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Abstract

Topoisomerase IIa (top2) is a target of some of the most useful anticancer drugs. All clinically approved top2 drugs act to stabilize a

drug–enzyme–DNA cleavable complex. Here we report the novel top2 activity of neoamphimedine, an isomer of the marine pyridoacridine

amphimedine. Neoamphimedine was cytotoxic in yeast and mammalian cell lines. Neoamphimedine exhibited enhanced toxicity in top2

over-expressing yeast cells and was toxic in every mammalian cell line tested. However, neoamphimedine did not possess enhanced toxicity

in a mammalian cell line sensitive to stabilized cleavable complexes. Therefore, we hypothesized that neoamphimedine is a top2-dependent

drug, whose primary mechanism of action is not the stabilization of cleavable complexes. Top2-directed activity was determined in purified

enzyme systems. Neoamphimedine-induced catenation of plasmid DNA only in the presence of active top2. This catenation correlated with

the ability of neoamphimedine to aggregate DNA. Catenation was also observed using a filter-binding assay and transmission electron

microscopy. Catenation was confirmed when only restriction enzyme digestion could resolve the catenated plasmid complex to monomer

length plasmid DNA. Neoamphimedine also showed potent anti-neoplastic activity in human xenograft tumors in athymic mice.

Neoamphimedine was as effective as etoposide in mice bearing KB tumors and as effective as 9-aminocamptothecin in mice bearing

HCT-116 tumors. Amphimedine did not induce DNA aggregation or catenation in vitro, nor did it display any significant anti-neoplastic

activity. These results suggest that neoamphimedine has a novel top2-mediated mechanism of cytotoxicity and anticancer potential.

# 2003 Published by Elsevier Science Inc.
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1. Introduction

Top2 is an essential ubiquitous enzyme. It facilitates

relaxation of supercoiled DNA and decatenation of plas-

mid DNA in vitro. Top2 is a proven anti-neoplastic target

and classic top2 drugs comprise an important class of

chemotherapeutic agents that all share a basic mechanism

of action, stabilizing top2–DNA ‘‘cleavable complexes’’

[1,2]. Stabilized cleavable complexes are processed into

DNA double strand breaks and are lethal to the cell. Top2

drugs include doxorubicin, duanorubicin, etoposide, and

many others used to treat human solid tumors and hema-

tologic malignancies [3].

Neoamphimedine is a recently discovered top2 active

pyridoacridine that was isolated from Xestospongia

sp. sponges collected in the Philippines and Micronesia

[4]. Amphimedine, a regioisomer of neoamphimedine,

was the first pyridoacridine described in a class that now

numbers over 40. The precise mechanism of cytotoxicity

varies amongst the pyridoacridines, however, DNA-directed

activity is considered a major contributing mechanism of
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action [5–7]. This activity is suggested by their planar

structures and supported by various studies [5,6,8,9].

This paper evaluates the cytotoxicity of neoamphimedine

in yeast cells expressing normal and elevated top2 levels and

reports IC50 values for several mammalian cell lines. Evi-

dence for the unique in vitro activity of neoamphimedine,

induction of top2-mediated plasmid DNA catenation, is

presented. This activity has previously been reported for

molecules that cause DNA compaction [10,11]. It is not

shared by amphimedine nor any of the other pyridoacridines

tested. In addition, the antitumor activity of neoamphime-

dine and amphimedine were compared in vivo. Neoamphi-

medine has excellent antitumor activity in animal models, an

activity not shared by amphimedine.

2. Materials and methods

2.1. Reagents

Isolation and chemical characterization of neoamphime-

dine has been described [4]. Amphimedine and neoamphi-

medine were isolated from a Xestospongia sp. sponge from

the Philippines (Fig. 1). Drug standards were purchased

from Sigma Chemical Co. Radioactive thymidine was pur-

chased from New England Nuclear. Restriction enzymes

and buffers were purchased from New England Biolabs. All

other chemicals were purchased from Sigma Chemical Co.

or Baker Chemical Co. Radiolabeled (4:4 � 103 cpm/g) 3H

replicative form (rf) of M13 mp19 was isolated by the

alkaline lysis method as described in [12,13].

2.2. Yeast strains and plasmids

Rad 52� yeast strains JN394 and JN394T2 (contains

YCpPDED1T2 plasmid that constitutively over-expresses

yeast top2) and Rad 52þ yeast strains JN362a and the

YCpPDED1T2 plasmid that constitutively over-expresses

yeast top2 were generously provided by Dr. John L. Nitiss

(St. Jude Children’s Hospital, TN) [14,15]. Strain JN362a

was transfected with YCpPDED1T2 using the lithium

acetate method [16], to generate JN362aT2. Yeast strain

BCY 123, a protease-deficient ura3 strain, was kindly

supplied by Dr. Janet E. Lindsley (University of Utah).

Plasmid YEpWOb6, which contains the human top2a gene

under control of a galactose promoter, was kindly supplied

by Dr. James C. Wang (Harvard University, MA). Plasmid

YEpWOb6 was transfected into yeast strain BCY 123 by

the lithium acetate method [16]. Transformants were

selected for by plating on minimal plates containing glu-

cose (2%) and lacking uracil.

2.3. Top2 sensitivity assay in yeast

Yeast strains JN394 and JN362a were grown in rich

medium containing 20 mg/mL glucose. Yeast strains

JN394T2 and JN362aT2 were grown in minimal medium

lacking uracil but containing 20 mg/mL glucose (pH 5.5–

6.0), 1.5 mg/mL yeast nitrogen base without amino acids

and ammonium sulfate (DIFCO), 5 mg/mL ammonium

sulfate and amino acids. Cells were grown overnight and

counted with a hemocytometer. Cells were diluted to 106 in

media, drug dissolved in 100% DMSO was added and cells

were grown for 24 hr. Control yeast cells were treated with

an equal amount of DMSO used in drug treatment, which did

not exceed 1% of the cell media. After 24 hr, cells were

plated in duplicate or triplicate onto rich agarose plates to

determine clonal survival. Percent clonal survival was cal-

culated by normalizing all counts so the control (DMSO-

treated) cell counts equaled 100%.

2.4. Isolation of human top2 from yeast

Human top2a was induced and isolated from yeast strain

BCY 123, containing plasmid YEpWOb6 as described in

[13]. Enzymatic activity was determined by assaying for

decatenation of kinetoplast DNA [17]. The purified

170 kDa species of top2 was identified by denaturing

PAGE analysis [11].

2.5. Quantitation of DNA catenation and cleavage

DNA cleavage assays were performed as described in

[13]. In brief, 20 mL volumes containing 50 mM Tris–HCl

Fig. 1. Structures of neoamphimedine and amphimedine.
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(pH 7.5), 85 mM KCl, 10 mM MgCl2, 0.5 mM EDTA,

30 mg/mL bovine serum albumin, 2 mM DTT, 500 ng of

radiolabeled and supercoiled rf M13 mp19 DNA and 80–

120 ng purified top2 (unless otherwise noted) were treated

with drug (in DMSO) and incubated at 308 for 30 min. The

reactions were stopped by the addition of 2 mL of 1.5 mg/

mL proteinase K in 0.5% SDS and incubated at 378 for

60 min. The DNA was fractionated by electrophoresis in

0.8% agarose (containing 50 ng ethidium bromide/mL

TAE) to separate catenated, nicked, cut, relaxed and super-

coiled DNA. DNA was visualized under UV light and

sliced out of the gel. Gel slices were placed in scintillation

vials with 1 mL water, melted in a microwave oven and

mixed with 10 mL Opti-Fluor (Packer Co.) while molten,

and radioactivity determined by standard liquid scintilla-

tion counting. The percentage of cleaved DNA, repre-

sented by radioactivity in the combined nicked and

linear bands, was determined relative to the total radio-

activity in the reactions, following subtraction of radio-

activity due to endogenously cleaved DNA. The

percentage of catenated DNA was determined similarly.

2.6. Isolation and restriction enzyme digestion

of top2-treated DNA

DNA from the above cleavage reactions was electroeluted

from the agarose gel following the method of Ausubel et al.

[18]. Equal volumes (22 mL) of phenol and chloroform:i-

soamyl alcohol (24:1) were added to the reacted DNA. This

mixture was centrifuged for 15 min at 13,000 g in a bench

top microfuge. The aqueous phase was transferred to a

second microfuge tube, containing 13 mL 99% ice-cold

ethanol, 1 mL 5 M NaCl and 0.5 mL 2 M MgCl2. The

DNA was precipitated by freezing for 15 min followed by

centrifugation at 48 for 15 min at 13,000 g. The ethanol was

aspirated, 13 mL of ice-cold 70% ethanol was added with

mixing, followed by freezing for 5 min and centrifugation at

48 for 5 min at 13,000 g. The ethanol was again aspirated

and DNA allowed to air dry.

High molecular weight DNA isolated from top2 reac-

tions with neoamphimedine underwent restriction diges-

tion to assess whether the high molecular weight

complexes consisted of catenated plasmid. This was car-

ried out using a restriction digest method described pre-

viously [19]. Distilled H2O (18 mL) was added to each tube

of DNA, along with 2 mL restriction enzyme NE Buffer 3

(50 mM Tris–HCl, 10 mM MgCl2, 100 mM NaCl, 1 mM

DTT), and 1 mL restriction enzyme Sal I (10 u/mL). The

reaction mixture was incubated at 378 for 3 hr before

electrophoretic fractionation on a 0.8% agarose gel.

2.7. Transmission electron microscopy analysis of

catenated DNA

TEM allows molecular interactions to be magnified up

to 200,000�. A Hitachi H-7100 transmission electron

microscope with lab-6 filament was used. DNA catenated

by reaction with neoamphimedine and top2 in the cleavage

assay was electroeluted from the agarose gel and applied to

formvar-coated grids for TEM viewing. This was carried

out using the protocol described by Thresher and Griffith

[20]. To attach DNA to the TEM grids, the grids were

floated on 10 mL electroeluted DNA in HNE solution

buffer (20 mM HEPES (pH 7.3), 30 mM NaCl, 0.1 mM

EDTA) for 5 min. Next, the grids were floated on 4%

filtered glutaraldehyde solution in HNE buffer for 10 min

to fix the DNA, followed by positive staining with a

saturated aqueous uranyl acetate solution for 10 min.

The grids were washed with distilled water and allowed

to dry. Equal amounts of DNA from neoamphimedine

treated or untreated reactions were applied to the grids.

Once DNA was attached to the grid, the grid was inserted

into the TEM and analyzed. Areas of DNA attachment to the

grid were located under low magnitude and then resolved in

more detail at higher magnification, 20,000–70,000� mag-

nification was used to view the DNA samples.

2.8. Cell culture

The human colon tumor cell line (HCT-116), human

epidermoid-nasopharyngeal tumor cell line (KB), human

melanoma cell line (SK-mel-5), human breast cancer cell

line (MCF7), human ovarian cell lines (A2780 and

A2780AD), and Chinese hamster ovary (CHO) cell lines:

AA8 (wild type), and xrs-6 (double strand break repair-

deficient) were used. HCT-116, KB, SK-mel-5, MCF7 and

AA8 cell lines were purchased from ATCC. A2780 and

A2780AD cell lines were provided by Dr. Jindrich Kope-

cek (University of Utah) and the xrs-6 cell line was a

generous gift from Dr. Penny A. Jeggo and co-workers

(University of Sussex, UK). AA8, xrs-6, and KB cells were

maintained in a-MEM supplemented with 10% bovine

fetal and calf sera (Atlanta Biologicals), 100 u/mL peni-

cillin and 100 mg/mL streptomycin. HCT-116 cells were

maintained in McCoy’s medium similarly enriched with

2% fetal bovine serum, 8% newborn bovine serum with

100 u/mL penicillin, 100 mg/mL streptomycin. Cells were

grown at 378 as monolayers in 75-cm2 culture flasks and

detached with trypsin before seeding into microtiter culture

plates.

2.9. Cell cytotoxicity

Cytotoxicity was established in an MTT assay as per-

formed by Mosmann [21] and modified by others [22–24].

Drugs were dissolved in 100% DMSO at initial concen-

trations of 10 mM and serially diluted. The final concen-

tration of DMSO in the cell culture wells was 1% or less.

Cells were seeded in 200 mL of growth media in Corning

96-well microtiter plates at 30,000 cells per well (AA8),

40,000 cells per well (xrs-6), or 20,000 cells per well

(human cell lines). Four hours after seeding, cells were
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treated, each dose in quadruplicate, with 2 mL of drug

(CHO cell lines) or 1 mL of drug (all other cell lines). CHO

cell lines were refed at 18 hr. After 72 hr, all cultures were

refed with 100 mL McCoy’s medium and 11 mL MTT

(5 mg/mL in PBS, pH 7.4) was added to each well. The

plates were incubated for 4 hr at 378. Viable cells reduced

MTT to a purple formazan product that was solubilized by

the addition of 100 mL DMSO to aspirated culture wells.

The absorbance at 540 nm was measured for each well

using a Bio-Rad MP450 plate reader. Average absorbance

for each set of drug-treated wells was compared to the

average absorbance of the control wells to determine the

fractional survival at any particular drug concentration.

The inhibitory concentration 50 (IC50) was defined as the

drug concentration that yielded a fractional survival of

50%. IC50 values reported were the average of three to five

independent experiments.

2.10. DNA filter-binding assay

HMW DNA complexes were quantified using a filter-

binding assay [25]. In brief, catenated-radiolabeled DNA

was detected when 100 mL of SDS wash (40 mM Tris (pH

7.5), 500 mM NaCl, 25 mM EDTA and 1% SDS) was

added to top2 reaction mixtures, after 30 min of incubation

at 308, and passed through 0.45 mm HA nitrocellulose

membrane filters (Millipore) attached to a vacuum. The

filter was then washed with 3 mL of the SDS wash. SDS

wash denatured HMW DNA (aggregated DNA), trapping

only catenated DNA on the filter. The filter was then

completely dried before being placed in 10 mL Opti-Fluor

and counted in a liquid scintillation counter. DNA aggre-

gation was quantifiable in this system when TE (40 mM

Tris, pH 7.5, 25 mM EDTA) wash was used instead of SDS

wash. TE wash allowed HMW DNA complexes to bind to

the filter as both aggregated and catenated DNA. All

monomer plasmid DNA still passed through the filter.

Total DNA was determined by adding control reaction

mixtures to a nitrocellulose filter without filtering. Filtering

and washing the appropriate control DNA mixtures deter-

mined background counts. DNA counts determined in

filtered reactions were divided by the counts determined

in non-filtered reactions, and multiplied by 100%, after

subtracting background counts.

2.11. In vivo studies

KB or HCT-116 cells (2 � 106) were injected into the

flanks of nude (BalbC nu/nu) mice. The KB animals were

randomized when the tumors were staged at 50 mm3 volume

and were treated with the first of three i.p. injections, 4qd.

Doses were 50 mg/kg etoposide, amphimedine, or neoam-

phimedine. Animals bearing HCT-116 tumors were rando-

mized similarly and dosed with four i.p. injections, 4qd.

HCT-116 animals were treated with 12.5, 25, and 50 mg/kg

neoamphimedine and 1 mg/kg 9-aminocamptothecin.

Drugs were administered in 0.02% a-methylcarboxy-cellu-

lose a-MEM. Control animals were injected with vehicle.

All groups contained 5 mice, except control, which had 10

mice. Animals were excluded from analysis if their tumor

volume at staging was less than 45 mm3 or if tumor volume

exceeded 300 mm3. IACUC approval #UU 00-05004.

3. Results

3.1. Enhanced toxicity of neoamphimedine in yeast

that overproduce top2

Neoamphimedine and amphimedine were tested for

cytotoxicity in Rad 52þ/� yeast strains expressing nor-

mal or elevated top2 levels. The strains used were top2

normal JN394 and JN362a, and top2 over-expressing,

JN394T2 and JN362aT2 [15]. Etoposide served as a

positive control and topotecan as a negative control in

this experiment. Etoposide (Fig. 2a) and neoamphimedine

(Fig. 2b) showed enhanced toxicity in the Rad 52� strains

and in the top2 over-expressing strains. Neither topotecan,

a top1 poison, nor amphimedine showed enhanced toxi-

city in the Rad 52�, top2 over-expressing yeast (data not

shown).

3.2. Cytotoxicity of neoamphimedine in

mammalian cells

Neoamphimedine was cytotoxic in every mammalian

cell line examined, while amphimedine did not show

toxicity at tested doses (Table 1). Neoamphimedine retained

its cytotoxicity in the MDR-expressing A2780AD cell line,

while doxorubicin (33-fold), M-AMSA (8-fold), and taxol

(15-fold) all had significantly reduced toxicity compared to

the A2780 wild type cell line. In addition, because a top2-

dependent mechanism of cell killing was suggested by the

yeast assay, both neoamphimedine and amphimedine

were tested in a panel of mutant CHO cell lines. These

lines lack various pathways of DNA repair. Top2 poisons

Table 1

Cell cytotoxicity assay

IC50 (mM)

Neoamphimedine Amphimedine

HCT-116 4.5 >50

SK-mel-5 7.6 >50

KB 6.0 >50

MCF7 1.8 >50

A2780wt 0.9 >50

A2780AD 0.83 >50

AA8 2.5 >100

xrs-6 1.6 >100

IC50 values in mM of neoamphimedine and amphimedine determined

using the MTT-microtiter plate assay. Values are the average of three to

five independent experiments.
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that stabilize cleavable complexes are exceptionally toxic

to the xrs-6 [23] cells, which are deficient in ku 80 and

therefore lack DNA double strand break repair. No sig-

nificant enhancement of cytotoxicity was detected at IC50

for neoamphimedine or amphimedine in the xrs-6 cells,

although a small increase was observed in the xrs-6 cell

line treated with neoamphimedine compared to the AA8

cell line. This result appeared inconsistent with the yeast

data [15], because all the clinical top2 drugs tested in the

xrs-6 cell line have shown significantly enhanced toxicity

Fig. 2. Cytotoxicity of etoposide and neoamphimedine in yeast. Etoposide was tested at 5, 10, 25, 50 and 100 mM in yeast cell lines JN394 (Rad 52�),

JN394T2 (Rad 52�, top2 over-expresser), JN362a (Rad 52þ) and JN362aT2 (Rad 52þ, top2 over-expresser) (a). Neoamphimedine was tested at 5, 10, 25,

50, 100 and 500 mM in yeast cell lines JN394 (Rad 52�), JN394T2 (Rad 52�, top2 over-expresser), JN362a (Rad 52þ) and JN362aT2 (Rad 52þ, top2 over-

expresser) (b). Both etoposide and neoamphimedine displayed enhanced toxicity in the Rad 52� and top2 over-expressing strains. Values are

means � standard error, N � 3. The data points were simply connected by smoothed lines.
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[23]. Therefore, it was hypothesized that neoamphimedine

is a top2-dependent drug, whose primary mechanism of

action is not the stabilization of cleavable complexes.

3.3. Neoamphimedine catenation of DNA in vitro

The ability of neoamphimedine to interfere with the

function of purified human top2 was investigated in vitro.

In top2–DNA cleavage assays, neoamphimedine-induced

minimal DNA cleavage via formation of cleavage com-

plexes. In experiments using 84 ng top2, up to 8.9% DNA

cleavage (50 mM neoamphimedine) was detected. This

percentage of cleavage decreased as neoamphimedine

concentrations increased, and cleavage was not detected

in experiments using 140 ng top2 (Table 2). Gel electro-

phoresis indicated that this cleavage was due to single

strand DNA nicking of the plasmid substrate (Fig. 3a).

At the same time, an unexpected activity was revealed

(Fig. 3a). In reactions containing active top2 and 91 mM

neoamphimedine, the supercoiled substrate DNA routinely

appeared as a HMW complex upon electrophoretic ana-

lysis. This activity was concentration-dependent and was

apparent whether the substrate plasmid was relaxed (Fig. 4)

or supercoiled. Table 2 shows the dependency of plasmid

catenation, using 84 and 140 ng top2, on the concentration

of neoamphimedine (1–500 mM). The amount of HMW

DNA formed under this protocol appears to plateau at

approximately 300 mM neoamphimedine. Table 3 shows

the dependency of plasmid catenation, using 300 mM

neoamphimedine, on the concentration of top2 (8–420 ng).

The HMW complex formation was not observed with

amphimedine nor any of the approximately 30 other

Table 2

Quantification of drug-dependent top2 plasmid catenation and cleavage

84 ng top2a 140 ng top2

Percent catenated Percent cleaved Percent catenated Percent cleaved

DNA only 0 0 0 0

DNA þ top2 0 0 0 0

DNA þ top2 þ 100 mM etopb �0 25.5 � 4.1c �0 24.7 � 1.9

DNA þ top2 þ 1 mM neo �0 �0d 1.7 � 1.3 �0

DNA þ top2 þ 2.5 mM neo �0 3.5 � 2.5 3.7 � 1.2 �0

DNA þ top2 þ 5 mM neo �0 �0 2.0 � 0.6 �0

DNA þ top2 þ 10 mM neo �0 1.7 � 1.3 1.3 � 1.5 �0

DNA þ top2 þ 25 mM neo 4.0 � 1 �0 4.0 � 1.5 �0

DNA þ top2 þ 50 mM neo 3.2 � 1.4 8.9 � 2.1 8.7 � 4.3 �0

DNA þ top2 þ 75 mM neo 4.1 � 1.1 6.0 � 2.4 19.7 � 7.9 �0

DNA þ top2 þ 100 mM neo 11.1 � 3.7 4.8 � 3.4 18.0 � 8.0 �0

DNA þ top2 þ 200 mM neo 9.9 � 2.5 0.2 � 2.2 24.3 � 8.8 �0

DNA þ top2 þ 300 mM neo 16.3 � 2.9 1.1 � 2.5 17.6 � 5.1 �0

DNA þ top2 þ 400 mM neo 15.2 � 1.6 1.1 � 3.8 26.7 � 13.2 �0

DNA þ top2 þ 500 mM neo 20.2 � 1.2 4.6 � 4.0 19.0 � 4.0 �0

a top2 concentrations are given as ng/22 mL reaction volume.
b etop, etoposide; neo, neoamphimedine.
c Values are means � standard error, N � 3.
d Electrophoresis lanes were loaded with equal amounts of DNA, as catenation occurred less total DNA remained in nicked or circular plasmid bands.

When DNA of these bands were normalized to DNA control bands, the results were frequently slightly negative.

Fig. 3. HMW DNA, produced from supercoiled plasmid DNA, by active

top2 in the presence of neoamphimedine (a) and Sal I digestion of the

HMW DNA complex (b), HMW DNA produced using PVA (c). Cleavage

gels resolved DNA as either catenated (c), nicked (n), linear (l),

supercoiled (sc), or relaxed (r). Gel (a) contains the following in each

well: (1) DNA only, (2) DNA þ top2, (3) DNA þ top2 þ 20% DMSO, (4)

DNA þ 91 mM etoposide, (5) DNA þ top 2 þ 91 mM etoposide, (6) DNA

þ 91 mM neoamphimedine, (7) DNA þ top2 þ 91 mM neoamphimedine,

(8) DNA þ 91 mM amphimedine, (9) DNA þ top2 þ 91 mM amphimedine.

HMW DNA was formed only in the presence of active top2 and

neoamphimedine (see lane 7). Gel (b) contains the following in each well,

from left to right: (1) DNA þ top2 þ 91 mM neoamphimedine, (2) DNA þ
top2 þ 91 mM neoamphimedine þ Sal I (inactivated), (3) DNA þ top2 þ
91 mM neoamphimedine þ Sal I (active). The HMW DNA complex was

broken only when restriction enzyme digestion cut catenated plasmids in

one region, forming a linear band (see lane 3). Gel (c) contains the

following in both lanes (1) and (2): DNA þ top2 þ 7.5% PVA.
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pyridoacridines tested recently in our laboratory. The

formation of the HMW DNA complex was dependent

upon the presence of active top2 and neoamphimedine.

To determine if protein–DNA aggregation or chemical

cross-linking were mechanisms causing the HMW DNA

complex, the HMW DNA band was electroeluted from

agarose gels and either: (a) subjected to extensive protease

digestion followed by SDS treatment, (b) treated with SDS

and boiling, or (c) treated with the restriction enzyme, Sal I

(M13 mp19 has one Sal I site); all of which were followed

by agarose gel electrophoresis. Only the Sal I treatment

was able to disrupt the HMW DNA complex, in this case

all the DNA resolved as a monomer length plasmid band

(Fig. 3b). This result indicated that the HMW DNA was in

fact a catenated complex of plasmid DNA.

Electroeluted HMW DNA formed in the presence of

top2 and neoamphimedine, and monomer plasmid DNA

isolated from top2 reactions not containing neoamphime-

dine, were prepared for TEM analysis. Equal amounts of

DNA, imaged in 2-D, distinguished between catenated and

monomer plasmid DNA. The HMW DNA was seen as a

concentrated continuous-lattice of DNA. Monomer plas-

mid DNA appeared as dispersed smaller fragments of DNA

(Fig. 5). Other than the size of the complexes, no difference

between HMW and monomer plasmid DNA could be

determined. Positive uranyl acetate staining of the plasmid

DNA confirmed that DNA was imaged.

3.4. DNA catenation correlated with DNA aggregation

A DNA filter-binding assay was employed to quantify

DNA catenation detected originally by gel electrophoresis.

PVA has been shown to aggregate DNA, inducing top2

catenation [25]. Catenated DNA was retained on 0.45-mm

Fig. 4. Neoamphimedine catenation of relaxed DNA. Cleavage gel resolved DNA as either catenated (c), nicked (n), linear (l) or relaxed (r). There was no

supercoiled DNA used in this experiment. Gel contains the following from left to right: (1) DNA only, (2) DNA þ top2 þ 20% DMSO, (3) DNA þ top2 þ
50 mM etoposide, (4) DNA þ top2 þ 50 mM neoamphimedine, (5) DNA þ top2 þ 100 mM neoamphimedine, (6) DNA þ top2 þ 200 mM neoamphimedine,

(7) DNA þ top2 þ 300 mM neoamphimedine, (8) DNA þ top2 þ 400 mM neoamphimedine, and (9) DNA þ top2 þ 500 mM neoamphimedine.

Table 3

Quantification of top2-dependent plasmid catenation and cleavage

Control Etoposidea Neoamphimedine

Percent catb Percent cleaved Percent cat Percent cleaved Percent cat Percent cleaved

8 ng top2c �0 �0d 0.5 � 1.2e �0 2.8 � 0.9 �0

42 ng top2 �0 �0 �0 6.5 � 3.1 12.0 � 2.5 5.8 � 2.7

84 ng top2 �0 �0 �0 25.5 � 4.1 16.3 � 2.9 1.1 � 2.5

140 ng top2 �0 2.3 � 3.1 �0 24.7 � 1.9 17.6 � 5.1 �0

420 ng top2 3.3 � 0.5 �0 0.8 � 0.8 28.0 � 2.1 17.8 � 3.2 �0

a Drug concentrations: etoposide (100 mM), neoamphimedine (300 mM).
b cat, catenated plasmid DNA.
c top2 concentrations are given as ng/22 mL reaction volume.
d Electrophoresis lanes were loaded with equal amounts of DNA, as catenation occurred less total DNA remained in nicked or circular plasmid bands.

When DNA of these bands were normalized to DNA control bands, the results were frequently slightly negative.
e Values are means � standard error, N � 3.
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membrane filters, while monomer plasmid DNA passed

through in the presence of SDS wash.

In this assay, supercoiled plasmid DNA was used as

substrate. After incubation of reactions, SDS or TE wash

was added as described in Section 2. SDS wash denatured

the DNA, breaking apart any aggregated DNA, capturing

only catenated DNA on the filter. TE wash did not dissociate

aggregated DNA, thus, the TE wash retained HMW DNA on

the filter, both catenated and aggregated, allowing only

monomer plasmid DNA to pass through. Results are illu-

strated in Fig. 6. Reactions were treated with increasing

concentrations of neoamphimedine. Neoamphimedine reac-

tions in the presence of active top2 aggregated DNA to a

similar extent as neoamphimedine reactions in the absence

of top2. When SDS wash was employed, neoamphimedine

only formed catenated DNA in the presence of active top2.

When inactive top2 (no ATP) was used in the reaction mix

with neoamphimedine and washed with SDS, no DNA

catenation was observed. Neoamphimedine was found to

induce top2 to catenate DNA in a time- and concentration-

dependent manner. Maximum catenation was attained at

approximately 30 min under these conditions (160 ng top2).

In the DNA filter-binding assay, catenated plasmid DNA

reached a peak of 13% (�3.2%) at 300 mM neoamphime-

dine and then decreased at higher concentrations.

As mentioned, it was also possible to quantify DNA

aggregation using the filter-binding assay. Aggregated

DNA was stable in TE washes, and remained trapped on

the filter. DNA aggregation was found to increase in

proportion to the concentration of neoamphimedine

(Fig. 6). Neoamphimedine was also able to aggregate

linear and relaxed DNA (data not shown). Amphimedine

failed to aggregate or catenate DNA in this system.

3.5. In vivo activity of neoamphimedine

Nude mice bearing human KB tumors in their flanks

showed excellent anticancer activity for neoamphimedine.

In this experiment, animals treated with vehicle, amphi-

medine, neoamphimedine, or etoposide were compared.

Tumor growth in amphimedine-treated mice was not dif-

ferent from that of vehicle-treated mice. The best antitumor

effects of neoamphimedine and etoposide were observed at

the 50 mg/kg dose. Neoamphimedine showed statistically

significant (P < 0:05) antitumor effects with a minimal T/

C of 35% on day 8. Etoposide was also effective with a

minimal T/C of 31% on day 15 (P < 0:05). Neoamphi-

medine was as effective as etoposide in this in vivo

experiment. Amphimedine did not show any antitumor

activity (Fig. 7a).

Neoamphimedine also showed antitumor activity in

mice bearing HCT-116 cell tumors (Fig. 7b). Neoamphi-

medine was compared to 9-aminocamptothecin. Minimal

T/C values of 36% on day 15 (P < 0:05, neoamphimedine

12.5 mg/kg), 30% on day 15 (P < 0:05, neoamphimedine

25 mg/kg), 36% on day 12 (P < 0:05, neoamphimedine

50 mg/kg), and 26% on day 15 (P < 0:05, 9-aminocamp-

tothecin 1 mg/kg) were determined.

Fig. 5. Transmission electron microscopy of plasmid DNA. Transmission electron micrographs of monomer plasmid DNA þ top2 (left) and HMW plasmid

DNA þ top2 þ neoamphimedine DNA (right). HMW DNA complexes were observed as a concentrated continuous-lattice of DNA. These complexes are

stable under denaturing conditions (heat and SDS) and when protease digested. Equal amounts of DNA were mounted on the grids prior to visualization.
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4. Discussion

Neoamphimedine is a unique top2 active drug, the

structure of which was reported by de Guzman et al.

[4]. This paper characterizes the activity of neoamphime-

dine in several systems. Yeast cell data indicated a top2-

dependent mechanism of cytotoxicity that was Rad 52

sensitive. These data also demonstrate that the drug does

not simply inhibit top2 activity. If depriving the cell of top2

were the mechanism of action for neoamphimedine, then

yeast that over-express top2 (JN394T2) should be able to

overcome drug-induced toxicity. We demonstrated that

while neoamphimedine, like etoposide, has enhanced toxi-

city in the top2 over-expressing yeast, amphimedine toxi-

city was not influenced by top2 expression.

Because many top2 drugs act by stabilizing a DNA–

drug–top2 cleavable complex, the toxicity of neoamphi-

medine was assessed in a CHO cell line that is super-

sensitive to double strand DNA breaks [23]. Only minimal

sensitivity of the xrs-6, compared to the repair competent

AA8, was observed. Double strand DNA breaks are the

principle cytotoxic lesion of drug stabilized top2 cleavable

complexes [1]. However, drug inhibition of top2 can also

result in single strand DNA nicks [26]. The results pre-

sented in this work suggest that neither neoamphimedine

nor amphimedine produced significant double strand DNA

breaks in cultured cells, consistent with in vitro cleavage

data. It is likely that some DNA nicking occurs in neoam-

phimedine-treated cells, but this damage did not signifi-

cantly contribute to the cytotoxicity of neoamphimedine in

the xrs-6 cells. Therefore, it was hypothesized that neoam-

phimedine is a top2-dependent drug, whose primary

mechanism of action is not the stabilization of cleavable

complexes.

Cytotoxicity studies determined the relative potencies of

neoamphimedine and amphimedine. While neoamphime-

dine was toxic in all tumor lines tested, its regioisomer was

not. Further, it was determined that neoamphimedine is not

a substrate for pg170 multi-drug resistance because it is

equally toxic to both A2780 and MDR-expressing

A2780AD cell lines.

All currently used clinical top2 poisons act, in part, by

stabilizing cleavable complexes. This shared mechanism

may limit the utility of these drugs. The primary top2-

mediated effects on DNA by neoamphimedine were found

to differ from clinical top2 poisons. Neoamphimedine

induces top2-mediated catenation of plasmid DNA in vitro.

Few molecules are known to induce mammalian top2 to

catenate DNA. Spermidine, polyethylene glycol, PVA,

histones and histone-like proteins carry this rare distinction

[10,11,25,27–30]. These molecules require high concen-

trations to induce catenation, or are too large to make them

viable drug candidates. In these systems, top2–DNA cate-

nation is thought to be facilitated by neutralization of DNA

charge, or by producing conditions that allow the compac-

tion of DNA [30]. Neoamphimedine is a small, uncharged

molecule, and it differs from its regioisomer and other

pyridoacridines in only minor ways. However, we hypothe-

size that these minor changes significantly and uniquely

affect its DNA interactions.

Neoamphimedine, at low concentrations, induces top2

to catenate DNA. Agarose gel, DNA filter binding and

TEM analyses confirm this effect. DNA filter-binding

assays also provide evidence that neoamphimedine facil-

Fig. 6. DNA filter-binding assay. Catenated radiolabeled DNA was detected when SDS wash was added to the reaction mixture and passed through HA

nitrocellulose membrane filters attached to a vacuum. SDS-wash denatures HMW DNA, trapping only catenated DNA on the filter. Aggregated DNA was

detected when TE wash was used instead of SDS wash. TE wash allowed HMW complexes to bind to the filter as either aggregated or catenated DNA. DNA

trapped on filters was quantified in a liquid scintillation counter. Amphimedine did not catenate nor aggregate plasmid DNA in the presence or absence of

top2 (data not shown). Neoamphimedine also aggregated linear DNA (data not shown). Values are means � standard error, N � 6. The data were fit to

polynomial trend lines.
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itates top2 plasmid catenation in vitro through DNA

aggregation. Reports in other systems have suggested that

the state of DNA could serve as a limiting factor in

catenation [20,31]. To determine whether the supercoiled

state of the plasmid DNA was influencing neoamphime-

dine catenation, reactions were carried out using relaxed

plasmid DNA as substrate. Results were similar to those

obtained with reactions utilizing supercoiled DNA. Agar-

ose gel analysis (Tables 2 and 3) also showed the ability of

neoamphimedine to induce top2-mediated single strand

DNA breaks. The nicking activity disappeared as both the

top2 concentrations and percent-catenated DNA increased.

Similar concentration limited effects have been reported

for other topoisomerase poisons [24,32]. The results sug-

gest the possibility of competing mechanisms of neoam-

phimedine–top2 interaction.

Fig. 7. In vivo activity of neoamphimedine in human epidermoid-nasopharyngeal and colon tumors. Human tumors grown in nude mice were tested to

determine anti-neoplastic potential. (a) Neoamphimedine at 50 mg/kg (~), amphimedine at 50 mg/kg (*), and etoposide at 50 mg/kg (&) were compared to

control (^) in KB cell line tumors. Significant difference (P < 0:05) was obtained by 50 mg/kg neoamphimedine on days 4, 8, 11, 15, 18, and 22; by 50 mg/

kg etoposide on days 8, 11, 15, 18, and 22. There was no significant difference between amphimedine and control or neoamphimedine and etoposide. (b) 9-

Aminocamptothecin at 1 mg/kg (&), neoamphimedine at 12.5 mg/kg (&), neoamphimedine at 25 mg/kg (*), and neoamphimedine at 50 mg/kg (~) were

compared to control (^) in HCT-116 cell line tumors. Significant difference (P < 0:05) was obtained by 1 mg/kg 9-aminocamptothecin on days 8, 12, 15,

and 19; by 12.5 mg/kg neoamphimedine on day 15, by 25 mg/kg neoamphimedine on days 4, 8, 12, and 15; and by 50 mg/kg neoamphimedine on days 8 and

12. Statistical analysis was done using multiple Student’s t-tests. Values are means � standard error, N � 5.
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In vivo studies demonstrated that the cytotoxicity

induced by neoamphimedine possesses significant antitu-

mor activity. KB tumors respond well to top2 drugs,

including doxorubicin and etoposide. Neoamphimedine

had activity equivalent to etoposide in mice bearing KB

tumors. The top2 inactive isomer, amphimedine, had no

detectable antitumor activity in this system. In addition, the

more difficult to treat HCT-116 tumors also responded well

to neoamphimedine. There was no significant difference

between neoamphimedine and 9-aminocamptothecin, a

drug effective in this system.

Top2 is an important drug target [33–36]. Understanding

its mechanism of strand passage is a topic of active

research [36,37]. We speculate that neoamphimedine influ-

ences top2–DNA interactions in a way that results in

inappropriate strand passage in vitro. This activity is likely

in equilibrium with its other effects on top2 and DNA and

is potentially responsible for the unusual cytotoxic and

antitumor activity of neoamphimedine.
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