cells carrying either pDED1TOP2 (G737V),
pDED1TOP2 (P473L), pDED1TOP2 (T744P), or pDED1TOP2� (WT) plasmid
were exposed to mAMSA at 34 °C for the 24 h. Aliquots were removed,
diluted, and plated to complete synthetic medium plates lacking uracil. Cell
survival is expressed as the percentage of surviving cells at the time 24 h
relative to the viable titer at the time drug was added (t � 0). Therefore, at the
start of the experiment, the survival will be 100%, and in untreated cells the
survival will be greater than 100%, reflecting cell growth over the 24-h incu-
bation period. Error bars represent the standard deviation of three independ-
ent experiments, and in several cases, the error bars are smaller than the sym-
bols denoting survival. The plasmid pDED1TOP2 (T744P) carries a previously
described mutation that confers hypersensitivity to mAMSA (22).

TABLE 1
Topoisomerase II mutants and mlc to drugs

mAMSA Etoposide CP-115,953
�g/ml

Wild type 6.0 9.0 1.1
T744Pa 1.8 10.5 0.2
P473L 0.25 25.0 0.7
A484P 2.1 2.0 0.3
F711I 3.0 2.1 0.8
H735Q 1.5 2.0 0.5
G737V 0.06 20.0 �7
L787S 2.1 2.0 NDb

L1052I 2.3 2.5 0.5
a Previously characterized mutation (22).
b ND, not determined.
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enzyme-drug interactions.Other aspects of how the amino acid
changes at positions 473 and 737may alter Top2p structure are
discussed below.
Biochemical Characterization of mAMSA-hypersensitive

Proteins—We decided to confine our initial biochemical anal-
ysis to the mutants that conferred specific hypersensitivity to
mAMSA. We selected Top2(P473L) and Top2(G737V) to test
whether themutant proteins were drug-hypersensitive in vitro,
and if so, to examine the biochemical properties associatedwith

mAMSAhypersensitivity. To examine the biochemical proper-
ties of the mutant proteins, we introduced the mutations into
the plasmid pGALTop2 and overexpressed the proteins in yeast
strain JELt1�. Proteins were purified to near homogeneity.
Purified mutant proteins were first assayed for strand passage
activity using both relaxation of negatively supercoiled plasmid
DNA and decatenation of kDNA networks.
Fig. 3 shows results obtained for relaxation of negatively

supercoiled DNA with Top2(P473L) or Top2(G737V) com-
pared with wild-type Top2p. Using our standard conditions,
complete relaxation of negatively supercoiled pUC18 DNA
requires �20 ng of purified protein. Top2(P473L) is signifi-
cantly less active than the wild-type protein, requiring�140 ng
of purified protein. By contrast, Top2(G737V) shows similar
relaxation activity as wild-type Top2. Similar results were seen
when kDNA was used as a substrate for decatenation, i.e.
Top2(P473L) was �7- to 10-fold less active than wild-type
Top2, whereas Top2(G737V) and wild-type proteins showed
similar levels of specific activity (data not shown).
Previous experiments assessing the effects of Top2-targeting

drugs on yeast Top2 have demonstrated a robust induction of
drug-stabilizedDNAcleavage.However, it has beenmoredifficult
to demonstrate inhibition of enzyme activity using assays such as
relaxation of negatively supercoiled DNA or decatenation of kin-
etoplast DNA. Because both the Top2(P473L) and Top2(G737V)
exhibited elevated sensitivity in vivo, we decided to examine inhi-
bitionof enzymeactivityusing themutant enzymes.Because it can
be more difficult to discern inhibition of relaxation of negatively
supercoiled DNA with intercalating agents, we used decatena-
tion of kinetoplast DNA to assess the inhibitory potency of
mAMSA with the mutant enzymes (Fig. 4). Panel A shows a

FIGURE 2. Amino acid substitutions at Pro473 and Gly737 that alter yeast
TOP2 sensitivity to mAMSA. JN394t2-4 yeast cells carrying pDED1TOP2
plasmid with different Pro473 and Gly737 mutations on TOP2 protein were
exposed to different concentrations of mAMSA at 34 °C for the 24 h. Cell
survival is expressed as the percentage of surviving cells at the time 24 h
relative to the viable titer at the time drug was added (t � 0). A, sensitivity of
Pro473 mutants to mAMSA. As indicated in the figure, only the P473L mutant
had high levels of mAMSA sensitivity. Some increased sensitivity of the P473S
mutant was also observed, whereas all other amino acid changes resulted in
mAMSA resistance. B, sensitivity of Gly737 mutants to mAMSA. The substitu-
tion mutant G737I exhibited greater mAMSA sensitivity than G737V, and
G737Y. Most other changes tested did not alter mAMSA sensitivity except
G737K, which was strongly mAMSA-resistant. Error bars indicate the standard
deviation of three independent experiments. WT denotes pDED1TOP2 with
the wild-type TOP2 sequence.

FIGURE 3. Catalytic activity of G737V and P473L TOP2 proteins. The cata-
lytic activity of wild-type, G737V, and P473L proteins were compared using
ATP-dependent relaxation of 200 ng of pUC18. The amount of added Top2p
(in nanograms) is indicated above each lane. The lane labeled pUC18 is plas-
mid DNA treated in the absence of Top2p. All assays were carried out at least
three times, and the results shown are representative of all assays that were
performed. A, relaxation activity of P473L compared with wild-type Top2.
Complete relaxation of pUC18 was seen at 20 ng of wild-type protein, and 140
ng of P473L protein. B, relaxation activity of G737V protein. Complete relax-
ation was seen for both wild-type and G737V proteins at 25 ng of added
protein.
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decatenation reaction carried out
with a fixed enzyme concentra-
tion, and increasing concentration
of mAMSA, and panel B shows a
quantitation of the decatenation
reaction. No inhibition of decatena-
tion is seen with wild-type Top2
even at mAMSA concentrations of
100 �g/ml. By contrast, inhibition
of decatenation is seen with both
Top2(G737V) and Top2(P473L),
with an IC50 of�10 �g/mlmAMSA
for bothmutants. Because we previ-
ously reported that Top2(T744P) is
mAMSA-hypersensitive, but had
not assessed sensitivity using a
decatenation assay, we also exam-
ined inhibition bymAMSA for this
enzyme (quantitation is shown in
panel B, but an example of decat-
enation by Top2(T744P) is not
shown). The IC50 for mAMSA with
Top2(T744P) is �50 �g/ml. These
results show that the mAMSA
hypersensitivity can be demon-
strated using a simple enzyme
assay, and that both Top2(G737V)
and Top2(P473L) exhibit 5-fold
greater sensitivity to mAMSA
than the previously described
T744P allele.

We next examined the intrinsic DNA cleavage activity of the
mutant enzymes. To assess cleavage quantitatively, we used the
K�/SDS precipitation assay. In this assay, linear, radioactively
labeled DNA is treated with Top2p, and the reaction is termi-
nated by the addition of a protein denaturant. This assay does
not measure the rate of cleavage, but measures the quasi-
steady-state level of Top2 covalently bound to DNA. Because
the assay measures protein-DNA covalent complexes, it does
not distinguish between single and double strand DNA cleav-
age. Fig. 5 shows the level of covalent complexes formed with
wild-type Top2, compared with both mutant proteins. Both
wild-type and Top2(G737V) proteins showed increased DNA
cleavage as Top2p concentration increased, up to �2 �g of
added protein. The level of precipitated DNA was �2-fold
greater with Top2(G737V) compared with wild-type Top2p, a
difference that is probably not significant. Again, Top2(P473L)
had significantly reduced activity compared with the wild-type
protein. With 2 �g of added Top2(P473L) protein, the level of
Top2-DNA complexes was only slightly above background.
With 5 �g of Top2(P473L) protein, covalent complexes were at
least 3-fold lower than with wild-type Top2 protein. These
results indicate that Top2(P473L) has a significant reduction in
DNA cleavage activity, whereas the cleavage activity of
Top2(G737V) protein is similar to wild-type.
We were interested in determining whether the reduction of

DNA cleavage in Top2(P473L) was also accompanied by a
reduction in the ability of the enzymes to re-ligate cleaved

FIGURE 4. Inhibition of decatenation activity of wild-type and mutant Top2 derivatives by mAMSA. The
decatenation activity of WT, P473L, and G737V Top2 were assayed by incubating 200 ng of kinetoplast DNA
with 1 unit of Top2 activity in the presence of mAMSA. One unit is 20 ng of WT Top2, 20 ng of G737V Top2, or
140 ng of P473LTop2 kDNA decatenation. A, image of ethidium bromide-stained agarose gel of decatenation
reaction of WT, G737V, and P473L TOP2 in the presence of increased concentrations of mAMSA. B, quantitation
of a series of experiments as shown in A. The data were quantified as a percentage of 100% decatenation (no
drug) and are plotted against mAMSA concentration. Because the decatenation leads to the generation of
multiple bands, only the band indicated with an arrow was used for quantitation. Error bars represent the
standard deviation of three independent experiments.

FIGURE 5. Drug-independent covalent complex formation by wild-type
and mutant Top2 derivatives. The K�/SDS assay was used to assess quan-
titative levels of DNA cleavage in the absence of Top2 poisons. Cleavage
reactions contained �-32P-end-labeled pUC18 and the indicated concentra-
tions of Top2 protein. Reactions were terminated with SDS, and protein-DNA
complexes were precipitated by the addition of KCl. After washing, the levels
of radioactive DNA co-precipitating with proteins were determined by scin-
tillation counting. The percentage of �-32P-labeled DNA recovered in the pel-
let is shown for different enzyme concentrations. Error bars represent the
standard deviation of three independent experiments.
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DNA. To examine this question, we used a re-ligation assay
developed by Osheroff and co-workers that depends on the
ability of Top2 to re-ligate cleaved DNA at a high salt concen-
tration that blocks further DNA cleavage. After establishment
of a steady-state level of DNA cleavage, using an end-labeled
linear DNA fragment as substrate, the salt concentration is
adjusted to 0.5 M NaCl. DNA re-ligation is terminated by the
addition of SDS, and as in the previous experiment, remaining
protein-DNA complexes were precipitated by the addition of
KCl and quantitated by scintillation counting. The results are
shown in Fig. 6. For easy comparison, the level of DNA cleavage
at the time of salt addition was set to 100%. For wild-type
Top2p, enzyme-DNA covalent complexes were rapidly lost,
with a 50% reduction in protein-DNA complexes in �3 s. The
Top2(G737V) protein showed an even greater rate of re-liga-
tion, with 50% of the covalent complexes eliminated in �2 s
(the shortest time that can be reproducibly used for this assay).
By contrast, the rate of re-ligation seen with Top2(P473L) is
substantially lower than the wild-type protein. �50% of the
covalent complexes were lost in the first 5 s, and the level of
DNA cleavage did not reach 50% of the initial level after 20 s.
Although the results suggest that there is a population of DNA
molecules that are re-ligated very slowly, the assay becomes
rather undependable at longer incubation times. Nonetheless,
the results clearly indicate that, although the Top2(G737V)
protein is fully competent at DNA re-ligation, the Top2(P473L)
shows a significant re-ligation defect even in the absence of
drug.
A change in intrinsic DNA cleavage has not been previously

observed in the drug-hypersensitive alleles we examined (22,

24, 25, 33). A reduction in DNA cleavage is surprising, because
it would be expected that drug hypersensitivity would be asso-
ciated with greater levels of DNA cleavage. On the other hand,
a defect in re-ligation, especially in the presence of an enzyme
inhibitor, would be consistent with conferring drug hypersen-
sitivity. The drug-induced level of DNA cleavage, rather than
intrinsic (drug-independent) cleavage is the most important
predictor of drug sensitivity; therefore, we next examined levels
of DNA cleavage in vitro in the presence of mAMSA.Measure-
ment of drug-stabilized cleavage was carried out using the
K�/SDS assay, the same assay described above to measure
drug-independent cleavage. We examined covalent complex
formation in the presence of various concentrations of
mAMSA and expressed drug-induced cleavage relative to
cleavage in the absence of drug. Fig. 7 shows the DNA cleavage
obtained at relatively low concentrations of mAMSA (from 0.1
to 5 �g/ml). Enhanced cleavage with both mutant proteins was
clearly seen at this range of mAMSA concentrations. The drug
concentrations required for increasing DNA cleavage by a fac-
tor of two were�0.02 �g/ml and 0.025 �g/ml for Top2(P473L)
and Top2(G737V), respectively, versus slightly greater than 0.1
�g/ml with wild-type topoisomerase II. Because Top2(G737V)
has levels of drug-independent cleavage similar towild type, the
result shown in Fig. 7 demonstrates that this protein likely gen-
erates higher levels of protein-DNA complexes in vivo, consist-
ent with the high levels of mAMSA sensitivity seen with this
mutant. Although Top2(P473L) also shows much higher levels
of cleavage compared with drug-independent levels, the cleav-
age effected by Top2(P473L) is likely to be less than the effect of
Top2(G737V), due to the overall defect in drug-independent

FIGURE 6. Drug-independent DNA re-ligation mediated by wild-type
TOP2 or mutant TOP2. DNA re-ligation assays were carried out as described
under “Experimental Procedures.” Assays contained 3 �g of purified Top2
protein. After incubating a standard Top2 reaction mixture for 15 min, further
DNA cleavage was inhibited by addition of NaCl to a final concentration of 0.5
M. Re-ligation reactions were terminated by the addition of SDS (1% final
concentration) at the time points indicated (in seconds). The levels of cleavage at
the time of NaCl addition were set to 100%. Data are the averages (	 S.D.) of
three independent experiments.

FIGURE 7. Covalent complex formation by wild-type and mutant Top2
proteins in the presence of mAMSA. The K�/SDS assay was used to assess
quantitative levels of DNA cleavage. Cleavage reactions contained 200 ng of
TOP2 protein, �-32P-end-labeled pUC18, and the indicated concentrations of
mAMSA. Reactions were terminated with SDS, and proteins were precipitated
with KCl. After washing, the levels of radioactive DNA co-precipitating with
proteins were determined by scintillation counting. In these assays drug-in-
duced cleavage was expressed relative to DNA cleavage in the absence of
drug. Error bars represent the standard deviation of three independent exper-
iments. WT, wild-type.
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cleavage. Using the data in Fig. 5, we estimated that drug-
independent cleavage in Top2(P473L) was reduced �2.5- to
4.0-fold. Based on this estimate, the results shown in Fig. 7
predict that mAMSA-dependent cleavage in cells expressing
Top2(P473L) will be substantially greater than in cells express-
ing wild-type Top2. For example, at an in vitro concentration of
1 �g/ml the overall cleavage would be �10-fold above drug-
independent levels (37� increase in drug-stimulated cleavage/
3-fold reduction in drug-independent cleavage yielding a
12-fold stimulation in the level of Top2 covalent complexes,
compared with 4-fold drug stimulation for the wild-type

enzyme). Because the Top2(G737V) mutant confers only
slightly greater levels of drug sensitivity than Top2(P473L), but
very similar levels of cytotoxicity, we suspected that levels of
DNA cleavage were insufficient to explain the drug hypersen-
sitivity of this allele.
We next examined the specific double strand cleavage by

carrying out cleavage assays where the cleavage products are
displayed following gel electrophoresis. For these experiments,
the cleavage substrate was a specifically 3�-end-labeled DNA.
Following cleavage reactions and protease digestion, the cleav-
age productswere separated by gel electrophoresis. Fig. 8 shows
the pattern of double-stranded cleavage for wild-type Top2
compared with Top2(G737V) and Top2(P473L). Under the
conditions used here, little drug-independent cleavage was
observed. Top2(G737V) clearly shows elevated cleavage com-
pared with the wild-type (see especially the lanes with samples
from reactions containing 0.2 �g/ml mAMSA). Elevated cleav-
age was also observed with Top2(P473L); however, this exper-
iment overstates the level of double-stranded DNA cleavage
expected in vivo, because a fixed number of units of enzymewas
used in this experiment. A comparison of low concentrations of
wild-type protein with high concentrations of Top2(P473L)
suggests approximately similar levels of double strand cleavage
(on a per protein basis). A detailed quantitative comparison of
the levels of cleavage is difficult with this type of experiment,
especially, as here, when the DNA cleavage patterns differ
between the proteins.
It is interesting to note that there are significant differ-

ences between the cleavage patterns of the wild-type and
mutant proteins. It is also of interest that, by a qualitative
comparison, the cleavage patterns of the two mutant pro-
teins appear very similar and have substantial differences

when compared with the wild-
type protein. This result suggests
that there may be important simi-
larities in the mechanism leading
to mAMSA hypersensitivity.
Because the K�/SDS assay detects

both single- and double-stranded
DNA cleavage products, whereas the
levels of double-stranded cleavage
with Top2(P473L) appeared insuffi-
cient to explain high levels of drug
hypersensitivity, we were interested
in examining patterns of single
strand cleavage with the mutant
proteins. Cleavage reactions were
carried out as in Fig. 8, but the cleav-
age products were separated under
denaturing conditions. The results
of this analysis are shown in Fig. 9.
As in Fig. 8, little drug-independent
cleavage was observed under these
conditions. At 0.5 �g/ml mAMSA,
single strand cleavage products
were seen with 50 units (1 �g) of
wild-type Top2. By contrast, single
strand cleavage products were also

FIGURE 8. Double strand DNA cleavage by mAMSA-hypersensitive Top2
proteins. Cleavage of linear end-labeled pUC18 DNA was carried out as in the
experiment shown in Fig. 7. Samples were treated with proteinase K followed
by electrophoresis using 1.5% agarose gels. After electrophoresis, gels were
dried and exposed for autoradiography. mAMSA concentrations are indi-
cated in the figure. For each drug concentration, samples with two different
amounts of added Top2 protein are shown. Samples marked “L” had 10 units
of Top2 added, samples marked “H” had 25 units of Top2 added. For wild-type
Top2 and Top2(G737V), 1 unit is 20 ng of protein; for Top2(P473L) 1 unit is 140
ng of protein.

FIGURE 9. Single strand DNA cleavage by mAMSA-hypersensitive Top2 proteins. Cleavage of linear end-
labeled pUC18 DNA was carried out as in the experiment shown in Fig. 8, with samples analyzed using dena-
turating polyacrylamide gels. After electrophoresis, gels were dried and exposed for autoradiography. Samples
were treated with 10, 25, or 50 units of protein. Samples marker “�” lack mAMSA, and samples marked “�”
contain 0.5 �g/ml mAMSA.
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seen with Top2(G737V) at lower protein concentrations. Note
that the cleavage products observed here are the sum of both
single and double strand cleavage, so elevated cleavagewith this
mutant would be expected. A different result was seen with
Top2(P473L). Here, much greater levels of single strand DNA
cleavage were observed (compare the result obtained with the
lowest concentration of Top2(P473L) with the highest concen-
tration of wild-type Top2. Taken together, these results indi-
cate that both mutant proteins show elevated DNA cleavage in
vitro, with Top2(P473L) showing a greater effect on single
strand than double strand cleavage.
P473L Mutants Show Enhanced Drug-dependent DNA

Cleavage in the Absence of ATP—We were also interested in
examining whether we could identify other biochemical char-
acteristics ofDNAcleavage that differed betweenwild-type and
the two mutant proteins. It is well established that levels of
DNAcleavagearegreater stimulatedbyATP,even thoughdrug-
dependent cleavage can be stimulated even in the absence of
ATP. We examined the levels of cleavage that occur in the
absence of ATP for wild-type and the twomutant proteins. For
this experiment, we used a simpler assay, where the substrate of
DNA cleavage is a supercoiled plasmid, and (double-stranded)
cleavage is detected by the appearance of linearized plasmid
DNA (34). Fig. 10 shows the result of ATP-independent cleav-
age, compared with cleavage in the presence of ATP. Panel A
shows DNA cleavage using this assay in the presence of ATP. A
linear DNA product (indicated by the arrow) is seen when low
concentrations of protein are added. At higher protein concen-

trations (especially 2 �g) a reduction in the linear band was
observed with a smeared pattern, likely indicating multiple
cleavage of the same DNA molecule. As also seen in Panel A,
the loss of linear DNA in Top2(P473L) was reduced compared
with both wild-type and Top2(G737V), consistent with the
conclusion obtained from the experiment shown in Fig. 8.
Panel B shows DNA cleavage obtained in the absence of ATP
for all three proteins. Top2(G737V) shows a faint linear band
that is most clearly seen with 2 �g of protein, whereas no linear
band was seen with 2 �g of wild-type protein. By contrast, a
linear band was clearly seen with 0.5 �g of Top2(P473L) and a
much more prominent linear band was seen with 2 �g of pro-
tein. This result clearly indicates that Top2(P473L) exhibits ele-
vatedATP-independentDNAcleavage. This result is not due to
differences in ATPase levels, because all three proteins showed
similar DNA-dependent and DNA-independent ATPase (dif-
ferences of less than a factor of 2, data not shown). It should also
be noted that ATP still stimulated DNA cleavage with
Top2(P473L) (compare A and B). Although this result might
suggest that ATP-independent cleavagemight play a role in the
drug hypersensitivity seen in vivo, we consider that very
unlikely. First, intracellular ATP concentrations were suffi-
ciently high that ATP-independent cleavage in vivo probably
was not a significant component of overall Top2DNAcleavage.
Second, we also examined whether etoposide leads to elevated
ATP-independent cleavage. We found that there was also
greatly elevated ATP-independent cleavage in the presence of
etoposide (data not shown). Because the P473L mutant strain
did not show substantial etoposide hypersensitivity in vivo, it is
unlikely that the ATP-independent cleavage was directly
responsible for drug hypersensitivity. Instead, this effect indi-
cates an intrinsic property of the protein that may be useful for
understanding the coupling of ATP with DNA cleavage. This
point is elaborated on under “Discussion.”
Stimulation of Single Strand DNA Cleavage by Top2-target-

ing Drugs Enhances Cytotoxicity—Our observation that
Top2(P473L) generated high levels of drug-dependent cleav-
age, alongwith the location of themutant protein, allowed us to
carry out an experiment to specifically assess the importance of
single-strandedDNAcleavage in cell killing.As described in the
introduction, there is a collaboration between the two subunits
to effect DNA cleavage. All of the previous drug-hypersensitive
mutants we described likely collaborate in cis with the active
site tyrosine during DNA cleavage. Pro473 is in a domain of
Top2 that acts in trans with the tyrosine of the other protomer
for cleavage. We reasoned that a P473L/Y782F double mutant
could form a heterodimer with wild-type Top2, leading to a
protein that could only carry out single strand cleavage. By con-
trast, a G737V/Y782F double mutant would behave essentially
like wild-type, because G737V likely acts in cis.We constructed
the relevant double mutants in pDED1Top2, as well as the
Y782F single mutant. We were concerned that Y782F
expressed from pDED1Top2 might act like a strong dominant
negative and kill cells even in the absence of drug; however,
transformants were obtained with all three constructs. (We
note that the transformation efficiency with the Y782F single
mutant was poor compared with both double mutants. The
reason for the differential behavior of the pDED1Top2(Y782F)

FIGURE 10. P473L protein forms elevated levels of ATP-independent
cleavage complexes in the presence of mAMSA. ATP-dependent (A) and
ATP-independent (B) cleavage complex formation was assessed using a gel
cleavage assay in the presence of 5 �g/ml mAMSA. The amount of added
protein is indicated in micrograms above each lane. The lane labeled Sc con-
tains supercoiled pUC18, and the lane labeled L contains pUC18 DNA linear-
ized by EcoRI. WT, wild-type. The mobilities of nicked (N), linear (L), and super-
coiled (Sc) are indicated to the right of each gel. Note that in this experiment,
unlike those shown in Figs. 8 and 9, the same mass of each enzyme was
added, as indicated.
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compared with the two double mutants is unclear.) Fig. 11
shows the result of a clonogenic survival assay carried out with
the pDED1Top2 constructs. Note that the experiment
shown in this figure uses a very low range of mAMSA con-

centration. As expected, both the pDED1Top2(G737V) and
pDED1Top2(P473L) confer dominant sensitivity to mAMSA.
Unlike the experiment shown in Fig. 1, the parental strain car-
ries a wild-type TOP2 allele. Cells bearing pDED1Top2(Y782F)
have about the same low sensitivity to low concentration of
mAMSA as cells with wild-type Top2. Similarly, cells carrying
pDED1Top2(G737V Y782F) also lack mAMSA sensitivity.
However, cells carrying pDED1Top2(P473L Y782F) are quite
sensitive to mAMSA. Because pDED1Top2(Y782F) does not
exert an effect on mAMSA sensitivity, we feel that a
homodimeric protein with an active site tyrosine mutant does
not affect drug sensitivity. Because the Top2 heterodimer con-
sisting of P473L/Y782F in one subunit and fully wild-type in the
other subunit can only generate single strand cleavage, this
result indicates that single strand cleavage is sufficient to lead to
cytotoxicity.

DISCUSSION

Drug-hypersensitive mutants of topoisomerase II have been
very useful reagents for understanding aspects of drug action
on the enzyme (22, 33, 35, 36). Hypersensitive alleles have also
been invaluable for studying the genetic control of sensitivity to
Top2 drugs in model organisms (37–39). Because previous
hypersensitive alleles had been identified by constructing
mutants to test other hypotheses relating to Top2 function, we
were interested in the range of mutants that could be identified
with an unbiased screen. In this report, we identified mutants
conferring much greater levels of drug hypersensitivity, and
importantly, alleles specific for intercalating Top2 poisons.
Interpretation of the drug-hypersensitive mutants has been

enriched by several of the structures
of the yeast Top2 breakage reun-
ion domain, especially the recent
structure of this domain bound to a
nicked DNA (8). The localization of
the mutants described here on
Top2:DNA structure is shown in
Fig. 12. Panel A shows the localiza-
tion of all the mutants described
here. With the exception of L1052I,
all of the mutations are in amino
acids relatively close to the bound
DNA. Of the mutations that we
have not characterized in biochem-
ical detail in thiswork, L1052I is cer-
tainly themost intriguing, because it
is unclear how affecting the C-ter-
minal dimerization domain could
affect drug sensitivity. The two-gate
model for Top2 catalysis requires
dissociation of the C-terminal
dimerization domain and the struc-
ture determined by Berger and col-
leagues illustrated in panel A shows
the C-terminal gate as partially
open. The dynamics of the opening
of the C-terminal gate, and the
kinetics of passage of a DNA helix

FIGURE 11. mAMSA sensitivity conferred by single strand DNA cleavage.
JN394 (rad52� and TOP2�) yeast cells carried pDED1Top2 with genotypes as
indicated on the figure. WT, pDED1Top2 with no mutations; the others were
pDED1Top2 with the indicated amino acid changes. As in the experiment
shown in Fig. 1, aliquots were removed after 24-h drug exposure, and sam-
ples were then diluted and plated to complete synthetic medium plates
lacking uracil. Cell survival is expressed as the percentage of surviving
cells at the time 24 h relative to the viable titer at the time drug was added
(t � 0). Error bars represent the standard deviation of three independent
experiments. Note that the mAMSA concentrations shown here are much
less than shown in Fig. 1.

FIGURE 12. Localization of amino acids changed in mAMSA-hypersensitive mutants. Structures shown are
representations of the structure solved by Dong and Berger of the breakage-reunion domain of yeast Top2
bound to a nicked double-stranded DNA. A shows the entire breakage reunion domain from a side view. Only
one of two subunits has the relevant amino acids marked. The two mutants hypersensitive to mAMSA alone
(P473L and G737V) are marked in cyan; other changed residues are marked in black. The active site tyrosine
(Tyr782) is indicated in red. B is a closer view of the catalytic core, including the active site tyrosine, Arg781 (critical
for catalysis), Pro473, and Gly737. Other relevant structural features include the amino acid sequence PLRGK
(amino acids 473– 477 of yeast Top2, shown in green) EGDSA (amino acids 449 – 453 of yeast Top2, shown in
periwinkle), and the a4 helix (shown in lavender). This helix carries several amino acids changed in other
mutants conferring hypersensitivity, including Ser740 and Thr744). DNA in both illustrations is shown in yellow.
It should be emphasized that the DNA shown in the illustrations are protein DNA co-crystals as solved by Dong
and Berger. Mg�� indicates an electron density that is likely a Mg2� ion.
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through the openedC-terminal gate remain poorly understood.
Biochemical analysis of Top2(L1052I) will likely be useful in
understanding this process. This domain may also represent a
target for new classes of Top2 inhibitors.
Fig. 12B shows the position of Pro473 and Gly737. Both

mutants are clearly close to the catalytic center. The insertion of
a Leu residue clearly should affect the conformation of the
PLRGK domain. Because it is close to Arg475, this conserved
domain has been previously implicated in mAMSA sensitivity
(40, 41). Gly737 is also in close proximity to the active site tyro-
sine, and changing the Gly residue to a large hydrophobic
amino acid will alter the geometry of residues acting in collab-
oration with the catalytic tyrosine. Based on results from
Freudenreich and Kreuzer (42, 43), it is likely that mAMSA
localizes directly at the site of DNA cleavage. If drug stably
binds at this site, then active site tyrosine is likely to be substan-
tially displaced, preventing re-ligation. The mutations may
serve to displace the tyrosine further from theDNAor from the
Rossman fold amino acids, inhibiting re-ligation further. From
this point of view, the drug-hypersensitive mutants synergize
with the presence of drug to inhibit DNA re-ligation. Because
the Top2 protein may stabilize interactions between drug and
DNA, it is possible that the effect of the mutations may be to
add newprotein-DNA interactions.We are especially intrigued
by this possibility, because it may offer the possibility to ratio-
nally design new and more potent Top2-targeting agents. At
present however, we have no direct evidence concerning pro-
tein-drug interactions for the hypersensitive mutants.
Although Top2(P473L) and Top2(G737V) have different

biochemical effects, we think they likely effect mAMSA sensi-
tivity in the same way. As one test of this, we constructed
P473L/G737V double mutants in pDED1Top2 to determine
whether they conferred additive mAMSA sensitivity. The dou-
ble mutant shows very poor growth and high levels of mAMSA
resistance.3 Therefore, we think that the two mutations when
combined severely cripple the Top2 protein activity, and
together they change the catalytic center that greatly reduces its
ability to cleave DNA.
An interesting aspect of Top2(P473L) is the high level of

ATP-independent cleavage seen in the presence of Top2-tar-
geting drugs. Although this effect has been previously seen to a
lesser extent (44), the magnitude of the effect is striking.
Because Top2(P473L) is defective in DNA ligation, some of the
ATP-independent effect may be due to very long lived com-
plexes. Because the conformational changes leading to ATP-
dependent DNA cleavage remain poorly understood, mutants
such as P473L may be particularly useful in understanding this
process. Given the proximity of Pro473 to DNA and the active
site tyrosine, Pro473may be part of the final effector in a cascade
initiated by DNA binding.
It has been appreciated for some time that cells treated with

Top2-targeting drugs accumulate both single and double
strand breaks, and the relative abundance of single versus dou-
ble strand breaks is a drug-specific property. Top2 is clearly
competent for carrying out both single and double strand DNA

cleavage (45). Pommier and colleagues (46) showed that
mAMSA induces primarily DNA single strand breaks in mam-
malian cells. Althoughmost single strand breaks disappear rap-
idly following drug removal, some proportion may also be lost
by conversion to double strand breaks.More importantly, cova-
lent complexes with only a single strand break are likely to
interferewith cellular processes as efficiently as complexeswith
double strand breaks, although this hypothesis requires further
examination. Our results suggest that single strand breaks
induced byTop2-targeting drugsmay be an additional property
that may be examined as part of the evaluation of novel Top2-
targeting agents.
In conclusion, we have described the isolation of a collection of

mAMSA-hypersensitive alleles of yeast Top2. These alleles
include two that are specific for mAMSA hypersensitivity, with
both mutated amino acids occurring near the active site tyrosine
whenTop2 is bound toDNAandmoving toward a cleavage com-
petent state. Top2 proteins bearing drug-hypersensitive mutants
have unique properties that will help illuminate the details of both
the Top2 enzymatic cycle, and themechanisms of drug action.
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