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ABSTRACT: Etoposide is a widely prescribed anticancer agent that stabilizes topoisomerase II-mediated
DNA strand breaks. The drug contains a polycyclic ring system (rings A-D), a glycosidic moiety at C4,
and a pendant ring (E-ring) at C1. A recent study that focused on yeast topoisomerase II demonstrated
that the H15 geminal protons of the etoposide A-ring, the H5 and H8 protons of the B-ring, and the H2′,
H6′, 3′-methoxyl, and 5′-methoxyl protons of the E-ring contact topoisomerase II in the binary
enzyme-drug complex [Wilstermann et al. (2007) Biochemistry 46, 8217–8225]. No interactions with
the C4 sugar were observed. The present study used DNA cleavage assays, saturation transfer difference
[1H] NMR spectroscopy, and enzyme-drug binding studies to further define interactions between etoposide
and human topoisomerase IIR. Etoposide and three derivatives that lacked the C4 sugar were analyzed.
Except for the sugar, 4′-demethyl epipodophyllotoxin is identical to etoposide, epipodophyllotoxin contains
a 4′-methoxyl group on the E-ring, and 6,7-O,O-demethylenepipodophyllotoxin replaces the A-ring with
a diol. Results suggest that etoposide-topoisomerase IIR binding is driven by interactions with the A-
and B-rings and potentially by stacking interactions with the E-ring. We propose that the E-ring pocket
on the enzyme is confined, because the addition of bulk to this ring adversely affects drug function. The
A- and E-rings do not appear to contact DNA in the enzyme–drug–DNA complex. Conversely, the sugar
moiety subtly alters DNA interactions. The identification of etoposide substituents that contact topoisomerase
IIR in the binary complex has predictive value for drug behavior in the enzyme-etoposide-DNA complex.

Etoposide is a highly successful anticancer agent that has
been used to treat a variety of human malignancies since
the early 1980s (1–4). The drug is a semisynthetic derivative
of podophyllotoxin, a naturally occurring antimitotic agent
found in mayapple, that has been used as an herbal remedy
for more than a millennium (1, 5).

The primary cellular target for etoposide is topoisomerase
II (1–4, 6). This essential enzyme plays critical roles in a number
of growth-related processes in eukaryotic cells, including DNA
replication and chromosome segregation (7–11). Topo-
isomerase II regulates levels of DNA supercoiling (i.e.,
under- and overwinding) and removes knots and tangles from

the genetic material by passing a double helix through a
transient double-stranded break that it generates in a separate
DNA segment (7–13). To maintain genomic integrity during
the cleavage event, the enzyme forms covalent bonds
between active-site tyrosyl residues and the 5′-DNA termini
created by scission of the double helix (14–16). This covalent
enzyme-cleaved DNA reaction intermediate is known as the
cleaVage complex (6).

Although lower eukaryotes, such as yeast and Drosophila,
encode only a single form of topoisomerase II, vertebrates
express two distinct isoforms of the enzyme, topoisomerase
IIR and II� (9, 11, 17, 18). These isoforms display a high
degree (∼70%) of amino acid sequence identity and similar
enzymological characteristics but are encoded by separate
genes (9–11, 17–23). Topoisomerase IIR and topoisomerase
II� are both nuclear enzymes but have distinct patterns of
expression and cellular functions. Topoisomerase IIR is
essential for the survival of actively growing cells, and its
concentration increases dramatically during periods of
proliferation (24–27). It is believed to be the isoform that
functions in growth-dependent processes, such as DNA
replication and chromosome segregation (7, 10). In contrast
to the R isoform, topoisomerase II� is dispensable at the
cellular level (28), and its expression appears to be constitu-
tive, regardless of proliferative status (7, 23, 26, 29).
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Topoisomerase II� cannot compensate for the loss of topo-
isomerase IIR in mammalian cells, suggesting that these two
isoforms do not play redundant roles, at least in replicative
processes (23, 27, 30, 31).

Etoposide kills cells by inhibiting the ability of topoi-
somerase II to ligate cleaved DNA molecules (32, 33).
This drug action leads to the accumulation of topoi-
somerase II-DNA cleavage complexes (4, 6, 32, 33).
When DNA-tracking systems, such as the DNA replication
or transcription machinery, attempt to traverse these
complexes, they convert them to permanent enzyme-linked
double-stranded breaks in the genetic material (4, 13, 34, 35).
The resulting breaks destabilize the genome and, when
present at sufficient concentrations, induce cell death
pathways (13, 22, 34–39). The individual contributions
of topoisomerase IIR and II� to the clinical efficacy of
etoposide have yet to be determined. However, because
the concentration of the R isoform is generally high in
malignant tissues, most studies of etoposide action have
focused on topoisomerase IIR (40–42).

Multiple lines of evidence, including mutagenesis, binding,
and kinetic studies, indicate that interactions between topoi-
somerase II and etoposide, as opposed to drug–DNA
interactions, are critical for drug activity and mediate the
entry of etoposide into the ternary enzyme–drug–DNA
complex (4, 13, 43–53). Therefore, a recent study used
saturation transfer difference [1H] nuclear magnetic resonance
(STD [1H] NMR) spectroscopy to identify the substituents
on etoposide that contact topoisomerase II in the binary
enzyme-drug complex (54). Work focused primarily on
yeast topoisomerase II and included the analysis of etoposide
as well as a few related compounds. A brief NMR study
with etoposide and human topoisomerase IIR also was
included in the work. Results suggest that substituents on
the A-, B-, and E-rings of etoposide (see Figure 1) interact
with topoisomerase II, while the sugar moiety at C-4 and
the D-ring do not (54).

To extend these findings and more fully define interactions
between etoposide and the human enzyme, the present study

assessed the ability of etoposide derivatives with an altered
A-ring, E-ring, or C4 sugar moiety to induce enzyme-
mediated DNA cleavage, interact with topoisomerase IIR,
and compete with the parent drug for binding to the enzyme.
Results suggest that the binding of etoposide to human
topoisomerase IIR is driven by interactions with the A- and
B-rings and potentially by stacking interactions with the
E-ring. Furthermore, drug contacts in the binary complex
defined by STD [1H] NMR have a predictive value for the
actions of etoposide within the ternary enzyme-drug-DNA
complex.

EXPERIMENTAL PROCEDURES

Materials. Negatively supercoiled pBR322 plasmid DNA
was prepared using a Plasmid Mega Kit (Qiagen) as
described by the manufacturer. Etoposide and podophyllo-
toxin were purchased from Sigma. 4′-Demethyl epipodo-
phyllotoxin (DEPT),1 epipodophyllotoxin (EPT), and
6,7-O,O-demethylenepipodophyllotoxin (DDEPT) were synthe-
sized from podophyllotoxin as described (55–57). All drugs
were stored at 4 °C as 20 mM stock solutions in 100%
dimethylsulfoxide (DMSO). Drugs used for NMR experi-
ments were stored in 100% d-DMSO. [3H]Etoposide was
obtained from Moravek Biochemicals as a 1.5 mM stock in
100% ethanol. D2O (99.9%) was purchased from Aldrich.
All other chemicals were analytical reagent grade.

Purification of Human Topoisomerase IIR. Human topoi-
somerase IIR was expressed in Saccharomyces cereVisiae
and purified as described previously (48, 54, 58, 59).
However, in the final step of the purification, the type II
topoisomerase was eluted from the phosphocellulose column
(P81, Whatman) with buffer containing 10 mM sodium
phosphate at pH 7.7, 750 mM KCl, 1 mM ethylenediamine-
tetraacetic acid (EDTA), 1 mM ethylene glycol bis(2-
aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), and 0.5
mM dithiothreitol (DTT).

CleaVage of Plasmid DNA by Human Topoisomerase IIR.
DNA cleavage reactions were carried out using the procedure
of Fortune and Osheroff (60). Assay mixtures contained 135
nM topoisomerase IIR and 10 nM negatively supercoiled
pBR322 DNA in a total of 20 µL of cleavage buffer (10
mM Tris-HCl at pH 7.9, 100 mM KCl, 5 mM MgCl2, 0.1
mM NaEDTA, and 2.5% glycerol) that contained 0-200 µM
etoposide, DEPT, EPT, or DDEPT. DNA cleavage was
initiated by the addition of enzyme, and mixtures were
incubated for 6 min at 37 °C to establish DNA cleavage-
religation equilibria. Enzyme-DNA cleavage intermediates
were trapped by adding 2 µL of 5% sodium dodecyl sulfate
(SDS) and 1 µL of 375 mM EDTA at pH 8.0. Proteinase K
was added (2 µL of 0.8 mg/mL), and reactions were
incubated for 30 min at 45 °C to digest the topoisomerase
IIR. Samples were mixed with 2 µL of 60% sucrose in 10
mM Tris-HCl at pH 7.9, 0.5% bromophenol blue, and 0.5%
xylene cyanol FF, heated for 15 min at 45 °C, and subjected
to electrophoresis in 1% agarose gels in 40 mM Tris-acetate
at pH 8.3 and 2 mM EDTA that contained 0.5 µg/mL
ethidium bromide. DNA cleavage was monitored by the
conversion of negatively supercoiled plasmids to linear

1 Abbreviations: DEPT, 4′-demethyl epipodophyllotoxin; EPT, epi-
podophyllotoxin; DDEPT, 6,7-O,O-demethylenepipodophyllotoxin.

FIGURE 1: Structures of etoposide and etoposide derivatives that
were employed in the present study.
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molecules. DNA bands were visualized by ultraviolet light
and quantified using an Alpha Innotech digital imaging
system.

Drug-Induced DNA CleaVage Mediated by Topoisomerase
IIR in Cultured Human CEM Cells. Human CEM acute
lymphoblastic leukemia cells (ATCC) were cultured under
5% CO2 at 37 °C in RPMI 1640 medium (Cellgro by
Mediatech, Inc.) containing 10% heat-inactivated fetal calf
serum (Hyclone) and 2 mM glutamine (Cellgro by Mediatech,
Inc.). The In ViVo Complex of Enzyme (ICE) bioassay (61, 62)
(as modified on the TopoGEN, Inc. website) was employed
to determine the ability of etoposide, DEPT, EPT, or DDEPT
to induce topoisomerase-IIR-mediated DNA breaks in CEM
cells. Exponentially growing cultures were treated with 10
µM etoposide, 10 µM DEPT, 50 µM EPT, or 50 µM DDEPT
for 2 h. Cells (∼5 × 106) were harvested by centrifugation
and lysed by the immediate addition of 3 mL of 1% sarkosyl.
After gentle Dounce homogenization, cell lysates were
layered onto a 2 mL cushion of CsCl (1.5 g/mL) and
centrifuged in a Beckman NVT 90 rotor at 80 000 rpm
(∼500000g) for 5.5 h at 20 °C. DNA pellets were isolated,
resuspended in 5 mM Tris-HCl at pH 8.0 and 0.5 mM EDTA,
and blotted onto nitrocellulose membranes using a Schleicher
and Schuell slot blot apparatus. Covalent cleavage complexes
formed between topoisomerase IIR and chromosomal DNA
were detected using a polyclonal antibody directed against
human topoisomerase IIR (Kiamaya Biochemical Co.) at a
1:1000 dilution.

DNA Religation. DNA religation mediated by topoi-
somerase IIR was monitored according to the procedure of
Byl et al. (63). Topoisomerase IIR DNA cleavage/religation
equilibria were established as described above in the absence
of compound or in the presence of 100 etoposide, DEPT,
EPT, or DDEPT. Religation was initiated by shifting reaction
mixtures from 37 to 0 °C, and reactions were stopped at
time points up to 40 s by the addition of 2 µL of 5% SDS
followed by 1 µL of 375 mM NaEDTA at pH 8.0. Samples
were processed and analyzed as described above for topoi-
somerase IIR plasmid DNA cleavage reactions.

STD [1H] NMR Spectroscopy. All NMR experiments were
performed at 283 K using a Bruker Avance DRX 400 MHz
spectrometer equipped with a 5 mm BBI probe with z
gradients. NMR buffers contained 10 mM sodium phosphate
at pH 7.7, 250 mM KCl, 0.1 mM Na2EDTA, and 5 mM
MgCl2. NMR samples (500 µL) contained 5 µM human
topoisomerase IIR and 250 µM etoposide, DEPT, EPT, or
DDEPT and were maintained at 4 °C until data were
obtained. STD [1H] NMR experiments employed a pulse
scheme similar to that reported by Mayer and Meyer (64).
A 2 s saturation pulse was used. The gradient pulse that was
applied was 1 ms at 30% with a 500 µs recovery delay. The
water signal was suppressed by tailoring a watergate pulse
sequence to the beginning of the f2 presaturation STD-pulse
program. For each experiment (on- and off-resonance ir-
radiation), a total of 2000 scans were collected with a 3 s
relaxation delay between each scan. On- and off-resonance
irradiations were performed at 0.5 and 17 ppm, respectively.
Difference spectra were prepared by subtracting the on-
resonance spectrum from the off-resonance spectrum. Signals
resulting in the difference spectrum represent the NOE
difference signals generated by the transfer of irradiation
energy from the enzyme to the bound ligand. Ligand protons

in close spatial proximity with the enzyme displayed larger
NOE signals. Mapping of the NOE signals with their proton
assignments on the ligand revealed the ligand-binding epitope
to the target topoisomerase II. Spectra were processed using
Bruker Topspin software.

Topoisomerase II-Drug Binding. Competition binding
studies were performed using a nitrocellulose filter binding
technique (54). Nitrocellulose membranes (0.45 µm HA;
Millipore) were soaked in binding buffer (10 mM sodium
phosphate at pH 7.7, 250 mM KCl, 0.1 mM NaEDTA, and
5 mM MgCl2) for 10 min. Reaction mixtures contained 1.6
µM human topoisomerase IIR and 20 µM [3H]etoposide, as
well as 0–100 µM nonlabeled etoposide, DEPT, EPT, or
DDEPT in a total of 60 µL of binding buffer. Samples were
incubated for 6 min at 30 °C and applied to the nitrocellulose
membranes in Vacuo. Filters were immediately washed 3
times with 1 mL of ice-cold binding buffer, dried, and
submerged in 8 mL of scintillation fluid (Econo-Safe;
Research Products International). Radioactivity remaining on
membranes was quantified using a Beckman LS 5000 TD
scintillation counter. The amount of radioactive etoposide
remaining on the filter in the absence of enzyme was
subtracted prior to binding calculations.

Site-Specific DNA CleaVage. DNA sites cleaved by human
topoisomerase IIR were determined by a modification (65)
of the procedure of O’Reilly and Kreuzer (66). A linear 4330
bp fragment (Hind III/EcoR I) of pBR322 plasmid DNA
singly labeled with 32P on the 5′ terminus of the Hind III
site was used as the cleavage substrate. Reaction mixtures
contained 0.35 nM DNA–substrate and 60 nM topoisomerase
IIR in 50 µL of cleavage buffer. Assays were carried out in
the absence of compound or in the presence of 25 µM
etoposide, 25 µM DEPT, 250 µM EPT, or 250 µM DDEPT.
Reactions were initiated by the addition of the enzyme and
were incubated for 10 min at 37 °C. Cleavage intermediates
were trapped by adding 5 µL of 10% SDS followed by 5
µL of 250 mM NaEDTA at pH 8.0. Topoisomerase IIR was
digested with proteinase K (5 µL of 0.8 mg/mL) for 30 min
at 45 °C. Reaction products were precipitated twice in
ethanol, dried, and resuspended in 40% formamide, 8.4 mM
EDTA, 0.02% bromophenol blue, and 0.02% xylene cyanole
FF. Samples were subjected to electrophoresis in a 6%
sequencing gel. The gel was then fixed in 10% methanol/
10% acetic acid for 5 min and dried, and DNA cleavage
products were analyzed on a Bio-Rad Molecular Imager FX.

RESULTS AND DISCUSSION

Contribution of Etoposide Substituents to Drug ActiVity
against Topoisomerase IIR. Etoposide, a widely prescribed
topoisomerase-II-targeted anticancer agent, is composed of
a polycyclic ring system (rings A-D), a glycosidic moiety
at the C4 position, and a pendant ring (E-ring) at the C1
position (Figure 1) (1–4). Because of its importance in cancer
chemotherapy, numerous etoposide derivatives have been
synthesized and analyzed (67–76). Despite the fact that these
derivatives display a wide ability to induce topoisomerase-
II-associated DNA-strand breaks, virtually no data are
available that can assign a specific function to any substituent
on the drug molecule.

A recent STD [1H] NMR spectroscopy study, however,
was able to identify the regions on etoposide that interact
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with yeast topoisomerase II and human topoisomerase IIR
(54). Results demonstrated that the H15 geminal protons of
the A-ring, the H5 and H8 protons of the B-ring, and the
H2′ and H6′ protons and the 3′- and 5′-methoxyl protons of
the pendant E-ring contact both enzymes in the binary
protein–ligand complex (Figure 1). In contrast, no significant
nuclear Overhauser enhancement (NOE) signals arising from
the C-ring, the D-ring, or the C4 glycosidic moiety were
observed, suggesting that there is (at best) limited interaction
between these portions of etoposide and topoisomerase II in
the binary complex. It should be noted that it was not possible
to observe NMR signals from hydroxyl groups in this study,
because they were obscured by the water peak.

To further define interactions between etoposide and
human type II topoisomerases and relate the structural NMR
data obtained with the binary complex to drug function within
the ternary enzyme–drug–DNA complex, the ability of
etoposide and three derivatives to induce DNA cleavage
mediated by human topoisomerase IIR was determined. The
derivatives all lack the C4 sugar moiety, which does not
contact the enzyme in the binary complex (Figure 1). The
three derivatives are DEPT, which aside from the C4 moiety
is identical to etoposide, EPT, which contains a methoxyl
group in place of the 4′-OH on the E-ring, and DDEPT,
which lacks C15 and its associated geminal protons and
replaces the A-ring with a diol.

As seen on the left side of Figure 2, DNA cleavage results
with DEPT were similar to those obtained with etoposide.
Thus, removal of the C4 glycosidic moiety had little effect
on the ability of the drug to enhance DNA scission mediated
by human topoisomerase IIR. In contrast, the addition of bulk
to the E-ring in the form of a 4′-methoxyl group (EPT) or
the loss of the H15 geminal protons (DDEPT) resulted in
etoposide derivatives with little activity against the enzyme.

To further characterize drug activity, the ability of DEPT,
EPT, and DDEPT to induce DNA cleavage by topoisomerase
IIR in cultured human CEM leukemia cells was compared
to etoposide (center of Figure 2). Consistent with the in Vitro
data, treatment of cells with etoposide or DEPT generated

high levels of enzyme-linked DNA strand breaks, while
treatment with EPT or DDEPT had little effect.

Finally, because etoposide increases levels of topoi-
somerase II-associated DNA breaks primarily by inhibiting
the ability of the enzyme to religate cleaved nucleic acids,
the effects of etoposide derivatives on DNA strand closure
was determined (right side of Figure 2). Once again, DEPT
yielded results that were comparable to those with etoposide
and strongly inhibited DNA religation mediated by topoi-
somerase IIR. In contrast, rates of religation in the presence
of EPT or DDEPT were similar to reactions that contained
no drug.

When these results are taken together, they indicate that
removal of the sugar moiety, which does not contact
topoisomerase IIR in the binary complex, has little effect
on the actions of etoposide against the human enzyme.
However, alterations in the A- or E-rings of etoposide, which
are intimately associated with topoisomerase IIR in the binary
complex, dramatically impair drug function. Thus, at least
for the C4 glycosydic moiety, the A-ring, and the E-ring,
data obtained from STD [1H] NMR spectroscopy in the
binary enzyme-drug complex have a strong predictive value
for etoposide-induced DNA scission in the ternary topoi-
somerase IIR–drug–DNA complex.

Interaction of Etoposide DeriVatiVes with Topoisomerase
IIR. To further assess the mechanistic basis for alterations
in the activity of the etoposide derivatives employed, the
interaction of these compounds with topoisomerase IIR was
characterized by STD [1H] NMR spectroscopy (54, 64, 77–80).

In the STD [1H] NMR technique, a sample containing
topoisomerase IIR and etoposide (or drug derivative) is
selectively saturated with magnetization by irradiation at a
frequency at which protein methyl groups but no etoposide
protons resonate (on-resonance frequency). Magnetization
is spread rapidly throughout the protein by intramolecular
spin diffusion. Substituents on the drug that interact with
topoisomerase IIR are progressively saturated with magne-
tization via intermolecular, through-space, dipole–dipole
interactions. In addition to this on-resonance spectrum, an

FIGURE 2: Effects of etoposide derivatives on DNA cleavage and religation mediated by human topoisomerase IIR. (Left) Levels of DNA
cleavage were expressed as a fold enhancement over reactions that were carried out in the absence of drug. Assay mixtures contained
0–200 µM etoposide (0), DEPT (9), EPT (O), or DDEPT (b). Error bars represent the standard deviation of three independent experiments.
(Center) The ICE bioassay was used to monitor the level of cleavage complexes in human CEM leukemia cells treated with etoposide
derivatives. DNA (10 µg) from cultures treated with no compound (none), 10 µM etoposide, 10 µM DEPT, 50 µM EPT, or 50 µM DDEPT
for 2 h was blotted onto a nitrocellulose membrane and probed with a polyclonal antibody directed against human topoisomerase IIR.
Results are representative of three independent experiments. (Right) DNA religation was examined in the absence of compound (none, 4)
or in the presence of 100 µM etoposide (0), DEPT (9), EPT (O), or DDEPT (b). Error bars represent the standard deviation of three
independent experiments.
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off-resonance (reference) spectrum is generated by saturating
the sample with a magnetization frequency that is different
from the resonance frequencies of either topoisomerase IIR
or the drug. The difference spectrum generated by subtracting
the on-resonance spectrum from the off-resonance spectrum
contains only the signals of the drug that are saturated
through the intermolecular transfer of magnetization from
the protein substituents indicating interaction with the
enzyme (64, 77–80).

As a prelude to STD [1H] NMR experiments, proton
resonances of etoposide were assigned by 1D NMR
analysis (54, 81). As a control, a representative STD [1H]
NMR experiment that analyzed the binding of etoposide to
human topoisomerase IIR is shown in Figure 3. As reported
previously (54), the NOE signals from the bound drug seen
in the difference spectrum indicate that the H15 geminal
protons of the A-ring (5.75 ppm), the H5 and H8 protons of
the B-ring (6.75 and 6.37 ppm, respectively), and the H2′
and H6′ protons (6.13 ppm) and the 3′- and 5′-methoxyl
protons of the pendant E-ring (3.49 ppm) of etoposide
interact with the human enzyme in the binary complex. Once
again, no significant NOE signals were observed from the
C-ring, the D-ring, or the C4 glycosidic moiety. Unfortu-
nately, resonances for hydroxyl groups, including the 4′-OH
of the E-ring, were obscured by the water peak and were
not visualized in any of the NMR spectra.

Off-resonance and difference spectra for samples contain-
ing topoisomerase IIR and DEPT, EPT, or DDEPT are shown
in Figure 3. Despite the loss of the C4 sugar moiety, the
difference spectrum of DEPT was similar to that seen with
etoposide. In addition, difference spectra generated for EPT
and DDEPT were similar to that of etoposide, with the
exception that a new NOE signal was observed for the 4′-
methoxyl protons of EPT (3.48 ppm) and DDEPT lacked
the H15 geminal protons. Furthermore, the area under
common NOE peaks for all of the compounds differed by
less than 2-fold. These findings suggest that DEPT, EPT,
and DDEPT bind to topoisomerase IIR with an overall
geometry that is similar to that of the parent drug.

Because the STD [1H] NMR experiments were carried out
at saturating drug/topoisomerase IIR ratios and the area under
the peak can reflect multiple factors, the spectra do not
provide information on the affinities of etoposide derivatives
for the enzyme. Therefore, the relative affinities of these
etoposide derivatives for topoisomerase IIR were character-
ized by nitrocellulose filter-binding competition assays. In
these experiments, the ability of nonradioactive etoposide,
DEPT, EPT, or DDEPT to compete with [3H]etoposide for
binding to the human enzyme was determined. As seen in
Figure 4, the concentrations of DEPT that were required to
displace the bound [3H]etoposide were similar to those seen
with unlabeled etoposide. This finding strongly suggests that
the C4 sugar moiety does not contribute significantly to
etoposide-topoisomerase IIR binding in the binary complex.

In contrast to DEPT, EPT and DDEPT were considerably
less effective at competing with [3H]etoposide. These results
indicate that substituents on the A-ring of etoposide play a
critical role in mediating drug-enzyme binding interactions.
They also indicate that the addition of bulk to the pendant E-ring
greatly decreases the affinity of the drug for the human enzyme.

Although substituents on the E-ring of etoposide are
necessary for drug function against topoisomerase II, they

do not contribute significantly to drug-enzyme binding (54).
In fact, when the 4′-OH and the 3′- and 5′-methoxyl groups
were replaced with hydrogen atoms, NOE signals were
observed by STD [1H] NMR for all of the resulting protons
on the E-ring, although with reduced signal (54). On the basis
of these findings, it was proposed that protein associations
with the E-ring are mediated by stacking interactions rather
than by any specific group on the ring. Because the presence
of the 4′-OH group has little effect on drug-enzyme binding,
the substitution of a 4′-methoxyl group on the E-ring cannot
be impairing drug interactions because of the loss of a critical
binding moiety. Rather, the decreased drug affinity caused
by the presence of the 4′-methoxyl group in EPT most likely
results from the introduction of steric bulk. If this is the case,
it implies that the E-ring sits within a confined pocket in
topoisomerase IIR.

Site Specificity of DNA CleaVage Mediated by Human
Topoisomerase IIR in the Presence of Etoposide DeriVatiVes.
Because etoposide imparts a distinctive DNA cleavage
specificity to topoisomerase II, it is believed that some
portion of the drug must interact with the double helix within
the enzyme-DNA cleavage complex. Therefore, to deter-
mine whether modification of etoposide alters cleavage
specificity, a singly end-labeled linear plasmid substrate was
used to map sites of DNA scission by human topoisomerase
IIR in the presence of etoposide, DEPT, EPT, or DDEPT
(Figure 5). Because of the poor efficacy of EPT and DDEPT,
the concentrations of these compounds were 10-fold higher
(250 µM) than those employed for either etoposide or DEPT
(25 µM).

The DNA cleavage patterns generated in the presence of
etoposide and DEPT were similar, but subtle differences were
observed. Some bands that were present in reactions that
contained etoposide were either weak or absent in reactions
that contained DEPT (indicated by /) and vice versa
(indicated by <). It was originally suggested (54) that the
sugar moiety of etoposide did not contact DNA in the ternary
complex based on the following: (1) the substitution of a
thiophene for the 8″-methyl in teniposide or a C4 amino alkyl
chain in TOP-53 did not greatly affect the DNA cleavage
specificity of etoposide, and (2) every proton of the amino
alkyl side chain of TOP-53 interacts strongly with topoi-
somerase II in the binary complex (6, 54, 62, 82). However,
the differences observed in the DNA cleavage patterns
induced by etoposide versus DEPT indicate that the presence
of the glycosydic moiety of etoposide influences the selection
of DNA cleavage sites by topoisomerase IIR. At the present
time, it is not known whether this influence is due to a direct
interaction between the C4 sugar and DNA or to an effect
on the overall geometry of the cleavage complex.

Because DEPT, EPT, and DDEPT all lack the sugar
moiety, their DNA cleavage patterns were compared to each
other. Although levels of scission induced by EPT or DDEPT
were lower than observed with DEPT, the site specificity of
these three etoposide derivatives was essentially the same
(Figure 5). These results strongly suggest that neither the
A-ring nor the E-ring contact the DNA within the cleavage
complex.

Conclusions. Although etoposide is one of the most widely
prescribed drugs used for the treatment of human cancers
(1–4), little information is available that identifies the specific
substituents on the drug that mediate its interactions with
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FIGURE 3: Interaction of etoposide (top left), DEPT (top right), EPT (bottom left), or DDEPT (bottom right) with human topoisomerase IIR
as determined by STD [1H] NMR spectroscopy. Difference and off-resonance (reference) spectra are shown. Spectra are representative of
at least two independent experiments.
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topoisomerase II. However, on the basis of results of STD
[1H] NMR and enzyme-drug binding in the binary topoi-
somerase II-etoposide complex and DNA cleavage experi-
ments in the ternary topoisomerase II-etoposide-DNA
complex, a model is beginning to emerge (Figure 6). In this

model, the binding of etoposide to human topoisomerase IIR
is driven by interactions with the A-ring and B-ring and
potentially by stacking interactions with the E-ring. While
the E-ring methoxyl groups and the 4′-OH do not contribute
substantially to binding, they appear to be very important
for drug function. The sugar moiety of etoposide does not
contact the enzyme in the binary complex but subtly alters
interactions with DNA. Given the lack of effect of A- and
E-ring substituents on the specificity of topoisomerase II-
mediated DNA cleavage, we propose that the D-ring of
etoposide contacts the double helix within the cleavage
complex. We currently are testing this hypothesis by examin-
ing a series of etoposide D-ring derivatives and establishing
STD [1H] NMR conditions for investigating interactions
between etoposide, human topoisomerase IIR, and DNA in
the ternary complex.

Finally, the identification of groups on etoposide that
interact with human topoisomerase IIR in the binary complex
by STD [1H] NMR appears to have predictive value for the
behavior of the drug in the ternary enzyme-etoposide-DNA
complex. Therefore, this technique may contribute to the
future development of etoposide derivatives with enhanced
activity against the human type II enzyme.
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