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ABSTRACT: F14512 is a novel etoposide derivative that contains a
spermine in place of the C4 glycosidic moiety. The drug was designed to
exploit the polyamine transport system that is upregulated in some
cancers. However, a preliminary study suggests that it is also a more
efficacious topoisomerase II poison than etoposide [Barret et al. (2008)
Cancer Res. 68, 9845—9853]. Therefore, we undertook a more
complete study of the actions of F14512 against human type II
topoisomerases. As determined by saturation transfer difference 'H
NMR spectroscopy, contacts between F14512 and human topoisome-

rase IIt in the binary enzyme—drug complex are similar to those of

etoposide. Although the spermine of F14512 does not interact with the enzyme, it converts the drug to a DNA binder [Barret et al.
(2008)]. Consequently, the influence of the C4 spermine on drug activity was assessed. F14512 is a highly active topoisomerase I
poison and stimulates DNA cleavage mediated by human topoisomerase IIot or topoisomerase II3. The drug is more potent and
efficacious than etoposide or TOP-53, an etoposide derivative that contains a C4 aminoalkyl group that strengthens drug—enzyme
binding. Unlike the other drugs, F14512 maintains robust activity in the absence of ATP. The enhanced activity of F14512 correlates
with a tighter binding and an increased stability of the ternary topoisomerase II—drug—DNA complex. The spermine—drug core
linkage is critical for these attributes. These findings demonstrate the utility of a C4 DNA binding group and provide a rational basis
for the development of novel and more active etoposide-based topoisomerase II poisons.

Etoposide is a widely prescribed anticancer agent that is used as
front line therapy to treat a variety of human malignancies."
The drug is currently in its fourth decade of clinical use and kills
cells by stabilizing covalent topoisomerase II-cleaved DNA com-
plexes that are requisite intermediates in the catalytic cycle of the
enzyme.'~® These transient “cleavage complexes” are converted to
permanent DNA strand breaks by collisions with polymerases and
other DNA tracking systems, which in turn leads to the accumula-
tion of chromosomal aberrations and triggers cell death path-
ways.4’6711 Because etoposide converts type II topoisomerases to
cellular toxins, it is referred to as a topoisomerase II poison.* ®
Although regimens that include etoposide generate successful
outcomes against a range of cancers, the cytotoxic nature of the
drug induces significant side effects, including cardiotoxicity,
myelosuppression, and gastrointestinal toxicity."”'>"* Further-
more, ~2—3% of patients who are treated with etoposide go on
to develop specific secondary leukemias that involve the mixed
lineage leukemia (MLL) gene at chromosomal band 11q23.%**~1¢
Since the toxic side effects of etoposide are predominantly
mechanism-based (i.e., result from the actions of the drug against
topoisomerase 1I), they are difficult to eliminate. Etoposide
and other anticancer drugs affect both isoforms of human
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topoisomerase II, topoisomerase 1I(t, and topoisomerase B35
Evidence suggests that topoisomerase II3 may play a more
important role than topoisomerase IO in mediating off-target
toxicities and generating leukemic chromosomal translocations.'®~>°

One way to decrease the off-target toxicity of etoposide and
related drugs is to increase their specificity for malignant tissues.
To this point, the polyamine transport system is more active in
proliferating cells than resting cells, and the uptake of polyamines
by some cancer cells is even greater.”' ~>* Therefore, in an effort to
enhance the uptake of etoposide by cancer cells, F14512 was
developed (Figure 1).*® This derivative replaces the carbohydrate
moiety at the C4 position of etoposide, which does not interact
with topoisomerase II in the binary enzyme—drug complex,”**”
with the polyamine spermine. The spermine moiety is conjugated
to the etoposide core through a glycyl spacer and was selected for
optimal activity among a large series of conjugates.”

F14512 is taken up by mammalian cells through the polyamine
transport system and, compared to etoposide, displays increased
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Figure 1. Structure of etoposide and derivatives. The spermine moiety at the C4 position of F14512 is indicated by the box. Asterisks mark protons that
interact with topoisomerase I in the binary enzyme—drug complex as determined by STD "H NMR spectroscopy”®?’ (see Figure 2 and Table 1).

potency against most cancer cell lines.*® Furthermore, F14512 is
more active than the parent compound against a mouse MX-1
human breast tumor xenograft model and displays a higher
therapeutic index and lower systemic toxicity.”> The drug also
displays high activity a§ainst avariety of other xenograph models,
including solid tumors™® and leukemia,* and currently is in phase
I clinical trials for the treatment of acute myeloid leukemia.

Although the spermine moiety originally was attached to F14512
in order to change the cellular uptake properties of etoposide, the
inclusion of the polyamine had two additional effects.” First, it
altered the DNA binding properties of the compound. While
etoposide displays little interaction with DNA (in the absence of
topoisomerase 1I),>**' F14512 is a DNA binder, most likely
interacting with the double helix through the minor groove.””
Second, as determined by preliminary in vitro studies, F14512
appears to be a more efficacious topoisomerase II poison than
etoposide.”

Given the high activity of F14512 in preclinical cancer models,
it is important to understand how the drug interacts with potential
cellular targets. Therefore, the effects of the C4 spermine moiety
on drug function against human type II topoisomerases were
analyzed. Results indicate that the C4 polyamine increases the
potency and efficacy of the drug against both isoforms of human
topoisomerase Il but does not change the fundamental mechanism
of etoposide action (ie., inhibition of DNA ligation). Rather, the
linkage between the spermine and the drug core appears to
enhance drug binding and the stability of etoposide in the ternary
enzyme—drug—DNA complex.

B EXPERIMENTAL PROCEDURES

Enzymes and Materials. Human topoisomerase IIo. and
topoisomerase 113 were expressed in Saccharomyces cerevisiae>
and purified as described previously.”> Human topoisomerase
I was purchased from Topogen. Negatively supercoiled pBR322
DNA was prepared from Escherichia coli using a Plasmid Mega
Kit (Qiagen) as described by the manufacturer. Positively super-
coiled pBR322 DNA was prepared by incubating negatively
supercoiled plasmid with Archaeoglobus fulgidus reverse gyrase
as described by McClendon et al.** Positively and negatively
supercoiled plasmids contained an equivalent number of super-
helical twists but were of opposite handedness. [y->*P]ATP
(~5000 Ci/mmol) was obtained from NEN. Etoposide and
ciprofloxacin were from Sigma. TOP-53 was a gift from Taiho
Pharmaceuticals. F14512 (patent WO 2005/100363) was syn-
thesized as described previously.* 4'-Demethylepipodophyllotox-
in (DEPT) was the gift of Dr. Norma Dunlap (Middle Tennessee
State University). Etoposide, TOP-53, DEPT, and F14512 were
stored at 4 °C as 20 mM stock solutions in 100% DMSO.
Ciprofloxacin was stored at —20 °C as a 40 mM stock solution in
0.1 N NaOH. All other chemicals were analytical reagent grade.

STD 'H NMR Spectroscopy. NMR spectra were generated
using conditions similar to those described previously.”**” All
NMR experiments were performed at 283 K using a Bruker
Avance 700 MHz spectrometer equipped with a S mm cryoprobe
with z gradients. NMR buffers contained 10 mM sodium
phosphate (pH 7.7), 250 mM KCl, 0.1 mM Na,EDTA, and
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S mM MgCl,. Samples (400 #L) contained S M human
topoisomerase IIot and 500 uM F14512 and were maintained
at 4 °C until data were collected. STD 'H NMR experiments
employed a pulse scheme similar to that reported by Mayer and
Meyer.*> A 2 s saturation pulse was used for the saturation, with
on- and off-resonance irradiation frequencies of 0.5 and —71
ppm, respectively. The water signal was suppressed using excita-
tion sculpting with gradients. For each experiment (on- and off-
resonance irradiation)), 256 scans were collected with a 2 s recycle
time. Difference spectra were prepared by subtracting the on-
resonance spectrum from the off-resonance spectrum. Signals
resulting in the difference spectrum represent the NOE differ-
ence 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. Map-
ping of the NOE signals with their proton assignments on the
ligand revealed the ligand-binding epitope to human topoisome-
rase II0.. Spectra were processed using Bruker Topspin software.

Plasmid DNA Cleavage. DNA cleavage reactions were carried
out using the procedure of Fortune and Osheroff.** Topoisome-
rase II DNA cleavage assays contained 110 nM human topoi-
somerase 110t or 220 nM human topoisomerase 11 and 10 nM
negatively or positively supercoiled pBR322 in a total of 20 #L of
DNA cleavage buffer [10 mM Tris-HCl (pH 7.9), S mM MgCl,,
100 mM KClI, 0.1 mM EDTA, and 2.5% (v/v) glycerol]. Assays
were carried out in the absence of compound or in the presence
of 0—100 uM etoposide, TOP-53, DEPT, spermine, or F14512,
or in the presence of a 1:1 mixture of etoposide + spermine or
DEPT + spermine. Some reactions were carried out in the
presence of 1 mM ATP or APP(NH)P. Competition experi-
ments also contained 0—1000 M ciprofloxacin. Reaction mix-
tures were incubated at 37 °C for 6 min, and enzyme—DNA
cleavage complexes were trapped by the addition of 2 uL of 5%
SDS followed by 2 uL of 250 mM EDTA (pH 8.0). Proteinase K
(2 uL of a 0.8 mg/mL solution) was added, and samples were
incubated at 45 °C for 30 min to digest the enzyme. Samples were
mixed with 2 uL of agarose gel loading buffer [60% sucrose in
10 mM Tris—HCI (pH 7.9)], heated at 45 °C for S min, and
subjected to electrophoresis in 1% agarose gels in 40 mM Tris-
acetate (pH 8.3) and 2 mM EDTA containing 0.5 ug/mL
ethidium bromide. DNA bands were visualized with long-range
ultraviolet light and quantified using an Alpha Innotech digital
imaging system. DNA cleavage was monitored by the conversion
of supercoiled plasmid DNA to linear molecules.

DNA Cleavage Site Utilization. DNA cleavage sites were
mapped using a modification®” of the procedure of O'Reilly and
Kreuzer.*® The pBR322 DNA substrate was linearized by treat-
ment with HindIIl. Terminal $'-phosphates were removed by
treatment with calf intestinal alkaline phosphatase and replaced
with [**P]phosphate using T4 polynucleotide kinase and [y->*P]
ATP. The DNA was treated with EcoRI, and the 4332 bp
singly end-labeled fragment was purified from the small EcoRI-
HindIII fragment by passage through a CHROMA SPIN-+TE-100
column (Clontech). Reaction mixtures contained 4 nM labeled
pBR322 DNA substrate and 110 nM human topoisomerase IIct or
220 nM topoisomerase 113 in 20 4L of DNA cleavage buffer suppl-
emented with 0.5 mM ATP in the absence or presence of 5—10 #M
etoposide, 5—10 uM TOP-53, or 1—5 uM F14512. Reaction
mixtures were incubated at 37 °C for 6 min, and enzyme—DNA cleav-
age complexes were trapped by the addition of 2 L of 5% SDS
followed by 2 uL of 250 mM EDTA (pH 8.0). Proteinase K (2 uL
ofa0.8 mg/mL solution) was added, and samples were incubated

at 45 °C for 30 min to digest the enzyme. DNA products were
ethanol precipitated and resuspended in 6 uL of 40% formamide,
10 mM NaOH, 0.02% xylene cyanol FF, and 0.02% bromophe-
nol blue. Samples were subjected to electrophoresis in denatur-
ing 6% polyacrylamide sequencing gels. Gels were dried in vacuo,
and DNA cleavage products were visualized with a Bio-Rad
Molecular Imager FX.

DNA Ligation. DNA ligation mediated by topoisomerase IIo.
was monitored according to the procedure of Byl et al>* DNA
cleavage/ligation equilibria were established for 6 min at 37 °C in
the absence or presence of 50 1M etoposide, S0 uM TOP-53, or
10 uM F14512. Ligation was initiated by shifting samples from
37 to 0 °C. Reactions were stopped at time points ranging from
0 to 30 s by the addition of 2 4L of 5% SDS followed by 2 uL of
250 mM EDTA (pH 8.0). Samples were mixed with 2 uL of
agarose gel loading buffer and processed and analyzed as described
under plasmid DNA cleavage. Linear DNA cleavage product at
time zero was set to 100%, and DNA ligation was monitored by the
loss of linear DNA.

DNA Intercalation. DNA intercalation was monitored as
described previously.* Intercalation reaction mixtures contained
20 nM topoisomerase I, S nM pBR322 DNA, and 0—100 uM
F14512, 20 uM ethidium bromide, or 50 M etoposide, in a total
of 20 uL of 50 mM Tris-HCI (pH 7.5), 0.1 mM EDTA, 50 mM
KCl, 10 mM MgCl,, and 0.5 mM DTT. Mixtures were incubated
at 37 °C for 10 min, extracted with a phenol/chloroform/isoamyl
alcohol mixture (25:24:1), and added to 3 uL of 0.77% SDS and
77 mM EDTA (pH 8.0). Samples were mixed with 2 L of agarose
gel loading buffer, heated at 45 °C for S min, and subjected to
electrophoresis in a 1% agarose gel in 100 mM Tris-borate (pH
8.3) and 2 mM EDTA. Gels were stained with 1 #g/mL ethidium
bromide, and DNA bands were visualized as described for plasmid
DNA cleavage.

Persistence of Ternary Topoisomerase llo—Drug—DNA
Complexes. The persistence of topoisomerase IIot—drug—
DNA complexes was determined using a modification of the
procedure of Bandele et al.*' Initial reactions contained 50 nM
DNA, 550 nM topoisomerase IIe, and 100 uM etoposide or
10 uM F14512 in a total of 20 4L of DNA cleavage buffer. Reac-
tions were incubated at 37 °C for 6 min and then diluted 20-fold
with DNA cleavage buffer at 37 °C. Samples (20 uL) were re-
moved at times ranging from 0 to 150 min, and DNA cleavage was
stopped with 2 uL of 5% SDS. Samples were processed as des-
cribed above for plasmid cleavage assays. Levels of DNA cleavage
were set to 100% at time zero, and the persistence of cleavage
complexes was determined by the decay of linear reaction product
over time.

B RESULTS AND DISCUSSION

Interactions between F14512 and Human Topoisomerase
llo. Previous studies indicate that interactions between topoi-
somerase II and etoposide are critical for drug activity and
mediate the entry of etoposide into the ternary enzyme—
drug—DNA complex.’**”*** Furthermore, drug contacts in
the binary topoisomerase II—drug complex, including the C15
geminal protons of the A-ring, the CS and C8 protons of the
B-ring, and the C2" and C6' protons and the 3'- and 5'-methoxyl
protons of the pendant E-ring (as determined by STD '"H NMR
spectroscopy) have predictive value for the actions of etgposide
within the ternary drug—enzyme—DNA complex.”**”*** In-
deed, alterations of A-ring and E-ring substituents dramatically
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Table 1. Drug Substituents That Interact with Human
Topoisomerase IIot in the Binary Enzyme—Drug Complex As
Determined by STD "H NMR Spectroscopy®

etoposide F14512
substituent proton resonance substituent proton resonance
1 4.39 1 4.52
2 3.33 2 3.18
3 2.83 3 2.99
4 4.82 4 5.00
S 6.70 S 6.61
8 6.32 8 6.32
11R, 118 4.15,4.20 11R, 118 3.90, 4.30
15R, 158 5.70 15R, 158 5.70
2,6 6.18 2,6 6.17
3/, §'-OCHH, 3.49 3/, §'-OCHH, 3.49
1" 443 3 3.78
2" 3.07 s 2.97
3" 3.33 6" 2.05
4" 3.17 7" 3.04
s 3.24 9", 12" 2.90
6,6 3.42,4.01 107, 11" 172
7" 4.70 14", 16" 3.07
-CH; 1.10 15” 1.97

“Resonances that display nuclear Overhauser effects in STD "H NMR
spectroscopy experiments along with the substituent protons that they
represent are indicated in bold.

decrease the efficacy of etoposide against topoisomerase II. In
contrast, removal of the C4 glycosidic group (which generates
DEPT, Figure 1) has relatively little effect on the ability of the
drug to poison topoisomerase IL

F14512 shares an identical core (rings A—E) with etoposide
but contains a spermine group in place of the glycosidic moiety at
the C4 position (Figure 1). Therefore, as a first step in char-
acterizing the activity of the compound against human type II
topoisomerases, we used STD '"H NMR spectroscopy to define
the substituents on F14512 that contact topoisomerase II0 in the
binary enzyme—drug complex. With the exception of one addi-
tional contact with the enzyme (the C4 proton of the C-ring) the
substituents on the drug core that contact topoisomerase IIo. in
the binary complex were identical to those previously described for
etoposide (Table 1 and Figure 2).***” It is notable that no
significant nuclear Overhauser enhancement (NOE) signals were
observed for any of the protons of the spermine moiety of F14512.
This result suggests that there is limited interaction, if any, between
this portion of F14512 and the enzyme.

Although the C4 substituents of etoposide and F14512 do not
interact with topoisomerase II0,, it is possible to substitute this
position with a protein-binding group. To this point, TOP-53 is a
derivative of etoposide that contains a C4 aminoalkyl side chain
(Figure 1).* In contrast to results with etoposide or F14512, every
proton associated with this side chain of TOP-53 contacts topoi-
somerase 110t in the binary complex.”® Furthermore, the presence
of the aminoalkyl group increases the binding affinity of TOP-53
for topoisomerase II and significantly enhances the potency and
efficacy of the drug against the type Il enzyme (Figure 3).>%*

In contrast to the C4 aminoalkyl side chain of TOP-53, the
spermine moiety of F14512 interacts with DNA and converts the

Difference Spectrum

Reference Spectrum

o

T T T T T T T T T T T T T T T l
75 7.0 65 60 55 50 45 4.0 35 3.0 25 20 15 1.0 ppm

Figure 2. Interaction of F14512 with human topoisomerase IIa as
determined by STD '"H NMR spectroscopy. Difference (top) and
reference (off-resonance, bottom) spectra are shown. Spectra are
representative of at least two independent experiments.

drug to a DNA binder.”® Taken together, these results suggest
that the C4 substituents of compounds in the etoposide family
have the potential to influence drug activity by two distinct
mechanisms: enhanced binding to the enzyme or enhanced
binding to DNA. Consequently, we wanted to more fully
investigate the influence of the C4 spermine on F14512 activity.

F14512 Poisons Human Type |l Topoisomerases. Prelimin-
ary results using human topoisomerase IIa suggest that F14512
is a more efficacious poison than etoposide.” Therefore, to
examine the activity of F14512 in greater detail, the effects of the
drug on DNA cleavage mediated by human type II topoisome-
rases were compared to those of etoposide and TOP-53. As seen
in Figure 3, F14512 was severalfold more potent and more
efficacious than either drug. Similar results were observed with
topoisomerase II0. (left panel) and topoisomerase IIf3 (right
panel). In all cases, F14512 generated the highest levels
of double-stranded, single-stranded, and total topoisomerase
II-mediated DNA strand breaks. These results demonstrate that
the inclusion of the DNA-binding C4 spermine in F14512 has a
marked effect on drug activity. Furthermore, this effect is even
greater than that generated by the enzyme-binding aminoalkyl
group in TOP-53.

It is notable that F14512 is considerably more active against
topoisomerase Il than topoisomerase II. Comparable or
higher levels of DNA scission were observed with the o isoform,
despite the fact that the enzyme concentration employed was
only one-half that used in topoisomerase 115 assays (Figure 3).
Furthermore, at concentrations of F14512 that exceeded 15 uM,
multiple cleavage events per plasmid were observed with topoi-
somerase IIQ, such that it became impossible to accurately
quantify levels of double-stranded DNA breaks.

Eukaryotic type II topoisomerases are homodimeric proteins.
Each protomer active site of the enzyme cuts one strand of the
DNA to generate a double-stranded break.>’ The two enzyme
protomers are not fullz/ coordinated and, as a result, also create
single-stranded breaks.”>>* The double-stranded:single-stranded
cleavage ratio differs between drug classes, with etoposide yielding

48—50
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Figure 3. F14512 is a potent topoisomerase II poison. The effects of
etoposide (closed circles), TOP-53 (closed squares), and F14512 (open
circles) on the cleavage of negatively supercoiled pBR322 plasmid DNA
by human topoisomerase IIa (left panels) and topoisomerase IIf3 (right
panels) were determined. The percentage of double-stranded (top
panels), single-stranded (middle panels), and total DNA cleavage com-
plexes (bottom panels) is shown. Error bars represent the standard
deviation of three independent experiments. The inset in the left middle
panel shows an agarose gel of topoisomerase IIa-mediated cleavage of
negatively supercoiled pBR322 plasmid DNA in the absence of drug (o)
orin the presence of 15 #M etoposide (E), TOP-53 (T), or F14512 (F). A
DNA standard (D) also is shown. The positions of supercoiled (form I,
FI), nicked circular (form II, FII), and linear (form III, FIIT) molecules are
indicated. The inset in the bottom left panel shows the ratio of double-
stranded:single-stranded (DS/SS) breaks generated by topoisomerase It

in the presence of 10 4M etoposide, TOP-53, or F14512.

a relatively low ratio (~0.5:1 at 10 #M drug) with topoisomerase
I (Figure 3, lower left panel inset).>> Of the three drugs, F14512
induced the highest ratio of double-stranded:single-stranded
breaks (~1:1 at 10 #M drug with topoisomerase IIct) (Figure 3,
lower left panel inset).

Type II topoisomerases re;{uire ATP binding and hydrolysis for
overall catalytic activity.”>>” Several studies have demonstrated
that etoposide displays maximal activity only in the presence of

O -atpP
30 l +ATP
Il +APP(NH)P

20

15

10

% DS DNA Cleavage

5|

0

No Drug Etop Top53 F14512

Figure 4. Effects of ATP on drug-stimulated DNA cleavage mediated
by human topoisomerase II0.. Assays were carried out in the absence of
ATP (closed bars) or in the presence of 1 mM ATP (open bars) or the
nonhydrolyzable ATP analogue APP(NH)P (gray bars). Reactions
contained no drug (ND) or S uM etoposide, TOP-53, or F14512. Error
bars represent the standard deviation of three independent experiments.

a high-energy cofactor,>® although the mechanistic basis for this
property is not understood. As seen in Figure 4, levels of topo-
isomerase IIo.-mediated DNA cleavage induced by etoposide and
TOP-53 drop ~3-fold and ~2-fold, respectively, in the absence
of ATP. In contrast, F14512 was far better at maintaining activity
in the absence of ATP, with cleavage levels declining only 15% in
assays that lacked the cofactor.

Drug-induced DNA cleavage also was assessed in the presence
of the nonhydrolyzable ATP analogue APP(NH)P. This analo-
gue allows type II topoisomerases to go through one round of
DNA strand passage but does not support enzyme turnover.*
Once again, the highest levels of DNA cleavage were observed in
the presence of F14512 as compared to etoposide or TOP-53.
Furthermore, the spermine-linked drug displayed the least
dependence (~2-fold) on APP(NH)P for its enhanced activity
as compared to the other drugs (~S—6-fold higher levels of
cleavage in the presence of the nonhydrolyzable ATP analogue)
(Figure 4).

Because the C4 spermine moiety of F14512 interacts with
DNA, it is possible that it alters the cleavage site specificity of
topoisomerase 110t and topoisomerase IIf3. In order to assess this
issue, we determined the DNA sites that are cleaved by the
human enzymes in the presence of etoposide, TOP-53, and
F14512 (Figure S). A similar (but not identical) array of sites was
cleaved with all three drugs. This finding suggests that the
addition of the spermine moiety to the etoposide core does
not promote site-specific DNA interactions and is consistent
with the general DNA properties of the polyamine. A similar
conclusion was reached in an earlier study that examined a more
limited sampling of DNA sites cleaved by topoisomerase IIo.*®

Etoposide increases levels of covalent topoisomerase I-DNA
cleavage complexes by inhibiting the ability of the enzyme to
ligate DNA breaks.*”® Therefore, a ligation assay was employed
to determine whether the inclusion of the spermine moiety alters
the mechanistic basis for drug action. As seen in Figure 6, etopo-
side, TOP-53, and F14512 are all potent inhibitors of DNA
ligation mediated by human topoisomerase IIat. Given the strong
inhibition, it is not possible to determine whether the higher
levels of DNA cleavage generated by F14512 reflect an enhanced
inhibition of the ligation reaction.
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Figure 5. Effects of etoposide derivatives on sites of DNA cleavage
mediated by human topoisomerase IIot (left) and topoisomerase 113
(right). An autoradiogram of a polyacrylamide gel is shown. DNA
cleavage reactions were carried out in the absence of drug (TII) or in the
presence of the indicated concentrations of F14512, TOP-53, or etopo-
side. A DNA standard (DNA) also is shown. Results are representative
of three independent experiments.
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Figure 6. Effects of etoposide derivatives on DNA ligation mediated
by human topoisomerase IIat. Reactions were carried out in the absence
of drug (open squares) or in the presence of S0 uM etoposide (closed
circles), SO uM TOP-53 (closed squares), or 10 uM F14512 (open
circles). Ligation is expressed as the percent loss of linear DNA, which
was set to 100% at time zero. Error bars represent the standard deviation
of three independent experiments.

F14512—DNA Interactions Are Nonintercalative. It has
long been known that etoposide binds weakly if at all to DNA
in the absence of topoisomerase I1°**" In contrast, a previous
study that assessed changes in DNA melting temperatures, as

25 s0 100EBEtop M

Fll

% DS DNA Cleavage
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Figure 7. F14512 is not a DNA intercalator. The ability of F14512 to
intercalate into negatively supercoiled pBR322 plasmid DNA was
determined using a topoisomerase I relaxation assay (top). An agarose
gel is shown. DNA relaxation was carried out in the absence of drugs
(TI) or in the presence of 0—100 uM F14512, 20 uM ethidium
bromide (EB), or 20 uM etoposide (Etop). A DNA standard (DNA)
also is shown. The gel is representative of three independent experi-
ments. The bottom panel shows the effects of F14512 on the ability of
human topoisomerase II0l to cleave negatively (open circles) and
positively (closed circles) supercoiled pBR322 plasmid molecules.
Error bars represent the standard deviation of three independent
experiments.

well as the ultraviolet and circular dichroism spectra of DNA,
concluded that F14512 is a DNA binding drug.”> While changes
in circular dichroism suggest that F14512 binds to the double
helix through the minor groove, the study did not determine the
DNA binding mode of the drug.*®

Another study found that attachment of spermine to anthra-
cene (which is a poor DNA intercalator) generated an inter-
calative drug.®" Therefore, two experiments were carried out to
determine whether F14512 intercalates into DNA. The first
experiment utilized a topoisomerase I-DNA relaxation assay to
monitor intercalation. This assay is based on the fact that inter-
calative agents induce constrained negative supercoils and com-
pensatory unconstrained positive superhelical twists in covalently
closed circular DNA.1*%6? Therefore, as the concentration of
an intercalative compound increases, a plasmid that is negatively
supercoiled or relaxed (i.e., contains no superhelical twists) appears
to become positively supercoiled. Treatment of an intercalated
plasmid with topoisomerase I removes the unconstrained positive
DNA superhelical twists. Subsequent extraction of the compound
allows the local drug-induced unwinding to redistribute in a global
manner and manifest itself as a net negative supercoiling of the
plasmid. Thus, in the presence of an intercalative agent, topoisome-
rase treatment converts relaxed plasmids to negatively supercoiled
molecules. As seen in Figure 7 (top), F14512 displayed no ability to
intercalate over the concentration range that promoted topoisome-
rase Il-mediated DNA cleavage (0—100 uM).

The second experiment takes advantage of the finding that
topoisomerase II0t maintains 2—3-fold higher levels of DNA clea-
vage complexes with negatively supercoiled DNA as compared to
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Figure 8. Effects of etoposide derivatives on the persistence of ternary
topoisomerase IIo.—drug—DNA cleavage complexes. Assays were carried
out in the presence of 100 #M etoposide (closed circles) or 10 4M F14512
(open circles) and negatively supercoiled pBR322 plasmid DNA. After
initial reaction mixtures attained DNA cleavage—ligation equilibria, they
were diluted 20-fold with DNA cleavage buffer. The persistence of cleavage
complexes was assessed by monitoring the loss of double-stranded DNA
breaks (linear product) over time. Cleavage at time zero was set to 100%.
Error bars represent the standard error of two independent assays.

positively supercoiled molecules.***> While this relationship is
maintained over a broad concentration range in the presence of non-
intercalative topoisomerase II poisons, it does not hold when
intercalative drugs are utilized.%® In this latter case, cleavage levels
of negatively supercoiled plasmids relative to positively supercoiled
substrates drop as the concentration of intercalator increases. Over
the concentration range of F14512 examined, the percent cleavage
of negatively supercoiled plasmids remained 2—3-fold higher than
that seen with the corresponding positively supercoiled substrate
(Figure 7, bottom). These findings provide strong evidence that
F14512 does not utilize an intercalative mode to bind DNA.

Enhanced Stability and Tighter Drug Binding in the Ternary
Topoisomerase llo—F14512—DNA Complex. F14512 displays
similar contacts as etoposide with human topoisomerase IItt in the
binary enzyme—drug complex (see Table 1 and Figure 2) but has
additional interactions with the double helix in the binary DNA—
drug complex.25 Since F14512 is a more potent topoisomerase II
poison than etoposide, we wanted to see if these DNA interactions
contribute to an enhanced stability or a tighter drug binding of the
spermine-linked drug in the ternary topoisomerase Ilo.—drug—
DNA complex. Two approaches were used to address these issues.
In the first, the persistence of DNA cleavage complexes*! established
in the presence of F14512 or etoposide was determined. This was
accomplished by establishing DNA cleavage—ligation equilibria in
the presence of 10 M F14512 or 100 uM etoposide, diluting reac-
tion mixtures 20-fold, and monitoring the decay of cleavage com-
plexes over time. As seen in Figure 8, cleavage complexes formed in
the presence of F14512 persisted S— 10-fold longer than equivalent
complexes induced by etoposide. This suggests that F14512 forms a
more stable ternary complex than etoposide.

In the second approach, the ability of the quinolone cipro-
floxacin to compete with F14512 or etoposide for binding in the
ternary complex was determined. Ciprofloxacin is an antibacter-
ial topoisomerase II poison®*®* that displays little ability to
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Figure 9. F14512 binds more tightly than etoposide in the ternary
topoisomerase II0.—drug—DNA complex. A ciprofloxacin competition
assay was employed. DNA cleavage complexes were established in the
presence of etoposide (Etop, closed circles), F14512 (open circles), ora 1:1
mixture of DEPT + spermine (closed squares) and 0—1000 #M cipro-
floxacin (Cipro). Levels of DNA cleavage generated by human topoisome-
rase IO in the presence of ciprofloxacin alone were subtracted from those
seen in the presence of etoposide derivatives + ciprofloxacin. Cleavage in
the absence of ciprofloxacin was set to 100%, and results are presented as a
ratio of ciprofloxacin concentration to etoposide derivative. Error bars
represent the standard deviation of three independent experiments.

stimulate DNA cleavage mediated by the eukaryotic type II
enzyme.® However, the quinolone interacts with eukaryotic topoi-
somerase II and shares a binding site with anticancer drugs.66 Thus,
it can inhibit the ability of these drugs to enhance DNA scission.*

As seen in Figure 9, ciprofloxacin competed with both F14512
and etoposide, but the ciprofloxacin:F14512 ratio required to
decrease DNA cleavage was 5—10-fold higher than seen with etopo-
side. These experiments indicate that F14512 binds more tightly
than etoposide in the ternary enzyme—drug—DNA complex. The
enhanced stability of cleavage complexes formed in the presence of
F14512 and the tighter drug binding provide a probable basis for the
greater efficacy and potency of F14512 compared to etoposide.

Importance of the Spermine—Drug Linkage to the En-
hanced Activity of F14512 against Topoisomerase llo.
Experiments in the previous section suggest that the spermine-
mediated binding of F14512 to DNA is responsible for the
enhanced activity of the drug. However, spermine—DNA inter-
actions also neutralize nucleic acid charge and allow condensa-
tion of the double helix.*” % Furthermore, polyamines such as
spermine and spermidine can alter interactions between type II
topoisomerases and DNA and are used routinely as DNA
condensation agents to convert intramolecular to intermole-
cular DNA strand passage reactions (i.e, DNA relaxation to
catenation).””

Therefore, to determine whether the spermine moiety alters
F14512 activity by a specific effect on drug interactions in the
ternary complex or by a general effect on DNA charge/structure,
we characterized the importance of the spermine—drug linkage to
the activity of F14512. As a first step, drug binding in the ternary
enzyme—drug—DNA complex was assessed when the complex
was formed in the simultaneous presence of the unlinked etopo-
side core (i.e., DEPT, see Figure 1) and spermine. As assessed by
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Figure 10. Covalent linkage of the C4 spermine moiety to the etoposide
core is necessary for the enhanced DNA cleavage seen in the presence of
F14512. The ability of DEPT (closed circles) or a 1:1 mixture of DEPT +
spermine (open circles) (left panel), and etoposide (Etop, closed circles) or a
1:1 mixture of etoposide + spermine (open circles) (right panel) to enhance
topoisomerase IIa-mediated DNA cleavage is shown. Control experiments
assessing the effects of spermine alone on the DNA cleavage activity of
topoisomerase IIt (closed squares) are shown in both panels. Error bars
represent the standard deviation of three independent experiments.

the ciprofloxacin competition assay (Figure 9), the affinity of a 1:1
DEPT:spermine mixture for the topoisomerase IIt—DNA com-
plex was similar to that of etoposide and was ~10-fold lower than
that of F14512. This finding indicates that the drug—spermine
linkage is critical for the tighter binding of F14512 in the ternary
complex.

The effects of the drug—spermine linkage on the activity of
F14512 also were determined. As seen in Figure 10, spermine
(up to 100 #M) had little influence on levels of DNA cleavage
mediated by human topoisomerase Ilt.”" Moreover, DNA clea-
vage enhancement observed in the presence of a 1:1 DEPT:
spermine mixture was comparable to that of the drug core in the
absence of the polyamine. A similar result was seen comparing a
1:1 etoposide:spermine mixture to the activity of etoposide
alone. Taken together, these results provide strong evidence
that, in the concentration ranges examined, spermine does not
enhance topoisomerase II-mediated DNA cleavage by a general
effect on DNA charge or structure. Furthermore, the drug—
spermine linkage is critical for the high activity of F14512.

In conclusion, F14512 is a novel etoposide derivative that
contains a spermine group in place of the C4 glycosidic moiety.*
The presence of the spermine enhances the selectivity of the
drug in cancers that overexpress an active polyamine transport
system.”>*** In addition, F14512 is a more potent and effica-
cious topoisomerase II poison than etoposide, and this enhanced
activity correlates with tighter drug binding and an increased
stability of the ternary topoisomerase II—drug—DNA complex.
The linkage between the dru§ core and spermine, which converts
etoposide to a DNA binder,™ is critical for the enhanced activity
of F14512. While the A-, B-, and E-ring stabilize drug binding
through protein interactions, we suggest that polyamine—DNA
interactions provide a second anchor for the drug in the ternary
complex.

The present findings highlight the utility of a C4 DNA binding
group and provide a rational basis for the development of novel
and more active etoposide-based topoisomerase II poisons.

Finally, the dual function of the C4 spermine moiety (i.e., en-
hanced cellular uptake in cancers with active polyamine transport
and greater activity against topoisomerase 1I) supports the on-
going clinical development of F14512.
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