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Abstract

Author Manuscript

Two metabolites from the ascomycete fungus Septofusidium berolinense were recently identified
as having antineoplastic activity [Ekiz, et al. (2015) J. Antibiot. (Tokyo)]. However, the basis for
this activity is not known. One of the compounds [3,6-dihydroxy-2-propylbenzaldehyde (GE-1)] is
a hydroquinone and the other [2-hydroxymethyl-3-propylcyclohexa-2,5-diene-1,4-dione (GE-2)] is
a quinone. Because some hydroquinones and quinones act as topoisomerase II poisons, the effects
of GE-1 and GE-2 on DNA cleavage mediated by human topoisomerase IIα were assessed. GE-2
enhanced DNA cleavage ~4–fold and induced scission with a site specificity similar to that of the
anticancer drug etoposide. Similar to other quinone-based topoisomerase II poisons, GE-2
displayed several hallmark characteristics of covalent topoisomerase II poisons, including: 1) the
inability to poison a topoisomerase IIα construct that lacks the N-terminal domain; 2) the
inhibition of DNA cleavage when the compound was incubated with the enzyme prior to the
addition of plasmid, and 3) the loss of poisoning activity in the presence of a reducing agent. In
contrast to GE-2, GE-1 did not enhance DNA cleavage mediated by topoisomerase IIα except at
very high concentrations. However, the activity and potency of the metabolite were dramatically
enhanced under oxidizing conditions. Results suggest that topoisomerase IIα may play a role in
mediating the cytotoxic effects of these fungal metabolites.
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INTRODUCTION
Topoisomerase II regulates DNA under- and overwinding and resolves knots and tangles in
the double helix.1-5 It also is an important target for several widely prescribed anticancer
drugs.6-11 Although structurally diverse, all clinically relevant topoisomerase II-targeted
drugs act by stabilizing covalent enzyme-cleaved DNA complexes (cleavage complexes) that
are requisite intermediates in the catalytic cycle of the type II enzyme. These drugs are
called topoisomerase II poisons because they convert this essential enzyme to a lethal
enzyme that fragments the genome.6-12
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A number of topoisomerase II-targeted drugs are derived from natural sources. For example,
etoposide and teniposide are semi-synthetic derivatives of podophyllotoxin, which is found
in the Mayapple plant.13,14 In addition, doxorubicin and daunorubicin, two related
anthracyclines, are produced by the bacterium Streptomyces peucetius.8,15
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Fungi are a rich source of bioactive metabolites and many of them display antineoplastic
activity in cancer models.16-19 Recently, two compounds that are cytotoxic to a variety of
human cancer cell lines (IC50 values ranged from ~30-250 μM) were isolated from the
filamentous soil fungus, Septofusidium berolinense.20 Based on mass spectroscopy and 13C
and 1H NMR analysis, one of these metabolites was identified as 3,6-dihydroxy-2propylbenzaldehyde (GE-1),20 which is a hydroquinone, and the other was identified as 2hydroxymethyl-3-propylcyclohexa-2,5-diene-1,4-dione (GE-2),20,21 which is a quinone
(Figure 1). At the present time, nothing is known about the targets that mediate the
cytotoxicity of GE-1 and GE-2.
Several naturally occurring polyphenols act as topoisomerase II poisons.11,22 These include
quinones (benzoquinone, curcumin oxidation products, and thymoquinone),23-26
hydroquinone,24,27 and catechols (quercetin, epigallocatechin gallate, hydroxytyrosol, and
oleuropein).28-31 Some of these compounds work by a unique mechanism and are believed
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to enhance topoisomerase II-mediated DNA cleavage by forming covalent adducts with the
enzyme. Consequently, they are referred to as covalent topoisomerase II poisons.7,11
Because GE-1 and GE-2 have structural elements consistent with some established
topoisomerase II poisons, the effects of these fungal metabolites on the DNA cleavage
activity of human topoisomerase IIα were assessed. Results strongly suggest that GE-2 is a
covalent topoisomerase II poison. Although GE-1 does not enhance enzyme-mediated DNA
scission under normal assay conditions, the presence of an oxidant converts the metabolite
into an efficacious topoisomerase II poison. These findings suggest that topoisomerase IIα
may be a cytotoxic target for GE-2 and potentially GE-1 in human cells.

EXPERIMENTAL PROCEDURES
Enzymes and Materials
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Recombinant human topoisomerase IIα was expressed in Saccharomyces cerevisiae and
purified as described previously.32-34 The catalytic core of human topoisomerase IIα
(residues 431-1193) was a gift from J. Deweese and was expressed and purified as described
previously.35 Enzymes were stored at −80 °C as a 1.5 mg/mL stock in 50 mM Tris-HCl, pH
7.9, 0.1 mM EDTA, 750 mM KCl, 5% glycerol. The residual concentration of dithiothreitol
(DTT) was <2 μM in final reaction mixtures.
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Negatively supercoiled pBR322 DNA was prepared from Escherichia coli using a Plasmid
Mega Kit (Qiagen) as described by the manufacturer. Analytical grade etoposide was
purchased from Sigma-Aldrich. Two quinone-type compounds, 3,6-dihydroxy-2propylbenzaldehyde (GE-1) and 2-hydroxymethyl-3-propylcyclohexa-2,5-diene-1,4-dione
(GE-2), were isolated from the ascomycete fungus S. berolinense as part of a search for new
bioactive secondary metabolites.20 Analytical data for GE-1 and GE-2 are reported in Ekiz
et al.20 Compounds were prepared as 50 mM stock solutions in 100% DMSO and stored at
4 °C.
DNA Cleavage
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DNA cleavage reactions were performed as described by Fortune and Osheroff.36 Reaction
mixtures contained 110 nM human topoisomerase IIα or 430 nM topoisomerase IIα catalytic
core and 10 nM negatively supercoiled pBR322 DNA in a total of 20 μL of cleavage buffer
[10 mM Tris-HCl (pH 7.9), 5 mM MgCl2, 100 mM KCl, 0.1 mM EDTA, and 2.5% (v/v)
glycerol]. DNA cleavage reaction mixtures were incubated at 37 °C for 6 min, and enzymeDNA cleavage complexes were trapped by the addition of 2 μL of 5% SDS followed by 2 μL
of 250 mM EDTA (pH 8.0). Proteinase K (2 μL of a 0.8 mg/mL solution) was added, and
samples were incubated at 45 °C for 30 min to digest the type II enzyme. Reaction samples
were mixed with 2 μL of agarose loading dye [60% sucrose in 10 mM Tris-HCl pH 7.9,
0.5% bromophenol blue, and 0.5% xylene cyanol FF], heated at 45 °C for 2 min, and
subjected to electrophoresis using 1% agarose gels in 40 mM Tris-acetate (pH 8.3) and 2
mM EDTA containing 0.5 μg/mL ethidium bromide. DNA bands were visualized by UV
light and quantified using an Alpha Innotech digital imaging system. Double-stranded DNA
cleavage was monitored by the conversion of negatively supercoiled plasmid to linear
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molecules. In some cases, EcoRI-digested plasmid was used as a control for double-strand
cleavage (100%) and etoposide was used as positive control as an interfacial topoisomerase
IIα poison.
DNA cleavage reactions were carried out in the presence of 0–1000 μM GE-1 or GE-2 or
100 μM etoposide. Unless stated otherwise, compounds were added last to reaction
mixtures. In reactions that determined whether DNA cleavage by human topoisomerase IIα
was reversible, 2 μL of 250 mM EDTA was added to samples prior to treatment with SDS.
To determine whether cleaved DNA was protein-linked, proteinase K treatment was omitted.
To examine the effects of a reducing agent (DTT) or oxidizing agent [(K3Fe(CN)6] on the
actions of 250 μM GE-1 or GE-2 against topoisomerase IIα, 250 μM DTT or 50 μM
K3Fe(CN)6 (final concentration) was incubated with the compounds for 10 min before their
addition to DNA cleavage reaction mixtures.
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To assess the effects of GE-2 on human topoisomerase IIα prior to the addition of DNA, the
enzyme (110 nM final enzyme concentration) was incubated in the presence of 250 μM
(final concentration) compound at 37 °C for 0–3 min in 15 μL of DNA cleavage buffer. DNA
cleavage was initiated by the addition of 10 nM negatively supercoiled pBR322 DNA (final
concentration) to reaction mixtures (20 μL final volume), and samples were incubated at
37 °C for 6 min. Reactions were stopped, and samples were processed and analyzed as
above.
DNA Cleavage Site Utilization
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DNA cleavage sites were mapped using the procedure of Hawtin et al.37 pBR322 DNA was
linearized by treatment with HindIII, and terminal 5’-phosphates were removed and replaced
with [32P]phosphate by treatment with calf intestinal alkaline phosphatase followed by T4
polynucleotide kinase and [γ-32P]ATP. The labeled DNA was digested using EcoRI, and the
4330 bp singly-end-[32P] labeled fragment was purified from the short EcoRI-HindIII
fragment by passage through a CHROMA SPIN+TE-100 column (Clontech).
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Reaction mixtures contained 4 nM [32P]-labeled 4330 bp DNA substrate and 44 nM human
topoisomerase IIα in 50 μL of DNA cleavage buffer. Assays were carried out in the absence
of compound, or in the presence of 10 μM etoposide or 0-1000 μM GE-1 or GE-2. Reactions
were initiated by the addition of the topoisomerase IIα and were incubated at 37 °C for 1
min. DNA cleavage intermediates were trapped by addition of 5 μL of 5% SDS, followed by
3.75 μL of 250 mM EDTA (pH 8.0). Proteinase K (5 μL of a 0.8 mg/mL solution) was added
and incubated at 45 °C for 30 min to digest the topoisomerase IIα. DNA products were
precipitated in 100% ethanol and 3 M NaOAc, washed in 70% ethanol, dried, and
resuspended in 6 μL of 40% formamide, 10 mM NaOH, 0.02% xylene cyanol FF, and 0.02%
bromophenol blue. Samples were subjected to electrophoresis in a 6% denaturing
polyacrylamide sequencing gel in 100 mM Tris-borate (pH 8.3), and 2 mM EDTA. The gel
was dried and exposed to an imaging screen (Bio-Rad). [32P]-labeled DNA cleavage
products were analyzed on a Pharos Molecular Imager FX (Bio-Rad).
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The persistence of topoisomerase IIα-DNA cleavage complexes was determined using the
procedure of Gentry et al.38 Initial reactions contained 50 nM DNA and 550 nM
topoisomerase IIα in a total of 20 μL of DNA cleavage buffer. Reactions were carried out in
the absence or presence of 250 μM GE-2. Mixtures were incubated at 37 °C for 6 min and
then diluted 20–fold with 37 °C DNA cleavage buffer. Aliquots (20 μL) were removed at
times ranging from 0–24 h, and DNA cleavage was stopped by the addition of 2 μL of 5%
SDS followed by 2 μL of 250 mM EDTA (pH 8.0). Samples were processed as described
above for plasmid cleavage assays. The persistence of cleavage complexes was monitored by
the maintenance of the linear reaction product over time.

RESULTS AND DISCUSSION
Author Manuscript

Effects of GE-1 and GE-2 on DNA Cleavage Mediated by Topoisomerase IIα
Humans encode two isoforms of topoisomerase II, α and β.1-5 Topoisomerase IIα is the
isoform that is highly expressed in rapidly proliferating cells and is responsible for unlinking
daughter chromosomes. The enzyme is also an important target for anticancer drugs.1-5,7
Therefore, topoisomerase IIα was used to analyze the effects of GE-1 and GE-2 on enzymemediated DNA cleavage.
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GE-2, which is a quinone, enhanced DNA cleavage mediated by topoisomerase IIα ~4–fold
(Figure 2). In contrast, GE-1, which is a hydroquinone, displayed no ability to increase
enzyme-mediated DNA cleavage at concentrations as high as 1 mM. Moreover, over this
concentration range, GE-1 inhibited DNA scission by ~40%. Previous studies found that
1,4-hydroquinone could act as a topoisomerase II poison, but required concentrations that
were 5-10–fold higher than that of the corresponding 1,4-benzoquinone.23,27 Therefore, the
effects of 5 mM GE-1 on topoisomerase IIα-mediated DNA cleavage were assessed. At this
concentration, GE-1 increased levels of DNA scission ~2.8–fold (data not shown). This
activity of GE-1 seen at high concentrations may reflect low levels of redox cycling that
converts the metabolite from a hydroquinone to a quinone under assay conditions.
The effects of GE-1 and GE-2 (0-1 mM) on DNA cleavage site utilization by topoisomerase
IIα are shown in Figure 3. GE-2 increased scission at several sites and produced a banding
pattern similar to that of etoposide. Consistent with the results seen with plasmid DNA,
GE-1 decreased enzyme-mediated scission at all observable sites.
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In order to ensure that DNA cleavage induced by GE-2 was mediated by topoisomerase IIα,
three control reactions were performed in the presence of 250 μM metabolite (Figure 4).
First, no DNA scission was observed when GE-2 was incubated with DNA in the absence of
the type II enzyme (even at 1 mM, data not shown). Second, DNA cleavage was reversed
when the active site Mg2+ ions were chelated with EDTA prior to trapping cleavage
complexes with SDS. This reversibility is not consistent with an enzyme-independent
reaction. Third, cleaved plasmid products were covalently linked to topoisomerase IIα.
When proteinase K treatment was omitted, the free linear DNA band disappeared and was
replaced by a lower mobility smear that extended to the origin.
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Finally, consistent with previous results with the quinone-based topoisomerase II poison
thymoquinone,26 GE-2 induced stable cleavage complexes with the α isoform (data not
shown). The t1/2 of DNA cleavage mediated in the presence of GE-2 was ≥ 24 h (levels of
cleavage complex remaining = 58 ± 18%).
GE-2 Is a Covalent Topoisomerase II Poison
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There are two types of topoisomerase II poisons, interfacial and covalent.7,9,11,39 Interfacial
poisons act non-covalently at the cleavage-ligation active site of topoisomerase II, interact
with both the protein and the DNA, and stabilize cleavage complexes by intercalating into
the cut scissile bond.7,9,11,39 Covalent topoisomerase II poisons are reactive compounds that
increase levels of enzyme-mediated DNA cleavage by adducting cysteine (and potentially
other) residues that are outside of the active site.7,11 Although the mechanistic details of how
this adduction alters DNA cleavage are not well understood, it is believed that covalent
poisons act (at least in part) by closing a “gate” formed by the N-terminus of the type II
enzyme.40,41 This gate normally closes during the DNA strand passage reaction, pushing a
double helix through the DNA segment that is cleaved by topoisomerase II.1,6 Concomitant
with the closure of the N-terminal protein gate, higher levels of enzyme-mediated DNA
scission are induced.1,42
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There are several hallmark characteristics of covalent topoisomerase II poisons that are not
displayed by interfacial poisons.7,11 Because of their reliance on the topoisomerase II Nterminal domain, covalent poisons do not enhance DNA cleavage mediated by the catalytic
core of topoisomerase II.43 Furthermore, although covalent poisons increase levels of DNA
scission when added to enzyme-DNA complexes, they inhibit scission when incubated with
the enzyme prior to the addition of the nucleic acid substrate.23,40,44 This may reflect the
fact that closing the N-terminal protein gate prevents plasmid binding.40,41 Lastly, because
covalent poisons require redox cycling as part of their adduction mechanism, incubation
with reducing agents abolishes their reactivity.23,40
First, to assess the requirement for the N-terminal domain, the effects of 250 μM GE-1 and
GE-2 on DNA cleavage mediated by the catalytic core of topoisomerase IIα were
determined (Figure 5). Whereas etoposide enhanced DNA cleavage, no cleavage increase
was observed in the presence of GE-1 or GE-2. In addition, neither fungal metabolite was
able to diminish the effects of etoposide on DNA cleavage mediated by the catalytic core,
suggesting that they were unable to compete with the interfacial poison at the active site of
topoisomerase IIα (data not shown).
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Second, 250 μM GE-2 was incubated with topoisomerase IIα prior to the addition of DNA
(Figure 6). Consistent with the actions of covalent poisons, the metabolite rapidly inactivated
enzyme-mediated DNA cleavage (t1/2 ≈ 1.5 min). In contrast, prior incubation with the
interfacial poison etoposide (200 μM) had no effect on DNA cleavage at 3 min (Figure 6).
Third, the addition of DTT to GE-2 completely blocked its ability to enhance DNA cleavage
mediated by topoisomerase IIα (Figure 7). In contrast, incubation of etoposide with DTT or
other reducing agents has no significant effect on its activity against the human enzyme.30
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Finally, the addition of oxidants to some catechols greatly enhances their potency as
topoisomerase II poisons.31 Presumably, oxidation converts the catechols to more reactive
quinone-based species45 that can more readily adduct the type II enzyme. Oxidation had no
effect on the activity of GE-2, which already was a quinone (Figure 7). In marked contrast,
the presence of an oxidant [K3Fe(CN)6] dramatically increased the activity of GE-1.
Whereas GE-1 displayed no ability to enhance topoisomerase IIα-mediated cleavage at 1
mM (see Figure 2), oxidized GE-1 enhanced DNA scission ~5–fold at 250 μM (Figure 7).
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ABBREVIATIONS
GE-1

3,6-dihydroxy-2-propylbenzaldehyde

GE-2

2-hydroxymethyl-3-propylcyclohexa-2,5-diene-1,4-dione.
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SUMMARY
Fungal metabolites are a rich source of compounds with biological activity.16-19
Recently, two compounds with antineoplastic activity were isolated from the filamentous
soil fungus, S. berolinense. GE-2, a quinone-based compound, enhanced DNA cleavage
mediated by topoisomerase IIα in a concentration range at which it was reported to be
cytotoxic to human cancer cell lines.20 Furthermore, the compound displayed all of the
hallmarks of a covalent topoisomerase II poison. GE-1, a hydroquinone-based compound,
displayed little activity toward the human enzyme except at high concentrations.
However, its activity and potency improved considerably under oxidizing conditions.
Results of the present study suggest that topoisomerase IIα may play a role in mediating
at least some of the antineoplastic effects of these fungal metabolites.
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Figure 1.
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Structures of two secondary metabolites isolated from the fungus Septofusidium
berolinense. 3,6-dihydroxy-2-propylbenzaldehyde (GE-1) is a hydroquinone and 2hydroxymethyl-3-propylcyclohexa-2,5-diene-1,4-dione (GE-2) is a quinone.
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Figure 2.

The effects of GE-1 and GE-2 on DNA cleavage mediated by human topoisomerase IIα.
Double-stranded DNA cleavage levels in the presence of 0-1000 μM GE-1 (red) or GE-2
(blue) were calculated relative to a reaction that contained enzyme but no compound. A
DNA control also is shown (DNA). Error bars represent standard deviations for at least three
independent experiments. Ethidium bromide-stained agarose gels depicting DNA cleavage
are shown (top). The mobility of negatively supercoiled DNA (form I; FI), nicked circular
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plasmid (form II; FII), and linear molecules (form III; FIII) are indicated. Gels are
representative of five independent experiments.
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Figure 3.
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Effects of GE-1 and GE-2 on DNA cleavage site utilization by human topoisomerase IIα. An
autoradiogram of a 6% polyacrylamide gel is shown. A singly 32P-end-labeled linear 4332
bp fragment of pBR322 was used as the cleavage substrate. DNA cleavage reactions were
carried out in the presence of 0-1000 μM GE-1 or GE-2, or 10 μM etoposide (as a positive
control, Etop). A DNA control also is shown (DNA). Results are representative of three
independent experiments.
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Figure 4.

DNA cleavage induced by GE-2 is reversible and protein-linked. Assay mixtures contained
DNA and 250 μM GE-2 in the absence of enzyme (-TII), DNA in the presence of
topoisomerase IIα in the absence of GE-2 (+TII), or reaction mixtures that contained DNA,
enzyme, and 250 μM GE-2 that were stopped with SDS (SDS). To determine whether the
reaction was reversible, EDTA was added prior to SDS (EDTA). To determine whether the
cleaved DNA was protein-linked, proteinase K treatment was omitted (ProK). The mobility
of negatively supercoiled DNA (form I; FI), nicked circular plasmid (form II; FII), and linear
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molecules (form III; FIII) are indicated. Error bars represent the standard deviation of three
independent experiments. A gel that is representative of three independent experiments is
shown (top).
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Figure 5.

GE-1 and GE-2 require the N-terminal domain in order to enhance DNA cleavage mediated
by topoisomerase IIα. The effects of GE-1 and GE-2 on DNA cleavage mediated by the
catalytic core of human topoisomerase IIα (which lacks both the C-terminal and N-terminal
domains) are shown. DNA cleavage reactions were carried out using 250 μM metabolite or
100 μM etoposide. A DNA control (DNA) and a cleavage reaction carried out in the absence
of compounds (TII) also are shown. An EcoRI-digested plasmid control (EcoRI) is shown to
depict the position of linear DNA and represents 100% double-stranded DNA cleavage. The
gel is representative of three independent experiments.
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Figure 6.

GE-2 inactivates human topoisomerase IIα when incubated with the enzyme prior to the
addition of DNA. Cleavage reactions were initiated after topoisomerase IIα was incubated
with 250 μM GE-2 for 0-3 min (blue). Double-stranded DNA cleavage levels were
calculated relative to scission induced when GE-2 and the enzyme were not incubated prior
to initiation of the DNA cleavage assay. Results for a control reaction in which
topoisomerase IIα was incubated with 200 μM etoposide for 3 min (Etop, open black) are
shown. Error bars represent standard deviations for at least three independent experiments.
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Figure 7.

Effects of reducing and oxidizing reagents on the activities of GE-1 and GE-2 in
topoisomerase IIα-mediated DNA cleavage reactions. DNA cleavage reactions were carried
out in the absence of a reducing/oxidizing reagent (-Redox; solid bars), or in the presence of
50 μM K3Fe(CN)6 (+ oxidant; open bars) or 250 μM reducing agent (+DTT; stippled bars).
Results are shown in the absence of compound [(NC); gray], or in the presence of 250 μM
GE-1 (red) or GE-2 (blue). In reactions that contained the reducing or oxidizing reagent,
metabolites were incubated with these reagents for 10 min prior to the start of the 6-min
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cleavage reaction. DNA cleavage levels were calculated relative to that of a control reaction
that contained no metabolites or reducing/oxidizing reagents. Error bars represent standard
deviations for at least three independent experiments.
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