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ABSTRACT

Salvicine, a structurally modified diterpenoid quinone derived
from Salvia prionitis, is a nonintercalative topoisomerase ||
(topo Il) poison. The compound possesses potent in vitro and in
vivo antitumor activity with a broad spectrum of anti-multidrug
resistance activity and is currently in phase Il clinical trials. To
elucidate the distinct antitumor properties of salvicine and ob-
tain valuable structural information of salvicine-topo Il interac-
tions, we characterized the effects of salvicine on human topo
lla (htopo ll@), including possible binding sites and molecular
interactions. The enzymatic assays disclosed that salvicine
mainly inhibits the catalytic activity with weak DNA cleavage
action, in contrast to the classic topo Il poison etoposide
(VP16). Molecular modeling studies predicted that salvicine

binds to the ATP pocket in the ATPase domain and superim-
poses on the phosphate and ribose groups. In a surface plas-
mon resonance binding assay, salvicine exhibited higher affinity
for the ATPase domain of htopo lla than ATP and ADP. Com-
petitive inhibition tests demonstrated that ATP competitively
and dose-dependently blocked the interactions between
salvicine and ATPase domain of htopo lla. The data illustrate
that salvicine shares a common binding site with ATP and
functions as an ATP competitor. To our knowledge, this is the
first report to identify an ATP-binding pocket as the structural
binding motif for a nonintercalative eukaryotic topo Il poison.
These findings collectively support the potential value of an
ATP competitor of htopo lla in tumor chemotherapy.

Human topoisomerase Ila (htopo Ila) is highly expressed
in rapidly proliferating cells, and plays an essential role in
replication, transcription and chromosome organization
(Austin and Marsh, 1998; Wang, 2002; Carpenter and Porter,
2004). The depletion of htopo Ila eventually results in cell
death (Wang, 2002; Carpenter and Porter, 2004); hence, this
highly conserved nuclear enzyme is an important target for
tumor chemotherapy. Approximately 50% of all the chemo-
therapy regimens contain at least one drug targeted to htopo
IIa (Pommier et al., 1996; Hammonds et al., 1998; Wilster-
mann and Osheroff, 2003). All the topoisomerase II (topo
II)-targeted anticancer drugs clinically used for their antitu-
mor activities belong to topo II poisons. It is noteworthy that
a wide range of topo II-targeted inhibitors are commonly
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classified as topo II poisons and catalytic inhibitors (Larsen
et al., 2003; Wilstermann and Osheroff, 2003). Htopo Il«
poisons have played an important role in chemotherapy
against tumors for several decades. The most widely used
topo II poisons, including etoposide, doxorubicin, and their
analogs, often induce dose-limiting toxicities and multidrug
resistance (MDR), resulting in treatment failure after initial
effective therapy. Therefore, increasing research is focused
on the development of novel htopo Ila-targeted drugs, with
the aim of overcoming current limitations.

Salvicine (Fig. 1A), a structurally modified derivative of a
natural diterpenequinone isolated from the traditional Chi-
nese medicinal plant Salvia prionitis Hance (Labiatae), pos-
sesses potent antitumor activity both in vitro and in vivo
(Qing et al., 1999; Zhang et al., 1999) and now has entered
phase II clinical trials. The compound exhibits a broad spec-
trum of anti-MDR and antimetastatic activity (Miao et al.,
2003; Lang et al., 2005). The primary molecular target of
salvicine in yeast cells is eukaryotic topo II (Meng et al.,
2001a). The compound was further identified as a noninter-

ABBREVIATIONS: htopo lla, human topoisomerase llo; topo Il, topoisomerase Il ; MDR, multidrug resistance; ICRF-187, dextrazoxan; SPR,
surface plasmon resonance; DMSO, dimethyl sulfoxide; kDNA, kinetoplast DNA; TAE, Tris-acetate/EDTA; HsATPase, human topoisomerase lla
ATPase domain; ADPNP, 5’-adenylyl 3,y-imidodiphosphate; ICRF-193, 4-[(2R,3S)-3-(3,5-dioxopiperazin-1-yl)butan-2-yl]piperazine-2,6-dione.
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calative poison, using extracted murine topoisomerases
(Meng et al., 2001b). In human tumor cells, salvicine induces
gene-specific DNA damage and triggers cell apoptosis by
altering the expression of various genes, including c-myc,
c-fos, c-Jnk, c-jun, and mdrl (Meng et al., 2001c; Miao and
Ding, 2003; Lu et al., 2005). In fact, salvicine induces DNA
double-strand breaks via its facilitative action on topo II-
DNA binding and subsequent inhibition of pre- and post-
strand topo II-mediated DNA religation without interfering
in the forward cleavage steps (Meng et al., 2001b). These
actions are highly correlated with its potent tumor cell
growth inhibition (Meng et al., 2001c; Miao et al., 2003; Lu et
al., 2005). It remains to be established whether the distinct
action of salvicine on topo II is due to its structure-dominant
binding mode, which is distinct from those of other topo II
poisons.

Whereas eukaryotic topo II is a highly successful drug
target in tumor chemotherapy, the binding sites of most
nonintercalative topo II-targeted inhibitors and their precise
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mechanisms remain unclear. The crystal structure of ICRF-
187 complexed with ATPase domain of yeast topo II reveals
that the inhibitor binds to the cleft at the transient dimer
interface between two ATPase promoters, and prevents suc-
cessive conformational changes of the whole enzyme (Classen
et al., 2003). Etoposide, a classic nonintercalative poison,
binds mainly to the catalytic core domain of htopo Il«a, and
triggers DNA lesions in a two-drug model wherein each in-
dividual drug molecule stabilizes a strand-specific nick (Le-
roy et al., 2001; Bromberg et al., 2003). In general, topo II
poisons are assumed to target the catalytic core domain or
interact similarly with the topo II-DNA complex at the cleav-
age site (Robinson et al., 1993; Burden and Osheroff, 1998;
Capranico et al., 2004).

In the present study, we used molecular modeling to pre-
dict the possible structural motifs of htopo II«a for salvicine
binding. The modeling data were confirmed with the surface
plasmon resonance (SPR)-based competitive inhibition as-
say. Salvicine acts as a htopo Ila poison by binding to the
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Fig. 1. Salvicine inhibits DNA decatenation and relaxation catalyzed by htopo Ila. A, chemical structure of salvicine (S, R). B, salvicine inhibits DNA
decatenation catalyzed by htopo IIa. The electrophoresis assay method has been described under Materials and Methods. Each reaction contained the
same amount of htopo IIa and the solvent of DMSO except the control reaction of kinetoplast DNA standard (kDNA STD) in the absence of htopo ITa
and the control reaction of 1% DMSO (—) in the absence of DMSO. Lane SALVICINE 7.5, 10 uM, unlabeled slower running bands are intermediate
size catenanes (dimers, trimers, and so forth), where intermediate levels of decatenation occurred. N., nicked, open circular decatenated kDNA; C.,
covalently closed circular decatenated kDNA; K. kinetoplast DNA remaining at the loading well origin. C, quantitates the effects of salvicine on DNA
decatenation catalyzed by htopo Ila. Error bars represent S.D. of three independent assays. Csal, concentration of salvicine. D, salvicine inhibits DNA
relaxation catalyzed by htopo IIa. Each reaction contained the same amount of htopo Il and the solvent of DMSO except the control reaction of
pBR322 supercoiled plasmid standard (DNA STD) in the absence of htopo I« and the control reaction of 1% DMSO (—) in the absence of DMSO. E,
quantitates the effects of salvicine on DNA relaxation catalyzed by htopo Ila. R and Sc. represent relaxed plasmid DNA and supercoiled plasmid DNA,

respectively. The error bars represent S.D. of three independent assays.
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ATP pocket in the ATPase domain. To our knowledge, this
responsive binding site is the first essential structural motif
identified that recognizes eukaryotic topo II poisons. Our
findings should aid in elucidating the precise mechanisms
involved in the antitumor activities of salvicine and enable
the rational design of novel htopo II-targeted drugs.

Materials and Methods

Drugs and Chemicals. Salvicine was prepared via a two-step
procedure involving epoxidation and hydration from the natural
diterpenequinone isolated from the Chinese medicinal plant, Salvia
prionitis, by the Phytochemistry Department of Shanghai Institute
of Materia Medica, Chinese Academy of Sciences (Zhang et al., 1999).
Salvicine racemoid was used in all the experiments. The purity of
salvicine was greater than 99.8%, as determined by high-perfor-
mance liquid chromatography. Salvicine was dissolved in DMSO at
0.1 M as a stock solution, and maintained at —20°C in the dark.
[y-22P]JATP (~3000 or ~6000 Ci/mmol) was obtained from GE
Healthcare (Little Chalfont, Buckinghamshire, UK). Etoposide, ATP
(stored at —20°C as 20 mM stock solutions in 100% DMSO), and
ethidium bromide were from Sigma (St. Louis, MO). All other chem-
icals were of the analytical reagent grade.

DNA Decatenation of Kinetoplast DNA. We employed the topo
IT assay kit from TopoGEN (Columbus, OH) to determine the effects
of drugs on DNA decatenation catalyzed by htopo IIa. Htopo Ila was
additionally obtained from TopoGEN. DNA decatenation assays
were performed according to the manufacturer’s instructions and
earlier procedures (Osheroff et al., 1983; Sahai and Kaplan, 1986),
with minor modifications. A standard assay was performed in a total
reaction volume of 20 ul containing 50 mM Tris-HCI, pH 8.0, 120 mM
KCl, 10 mM MgCl,, 0.5 mM dithiothreitol, 0.5 mM ATP, 30 ug/ml
bovine serum albumin, and 150 ng of kDNA. Reactions were initi-
ated by addition of htopo Ila, and incubated for 30 min at 37°C.
Sufficient enzyme was added to the assay to decatenate approxi-
mately 98 to 100% of kinetoplast DNA in the presence of the drug
solvent, 1% DMSO. Various amounts of salvicine were included in
separate reactions at a constant solvent volume. The reaction was
terminated by the addition of 5 ul of stop solution (5% SDS, 25%
Ficoll, and 0.05% bromphenol blue). Samples were resolved by elec-
trophoresis on a 1% agarose gel containing 0.5 pug/ml ethidium bro-
mide in TAE buffer (100 mM Tris-acetate and 2 mM EDTA, pH 8.3).
DNA bands were visualized by UV and photographed on a UV
transilluminator using ChemiGenius? (Syngene, Frederick, MD).
Fluorescent bands were quantitated using Gene Tools Version 3.02
software (Syngene). The band intensity was proportional to the
amount of DNA present. The 50% inhibitory concentration (ICj,
value) for the test compound was defined as the concentration of
drug in the reaction that results in a 50% decrease in the amount of
decatenated DNA, including nicked circular and covalently closed
circular decatenated kDNA, compared with the control reaction in
which kinetoplast DNA is completely altered to decatenated DNA in
the presence of 1% DMSO. All experiments to determine the ICy,
value were performed in triplicate. The ratios of the percentage of
decatenated DNA in each lane to that in the control lane (1% DMSO)
were plotted against the log of the drug concentration to generate
dose-response curves. Best-fit sigmoid curves were generated with
Origin 6.0. IC;, values were calculated as the antilog of x-axis value
of the inflection points. Error values in inflection were automatically
calculated using the Origin 6.0 software.

DNA Relaxation of Supercoiled pBR322 DNA. DNA relax-
ation assays were performed using previous procedures (Osheroff et
al., 1983; Sahai and Kaplan, 1986) with some modifications. The
reactions contained 1 U of htopo Ila, 5 nM negatively supercoiled
pBR322 DNA, and 1 mM ATP in a total of 20 ul of reaction buffer (50
mM Tris-HCL, pH 7.9, 135 mM KCl, 10 mM MgCl,, 0.5 mM Na-
EDTA, and 2.5% glycerol). A final concentration of 1% DMSO (v/v)
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was used in the reaction. One unit of htopo IIa was defined as the
amount to relax 250 ng of corresponding substrate DNA in 30 min at
37°C. Reactions were initiated by the addition of htopo Ile, incubated
for 30 min at 37°C, and terminated by the addition of 3 ul of 0.77%
SDS, 77 mM Na-EDTA, pH 8.0. Samples were mixed with agarose
gel loading buffer (30% sucrose, 0.5% bromphenol blue, and 0.5%
xylene cyanol FF in 10 mM Tris-HCI, pH 7.9,), and subjected to
electrophoresis on a 1% agarose gel in TAE buffer (100 mM Tris
borate, pH 8.3, and 2 mM EDTA) containing 0.5 pg/ml ethidium
bromide. DNA bands were visualized under UV, and photographed
over a UV transilluminator ChemiGenius? (Syngene). Fluorescent
bands were quantitated using Gene Tools version 3.02 software
(Syngene). Band intensity was proportional to the amount of DNA
present. The 50% inhibitory concentration (IC;,) for test compounds
was defined as the amount of drug in a reaction resulting in a 50%
decrease in the amount of relaxed DNA, compared with the control
reaction in which supercoiled DNA is completely altered to relaxed
DNA in the presence of 1% DMSO. All experiments to determine the
1C;4, values were performed in triplicate. The percentages of control
relaxed DNA were plotted against the log of the concentration of the
drug to generate dose-response curves, and best-fit sigmoid curves
were generated with Origin 6.0. The IC;, value was calculated as the
antilog of x-axis value of the inflection points. Error values within
the inflection were automatically calculated using the Origin 6.0
software.

DNA Cleavage Assays. Double-stranded closed circular pRYG
DNA was cleaved to form linear DNA by separating SDS-treated
reaction products using ethidium bromide gel electrophoresis, ac-
cording to the protocol of the topo II drug kit from TopoGEN (Co-
lumbus, OH). The 20-ul cleavage assay reaction mixture contained 4
to 8 U of htopo Ila protein, 150 ng of pRYG plasmid DNA, 0.5 mM
ATP in the assay buffer [10 mM Tris-HCI, 50 mM KCI, 50 mM NacCl,
0.1 mM EDTA, 5 mM MgCl,, and 2.5% (v/v) glycerol, pH 8.0], and
salvicine or etoposide (2.0 ul in 10% dimethyl sulfoxide). The reac-
tion components were added as follows: assay buffer, DNA, salvicine
or etoposide, and htopo Ila. The reaction mixture was incubated at
37°C for 10 min, and quenched with 1% (v/v) SDS/25 mM Na,EDTA.
The mixture was treated with 0.25 mg/ml proteinase K (Sigma-
Aldrich) at 55°C for 30 min to digest the protein. Linear pRYG DNA
cleaved by htopo Ila was separated by electrophoresis (2 h for 6
V/em) on a TAE ethidium bromide (0.5 ng/ml) agarose gel [1% (w/v)].

Molecular Docking. The crystal structure of the ATPase domain
of htopo Ila in complex with ADPNP was retrieved from the
Brookhaven Protein Data Bank (PDB entry 1ZXM) (Wei et al., 2005).
The hydrogen atoms of the protein were added using the software
package Sybyl 6.8 (Tripos Associates Inc., St. Louis, MO). Protein
atom types and potentials were assigned according to the Amber 4.0
force field with Kollman-united-atom charges (Weiner et al., 1984)
encoded in Sybyl 6.8. The initial structures of salvicine, ATP, and
ADPNP were optimized using the Tripos force field with Gasteiger-
Hiicker charges. The Powell method was used for energy minimiza-
tion using an 8-A nonbonded cutoff and an energy convergence
gradient value of 0.001 kcal/(mol - A).

The advance docking program AutoDock 3.0.3 (http://www.
scripps.edu/mb/olson/doc/autodock/) was used to dock ligands to the
htopo ITa« ATPase domain. The Lamarckian genetic algorithm (Mor-
ris et al., 1998) was applied to analyze protein-ligand interactions. A
Solis and Wets local search (Morris et al., 1998) was performed for
energy minimization on a user-specified proportion of the popula-
tion. The docked structures of the ligands were generated after a
reasonable number of evaluations. The whole docking operation
could be stated as follows:

1. Each ligand molecule was checked for polar hydrogens and as-
signed for partial atomic charges, and the atomic solvation pa-
rameters were also assigned for the protein. The kinds of atomic
charges were taken as Kollman-united-atom for protein and
Gasteiger-Hiicker charges for the ligands.
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2. The three-dimensional grid with 60 X 60 X 60 points and a
spacing of 0.375 A was created by the AutoGrid algorithm to
evaluate the binding energies between the ligands and the pro-
teins. In this stage, the protein was embedded in the three-
dimensional grid, and a probe atom was placed at each grid point.
The affinity and electrostatic potential grid were calculated for
each type of atom in the ligands. The energetics of a particular
ligand configuration was found by trilinear interpolation of affin-
ity values and electrostatic interaction of the eight grid points
surrounding each of the atoms in a ligand.

3. A series of the docking parameters were set on. Not only the atom
types but also the generations and the number of runs for the
Lamarckian genetic algorithm were edited and properly assigned
according to the requirement of the Amber force field. The number
of generations, energy evaluations, and docking runs were set to
37 x 103, 1.5 X 10%, and 20, respectively.

All modeling and calculations were performed on a Silicon Graph-
ics Origin3200 workstation with four CPUs.

Identification and Purification of the Human Topoisomer-
ase Ila ATPase Domain. The HsATPD plasmid and yeast strain,
BCY123, for expressing human topoisomerase IIa ATPase domain
(HsATPase) were presented by Professor Tao-shih Hsieh (Depart-
ment of Biochemistry, Duke University Medical Center, Durham,
NY). HsATPase was overexpressed and purified as described previ-
ously (Hu et al., 2002), with some modifications. To purify HsATP-
ase, the cleared lysate prepared from a 10-liter culture was passed
through a 6-ml Ni%*-nitrilotriacetic acid column (QIAGEN, Valencia,
CA) in the presence of 20 mM imidazole, pH 8.0, and 250 mM NaCl
was included in all buffers throughout the purification. After wash-
ing with 80 ml of 30 mM imidazole solution, stepwise concentrations
of 40, 60, 80, 120, 160, 200 and 250 mM imidazole were used to elute
the protein in a volume of 18 ml at each step. The His-tagged topo II
protein was eluted between 80 and 120 mM imidazole. Peak fractions
containing target protein were combined and diluted with sampling
solution (50 mM Tris-HCL, pH7.8, 10% glycol, 0.2 M NaCl). The
solutions were further purified using HQ and HE column chroma-
tography (GE Healthcare). Final peak fractions were divided into
two parts and dialyzed against either HEPES buffer (20 mM
HEPES, 150 mM NaCl, 5 mM EDTA, and 0.005% surfactant P20, pH
7.4) or storage buffer [10 mM Tris acetate, pH 7.8, 50 mM KAc, 5 mM
Mg(Ac),, and 50% glycerol]. Before the ATP-hydrolysis assay, pro-
teins were concentrated and exchanged with buffer comprising 10
mM Tris-acetate, pH 7.9, using a Microcon centrifugal device (Mil-
lipore Corp., Bedford, MA). The purity of expressed protein was
further determined by SDS-polyacrylamide gel electrophoresis and
high-performance liquid chromatography. The ATP hydrolysis activ-
ity of the purified protein was determined, as described previously
(Osheroff et al., 1983; Hu et al., 2002) (see below).

Surface Plasmon Resonance Analysis. The SPR assay was
performed at 25°C using a Biacore 3000 instrument (Biacore AB,
Uppsala, Sweden). Proteins were immobilized onto CM5 sensor chips
after activation of the surface carboxyl groups by the addition of a
mixture of N-hydroxysuccinimide (0.05 M in H,0) and 1-ethyl-3-(3-
diaminopropyl)carbodiimide (0.2 M in H,0) (35 ul; Biacore amine
coupling kit), according to the manufacturer’s instructions. HsATP-
ase (40 ug/ml) diluted in 10 mM sodium acetate, pH 5.5, was injected
in 20- to 50-ul aliquots across the surface of the chip until a response
of 6000 to 7000 resonance units was reached. Esters were deacti-
vated by an injection of 35 ul of ethanolamine, followed by 50 ul of
regeneration buffer (2 M KCI). The system was reprimed with run-
ning buffer (20 mM HEPES, 150 mM NaCl, 5 mM EDTA, and 0.005%
P20, pH 7.4). The flow rate was increased to 20 pl/min, and a range
of concentrations of salvicine, ATP, and ADP were allowed to flow
across the surface. The dilution buffer for ligands is similar to run-
ning buffer with the addition of 0.1% DMSO and 10 mM MgCl,.
Sensorgrams were processed using the automatic correction for non-
specific bulk refractive index effects. Equilibrium constants (Kp,) for

evaluating protein-ligand binding affinity were determined using the
steady-state affinity fitting analysis.

ATP Hydrolysis in the Absence of DNA. ATPase assays were
performed as described previously (Osheroff et al., 1983; Hu et al.,
2002), with some modifications. ATP hydrolysis reactions contained
50 to 300 nM HsATPase, 1 mM [y->*P]ATP (3000 Ci/mmol stock), and
0 or 25, 50, or 100 uM salvicine (1% final DMSO) in a total volume
of 20 ul of reaction buffer. The reaction mixture contained 10 mM
Tris acetate, pH 7.9, 120 mM KCI, 10 mM MgCl,, and 0.5 mM
dithiothreitol. The concentrations of ATP used were 0.25, 0.5, 0.75,
1.0, 1.5, and 2.0 mM, respectively. Reactions were initiated by the
addition of HsATPase, and incubated at 37°C. Samples (2.5 ul) were
removed at intervals up to 20 min, and spotted on polyethylenimine-
impregnated thin-layer cellulose chromatography plates (J. T. Baker
Inc., Phillipsburg, NJ). Plates were developed by chromatography in
freshly prepared 400 mM NH,HCO, and analyzed by autoradiogra-
phy. Radioactive areas corresponding to free inorganic phosphate
released by ATP hydrolysis were dissected and quantitated by scin-
tillation counting. In all experiments, only data from the linear range
of ATP hydrolysis were used to calculate the reaction rates. Data
were processed and fitted with the software Origin 6.0. (OriginLab
Corp., Northampton, MA)

Results

Effects of Salvicine on Human Topoisomerase Il«
Activity. Salvicine has been identified as a nonintercalative
topo II poison, using extracted murine topoisomerases and a
yeast cell model (Meng et al., 2001a,b). However, the mode of
action of salvicine on htopo Ila, which represents the major
topo II isoform present in rapidly proliferating human cells,
remains to be established. As indicated in Fig. 1, B and D,
salvicine inhibited the htopo Ila-catalyzed relaxation of
pBR322 DNA and decatenation of kDNA. Gel quantitative
assays disclosed IC;, values of 12.1 = 4.2 and 18.8 + 4.0 uM
for salvicine-mediated inhibition of DNA relaxation and de-
catenation, respectively, (Fig. 1, C and E).

Results from the DNA cleavage assay performed using
htopo Il showed that 400 uM salvicine induced weak DNA
cleavage that was approximately 10% of that generated by
200 uM etoposide (data not shown).

Salvicine Bound to the ATP Pocket of Human Topo-
isomerase Ila. To identify the binding site of salvicine to the
ATPase domain, docking simulation was performed using
AutoDock 3.0.3. To obtain the appropriate docking parame-
ters, ATP and ADPNP were initially docked with the ATPase
domain of htopo IIa. The result indicated that ATP and
ADPNP lay in the ATP binding site (Fig. 2), suggesting that
the parameters for docking are reliable. Further studies dem-
onstrated that salvicine might bind at the ATP site of htopo
IIa« ATPase domain (Fig. 2). As indicated in the interaction
model between salvicine and htopo Ila ATPase domain,
salvicine formed strong hydrogen bonds with the enzyme
(Fig. 2B): two carbonyl groups in naphthoquinone of salvicine
hydrogen bound to residue Asn150; the 4-hydroxyl group in
long side chain salvicine formed several hydrogen bonds with
Argl162, Asn163, and Gly164; and the 5-hydroxyl group at the
terminal also formed hydrogen bonds with Glu87, Gly166,
and GIn376. In addition, salvicine was stabilized in the ATP
site by hydrophobic interactions. Remarkably, the long side
chain of salvicine overlapped with the phosphate and ribose
moieties of ANPNP in the ATP binding site (Fig. 2A). All
these indicated that salvicine might compete with ATP for
binding to the ATP binding site of htopo Ila.
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Salvicine Bound to the ATPase Domain in Human
Topoisomerase Ila; Identification and Purification of
the Human Topoisomerase IIa« ATPase Domain. It is
predicted that salvicine binds at the ATP binding pocket of
the htopo Ila ATPase domain. To determine whether
salvicine binds to the ATPase domain of htopo Ila, htopo Il«
ATPase domain was initially prepared and purified. The
46-kDa fragment of the ATPase domain of htopo Ila, HsATP-
ase, was overexpressed in a protease-deficient yeast strain,
BCY123, purified to more than 96% homogeneity (Fig. 3A),
and HsATPase activity was monitored. The HsATPase ob-
tained significantly hydrolyzed ATP in a dose-dependent
manner (Figs. 3B and 4A), indicative of active enzyme.

Salvicine Bound to the Human Topoisomerase Ila
ATPase Domain. Next, we applied the SPR assay to analyze
whether salvicine bound HsATPase. With HsATPase immo-
bilized onto the hydrophilic carboxymethylated dextran ma-

A
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trix of the sensor chip CM5, a series of buffers containing
different concentrations of salvicine or ATP and ADP, natu-
ral ligands of htopo Il«, were injected over the chip surface.
Real-time binding sensograms were recorded. General fitting
and steady-state binding affinities were calculated using BI-
Aeval 3.1 software. Interactions of salvicine, ATP, and ADP
with HsATPase were dose-dependent (Fig. 3C). Steady-state
affinity analyses disclosed a Ky, value of 7.43 X 107" M for
salvicine binding, which is approximately 2 or 3 orders of
magnitude higher than the K, value 7.83 = 0.58 X 10~ M of
ATP or 1.50 + 0.10 X 1072 M of ADP.

Salvicine Inhibited HsATPase-Catalyzed ATP Hy-
drolysis in the Absence of DNA via Competition with
ATP. To test the docking prediction, we investigated whether
salvicine could inhibit HsATPase-catalyzed ATP hydrolysis.
Here, the Lineweaver-Burk plot was preferentially used. As
indicated in Fig. 4A, the effects of various concentrations of

Fig. 2. The docking prediction of
salvicine bound to the ATP binding
site of htopo Ila. A, the ADPNP (in
yellow, blue, and deep salmon) and
salvicine (in blue and salmon) were
superimposed in the binding site, and
salvicine overlapped with ANPNP at
the phosphate and ribose moieties.
The red ball represents Mg?*. B, the
detailed binding interactions between
salvicine (in salmon). The dashed
lines represent the hydrogen bonds be-
tween salvicine and residues in ATP
binding site of htopo Ila. The pictures
were prepared using the PyMol pro-
grams (http:/pymol.sourceforge.net/).
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ATP on salvicine-mediated inhibition of HsATPase-catalyzed
ATP-hydrolysis activity in the absence of DNA were inves-
tigated. The double reciprocal Lineweaver-Burk plot re-
vealed that salvicine was an ATP-competitive inhibitor of
HsATPase.

Salvicine Blocked DNA Decatenation in an ATP-De-
pendent Manner. To further confirm whether the ATP
pocket was the only binding cavity within the htopo Ila
enzyme for salvicine, we performed a competition inhibition
assay on DNA decatenation catalyzed by htopo Ila at differ-
ent concentrations of ATP. The IC;, values of salvicine inhi-
bition of DNA decatenation by htopo Ila were determined at
different ATP concentrations, as described under Materials
and Methods. The IC;, value for salvicine-mediated inhibi-
tion of DNA decatenation was affected by the ATP concen-
tration during catalysis by htopo IIa. With the rise in ATP
concentration from 0.5 to 1.5 mM, the IC;, values for
salvicine increased from 22 uM to 101 uM (Fig. 4, B and C).
The curve patterns (Fig. 4C) are similar to that of a compet-

itive antagonist, which binds to the same receptor pocket as
the agonist (Zhou, 1999).

Discussion

Salvicine, a nonintercalative topo II poison identified from
enzymatic studies of extracted murine topoisomerases, inhib-
its the decatenation and relaxation of htopo Ila. It is note-
worthy that although salvicine is a weak poison of htopo Ila
in vitro relative to such known poisons as etoposide and
doxorubicin, the compound triggers potent double-strand
breaks and apoptosis in vivo (Meng et al., 2001b,c; Miao and
Ding, 2003; Lu et al., 2005). This action of salvicine on htopo
IIa may be due to a distinct, structure-dominant molecular
mechanism. Elucidation of salvicine-htopo Ila interactions
offers a clear view of the structural relationship between
salvicine and htopo IIa and the antitumor mechanisms of
salvicine, which should facilitate the design of new htopo
II-targeted drug types.
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Fig. 3. Salvicine binds to HsATPase dose dependently. A and B, identification of HsATPase. A, 2 pg each of molecular size markers and purified
HsATPase were run in a 10% SDS-polyacrylamide gel electrophoresis and stained with Coomassie brilliant blue. B, the activity of purified HsATPase
were assayed in a reaction of 20-ul total volume containing 100 nM HsATPase, 2.0 uCi [y-*P]ATP, and 1 mM ATP. Reaction solution (2.5 ul) was
removed and spotted at 10 min incubated at 37°C onto the origin of polyethyleneimine-impregnated thin layer cellulose chromatography plates. Pi
(phosphate) and ADP are the hydrolysate of ATP. C, representive sensorgrams of salvicine, ATP and ADP binding to and dissociating from HsATPase.
The binding experiments were performed on a Biacore 3000 with a flow rate of 20 ul/min at 25°C and a running buffer of 20 mM HEPES, 150 mM
NaCl, 5 mM EDTA, and 0.005% P20. The concentration series from top to bottom: salvicine, 100, 50, 25, 12.5, 6.25, 3.125, and 0 uM; ATP, 5, 2.5, 1.25,
0.625, 0.3125, 0.15625, and 0 mM; ADP, 5, 2.5, 1.25, 0.625, 0.3125, 0.15625, and 0 mM.
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The clarification of the binding pocket and precise mecha-
nism of interactions between eukaryotic topoisomerase II
and poisons or catalytic inhibitors is generally difficult due to
the limited techniques, huge size of the triple/quadruple com-
plex of ligand-topo II-ATP-DNA, and the requirement of
large amount of enzyme. In particular, substantial conforma-
tional changes in the topo II and ATP-topo II-DNA complex
affect formation of the binding pocket of a poison or a cata-
lytic inhibitor during catalysis (Berger et al., 1996; Classen et
al., 2003; Wei et al., 2005).

Several studies have suggested that the cleavage site, a,
helix of the CAP-like domain of topo II and the broken duplex
may constitute the binding cavity of classic nonintercalative
poisons despite the lack of direct crystal structural evidence
(Burden and Osheroff, 1998; Capranico et al., 2004). ICRF-
187, a typical bisdioxopiperazines compound, was disclosed
to bind to the cleft between the dimer of the ATPase domain
of yeast topo II (Classen et al., 2003). Likewise, structures of
gyrase B fragments complexed with ADPNP, novobiocin,
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chlorobiocin, and cyclothialidine reveal competitive inhibi-
tion with ATP (Boehm et al., 2000). With the rapid progress
in molecular simulation alongside the characterized crystal
structures, it has become easier to predict the possible bind-
ing information between ligands and receptors via molecular
docking. Among the molecular docking studies performed to
date, structure-based drug design targeting the ATP pocket
of DNA gyrase B, the prokaryotic counterpart of the eukary-
otic topoisomerase II ATPase domain, has proved successful
in discovering a 10-fold more potent inhibitor than novobio-
cin (Boehm et al., 2000). Using the crystal structure of the
htopo IIa ATPase domain, we found that salvicine provides a
polar hydroxyl group for binding to the ATPase domain,
similar to the phosphate group of ADPNP or ATP. Moreover,
the naphthoquinone ring of salvicine adopts a position close
to the ribose moiety in the ATP structure. These findings
stand in contrast to data on novobiocin and cyclothialidine, in
which the overlapping regions of binding sites were the novi-
ose sugar of novobiocin for the adenine ring of ADPNP and

v
o 3
//
~
- A
Ve 4.
e e
d
e i B
g 4 e
rd b .
3 : .//
- - .
~ o :
e - ”’/
Pl B
i SR s //
oA
.
T
.

1%DOMSO

s - 1

SALVICINE [ubM)
10 S0 75 100 500 750 1000 1500

L e — — 3 = W N

S 75

K.

L

N.

~
[

0.5mM ATP

1.0mM ATP

1.5mM ATP

T T T T T T T T 1
0.0000 0.0005 00010 00015 0.0020 00025 00030 00035 0.0040 0.0045

1/[ATP] (uM ")

120

m 05 MMATP )
® 1.0 MMATP —
A 15MMATP ’

100 +

80

60 - Vil 9} / ,

40 VA

Inhibition (%)

204

i
=
-
ra
[}
IS
o
@
~
@

Ln Csal (uM)

Fig. 4. Salvicine inhibits HsATPase and whole enzyme htopo Ila by competing with ATP. A, a double-reciprocal plot for ATP-hydrolysis activity of
HsATPase in the absence of DNA. Various concentrations of ATP in the absence (M) or presence of salvicine (@, 25 uM; A, 50 uM; ¥, 100 uM) were
incubated at 37°C with 300 nM HsATPase in reaction buffer. B and C, the IC;, of salvicine inhibiting DNA decatenation catalyzed by htopo Ila depends
on the concentration of ATP. B shows the effects of salvicine on DNA decatenation catalyzed by htopo Ila at 0.5, 1.0, and 1.5 mM ATP, respectively.
The electrophoresis assay method has been described under Materials and Methods. Each reaction contained the same amount of htopo IIa and the
solvent of DMSO except the control reaction of 1% DMSO (—) in the absence of DMSO. N., nicked, open circular decatenated kDNA; C., covalently
closed circular decatenated kDNA; K. kinetoplast DNA remaining at the loading well origin. C quantitates the effects of salvicine on DNA decatenation
catalyzed by htopo I« at different concentration of ATP. The fit data gave ICy, values of 22 * 4,45 = 7, and 101 * 15 uM for reaction containing 0.5
(M), 1.0 (@), and 1.5 (A) mM ATP, respectively. Error bars represent S.D. of three independent assays. Csal, concentration of salvicine. The error bars
represent the deviation from the mean for data from three separate experiments.
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the resorcinol ring of cyclothialidine for the adenine ring of
ADPNP, respectively (Boehm et al., 2000). Thus, these find-
ings indicate that the action of salvicine on topo II is distinct
from that of conventional ATP competitors. Moreover, in
further support of this theory, salvicine failed to dock into the
cavity formed by the cleavage site and a4 helix of the CAP-
like domain of htopo Ila, commonly assumed as the binding
site of nonintercalative topo II poisons (Burden and Osheroff,
1998; Capranico et al., 2004; Christmann-Franck, 2004).

The SPR biosensor assay is an accurate method to identify
the interactions between ligands and receptors. In the cur-
rent study, data from the SPR assay showed that salvicine
exhibits significantly higher affinity for the ATPase domain
of htopo IIa than ATP and ADP. It is noteworthy that the
finding that ATP competitively inhibits salvicine-ATPase in-
teractions implies that salvicine shares a common binding
site(s) with ATP, at least in part.

The key steps in the topo II catalysis reaction include
hydrolysis of ATP coupled with DNA strand passage and
subsequent DNA breakage-reunion reactions (Roca and
Wang, 1992; Wang, 2002; Larsen et al., 2003; Wilstermann
and Osheroff, 2003). It is possible that drugs that interact
with the ATP-binding or related sites of topo II have a pro-
found effect on enzyme activity (Classen et al., 2003; Larsen
et al., 2003; Maxwell and Lawson, 2003; Wilstermann and
Osheroff, 2003). This theory was highlighted by the finding
that bisdioxopiperazines, including ICRF-187, ICRF-193,
and their analogs, bind to the closed-clamp form of the en-
zyme and prevent its conversion to the open-clamp form, in
which the formation and transition of clamp conformation is
dependent on ATP and ATP hydrolysis (Roca et al., 1994;
Huang et al., 2001; Classen et al., 2003). Moreover, the non-
hydrolyzable ATP analog ADPNP traps DNA-topo II in a
closed-clamp conformation, although ADPNP binds to the
ATP binding pocket by competing with ATP (Roca and Wang,
1992; Morris et al., 1999; Wang et al., 2001). In view of these
findings, we propose that salvicine poisons htopo Ila by trap-
ping the closed-clamp conformation of the htopo IIa-DNA
complex. Of course, further investigation is required to con-
firm this theory.

Here, we showed for the first time that salvicine binding
overlapped with that of ATP. Moreover, salvicine functioned
as an ATP competitor and exhibited activity distinct from
that of other classic topo II poisons. Given that ATP compet-
itors of gyrase B have been pharmaceutically successful
(Boehm et al., 2000), our finding raises the hope of the agents
targeting ATP pocket of htopo Il in tumor chemotherapy
and has implications for future drug design, the molecular
mechanism of both eukaryotic topo II and its ATP competitor.
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