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A novel naturally occurring tripyrrole with potential nuclease
and anti-tumour properties
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Abstract—The DNA targeting and membrane damaging activities of a novel tripyrrole 1 obtained as a red pigment from the
Micrococcus sp. were investigated. It was found that compound 1 binds with DNA efficiently and facilitates copper-mediated
DNA cleavage as well as peroxidation of membrane lipids by a process that does not require any external reducing agent. Com-
pound 1 also showed impressive cytotoxicity to both mouse and human tumour cell lines. The membrane damaging ability of com-
pound 1 might be vital in its nuclease and cytotoxicity properties. Interestingly, compared to the various DNA cleaving agents,
compound 1 showed a preferential binding with the G–C rich domain.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of prodigiosin and the tripyrrole 1.
1. Introduction

There is a burgeoning interest in small organic molecules
that are especially capable of binding to specific DNA
sequences and cleaving DNA as these can be used in
the design and development of new drugs, synthetic
restriction enzymes, DNA footprinting agents, etc.1–3

Towards this end, several DNA targeting agents
like DAPI, furamidine and DNA cleavers like bleomy-
cin, polypyrroles, etc., have been developed. However,
amongst these, the prodigiosins assume the most signif-
icant position due to their potential anti-cancer
properties.4

Recently, we have isolated a novel prodigiosin analogue
(1) (Fig. 1) as a red pigment from the Micrococcus sp.
obtained from sterilized dehydrated shrimp.5 In addi-
tion to their susceptibility to oxidation,6 this type of tri-
pyrrole contains suitable structural features for DNA
binding, and hence shows metal-mediated nuclease
activity.7,8 However, compared to the prodigiosins,
compound 1 is not completely planar and as an N-alkyl-
ated analogue, it is anticipated to be more hydrophobic.
Structural comparison between prodigiosins and the
new tripyrrole 1 is shown in Figure 1. Thus, it was
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anticipated to show different DNA binding and oxida-
tive properties. Consequently, in view of our own inter-
est in this area,9 we studied its nuclease and membrane
damaging potential and the interesting results are pre-
sented in this paper. The primary aim of this investiga-
tion was to evaluate its in vitro biological activity for
a further evaluation of its cytotoxic property.
2. Results and discussion

2.1. Cu(II) and DNA binding capacities of compound 1

The absorption spectroscopic studies revealed that com-
pound 1 forms chelate with Cu(II), with an absorption
maximum at 540 nm. Compound 1 was also found to
bind efficiently with DNA and DNA segments, as addi-
tion of CT DNA, poly[A–T]2 and poly[G–C]2 in increas-
ing amounts to a fixed concentration of 1 (20 lM) led to
gradual reduction in the intensities of the absorption
bands (502 and 540 nm) of free 1 and caused a minor
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Table 1. Comparative binding constants (K) of 1 with nucleic acids

Compound Nucleic Acid Binding constant, K (M�1)

1 CT DNA 3.3 · 105

1 Poly[A–T]2 1.5 · 105

1 Poly[G–C]2 1.1 · 106

EB CT DNA 2.5 · 105

The UV–vis titrations were carried out with CT DNA, poly[A–T]2 and

poly [G–C]2 in 10 mM Hepes buffer, pH 7.2, by adding different base

pair aliquots as described in Section 4. EB was used as a control.

M. Subramanian et al. / Bioorg. Med. Chem. 14 (2006) 2480–2486 2481
red-shift (1.5–3 nm). This kind of red-shift of the
absorption maxima due to the stacking of metabolites
of polycyclic aromatic hydrocarbons with DNA bases
has earlier been reported.10a,b The equilibrium DNA
binding constant (K) values of 105–107 M�1 for 1 in
respective cases (Table 1) were similar to those of typical
intercalators11 and revealed that the G–C domain bind-
ing of 1 was �7.5-fold stronger than that with the A–T
domain. The K values for its binding with CT DNA and
poly[A–T]2 were similar in magnitude. The K value for
the binding of the known DNA intercalator, ethidium
bromide (EB) with CT DNA was also of the same order
as that of 1 (Table 1). Regression analysis in all the cases
showed linear fits indicative of a single mode binding of
1 with DNA.

Further indication of the intercalative DNA binding by
1 was also obtained by the EB fluorescence quenching
assay. Due to its strong intercalation between the adja-
cent DNA base pairs, EB emits intense fluorescence in
the presence of DNA. The enhanced fluorescence can
be quenched by the addition of a second intercalating
molecule and the extent of fluorescence quenching can
be used to quantify the binding of the second molecule
and DNA.12a,b The emission spectra of EB bound to
DNA in the absence and presence of 1 are shown in Fig-
ure 2. As it is evident, in the presence of 1 (0.1 mM) the
EB fluorescence was quenched considerably (�40%),
indicating its intercalative binding with DNA.
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Figure 2. Quenching of EB fluorescence by tripyrrole. The fluorescence

of EB bound to CT DNA in the presence and absence of tripyrrole was

measured at emission 600 nm after excitation at 530 nm. The reduction

in fluorescent intensity is expressed as the percentage of that of control

(CT DNA + EB; values are means ± SE, n = 4).
The intercalating DNA binding by 1 was finally con-
firmed by measuring the change in the viscosity of
DNA solution in its presence.13a,b A classical intercala-
tive binding mode causes a significant increase in the vis-
cosity of DNA solution due to an increase in the
separation of base pairs at intercalation sites resulting
in an increase in the overall DNA length. In contrast,
complexes that bind exclusively in the DNA grooves
by partial and/or non-classical intercalation, typically
cause less or no change in the viscosity of the DNA
solution.13c

For this study, the viscosity of a fixed concentration of
CT DNA (0.2 mM) was measured in the presence of
increasing concentrations of 1. The concentration of 1
was increased for a R value of 0–1, where R = [com-
pound 1]/[DNA]. As shown in Figure 3, the increase in
the R value led to higher viscosity of the DNA solution,
confirming an intercalative mode of DNA binding by 1.
The results are in conformity with those reported with
its structural congener, prodigiosins.7,14a,b

Compound 1 possesses unfused aromatic ring systems
bearing cationic charge at physiological pH. The cation-
ic property of 1 appears to be critical for its efficient
binding with DNA. All these argued in favour of an
intercalative, groove binding of 1 with DNA via ion-pair
interaction. Weakening of the binding with increased
NaCl concentration (100–500 mM) further confirmed it.

The G–C specificity of 1 is very interesting given that the
polypyrroles including the prodigiosins are known to
bind with A–T specificity.7,8 While the structural origin
of the binding site preference of 1 is unclear, contribu-
tions from hydrogen-bonding (H-B), electrostatic and
other weak interactions are anticipated. The poor solu-
bility of 1 in water and lack of its fluorescence precluded
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Figure 3. Viscometry measurement of CT DNA solution in the

presence of different concentrations of tripyrrole. Different R ([tripyr-

role]/[DNA base pairs]) values were obtained by addition of tripyrrole

to 0.2 mM CT DNA solution in 10 mM Hepes buffer with 100 mM

NaCl. The flow times of the samples were measured at least three

times. The data obtained are presented as (g/g0) versus R, where g is

the reduced specific viscosity of CT DNA in the presence of tripyrrole

and g0 is the reduced specific viscosity of CT DNA alone.
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a detailed study on its binding with DNA. The A–T spe-
cific binding of the prodigiosins is primarily explained
by the hydrogen-bonding interactions of the pyrrole
NH group to the N and O atoms of the AT base pair.7

In addition, favourable electrostatic interactions arising
out of their cationic nature and negative potential of the
A–T sequence play a minor role. Such an interaction
would be absent with the tripyrrole 1 as it lacks any pyr-
role NH group. Instead, like other unfused aromatic cat-
ions such as DAPI15a and furamidine,15b it can bind at
the G–C site by intercalation where it would have
favourable p-stacking interactions with the DNA base
pairs. In contrast to the prodigiosins, only the �B� and
�C� rings of compound 1 are conjugated and planar.
The alkyl group and the �A� ring appear as appendages
to the planar �B�–�C� rings aromatic system that is
responsible for the intercalation. This would allow the
planar �B�–�C� rings to slide into the G–C domain, with
the appendages protruding out, thus alleviating the
steric strain.

2.2. DNA cleavage capacity of 1

The ability of compound 1 to mediate DNA cleavage
was assessed using agarose gel electrophoresis and
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Figure 4. (a) Gel electrophoresis pattern of supercoiled plasmid DNA (fo

incubation at 37 �C. Reaction mixture (20 lL, total volume) contained 200

(50 lM). Other conditions are as described in Section 4. Lane 1, DNA + C

120 min, respectively). (b) Detection of alkali labile sites after the plasmid

conditions are as described for Figure 2a and in Section 4. Lane 1, DN

DNA + 1 + Cu2+, 30 min incubation; lanes 3,5, NaOH (0.5 M) was added pri

plasmid DNA (form I) cleavage by 1 + Cu(OAc)2 after 60 min incubation at 3

Section 4. Lane 1, DNA alone; lane 2, DNA + 1 + Cu2+; lane 3, DNA + 1

lane 5, DNA + 1 + Cu2+ + catalase (1000 U/mL); lane 6, DNA + 1 + Cu2

(d) Effect of different concentrations of bathocuproine on supercoiled plasmi

37 �C. The conditions are as described for Figure 2a and in Sectio

DNA + 1 + Cu2+ + bathocuproine (50 and 100 lM) respectively.
supercoiled plasmid pBR 322 DNA (form I). As shown
in Figure 4a, both Cu(II) and 1 are required for the
DNA strand scission (lane 3), while they could not
cleave DNA individually (lanes 1 and 2). Compound 1
did not show nuclease property in the presence of other
metal ions like Fe(III), Ni(II), and Zn(II) or in the ab-
sence of oxygen (data not shown). The cleavage was
complete with equimolar concentrations of Cu(II), while
lowering the Cu(II) concentration progressively reduced
the extent of DNA strand scission. The single strand
cleavage was complete within 30 min (lanes 3–7), while
significant double-strand DNA (dsDNA) cleavage16a,b

appeared after �60 min as revealed from all the three
forms of DNA in lanes 5–7. Increasing the incubation
beyond 2 h led to the appearance of multiple DNA
bands. After �3 h instead of any band, complete smear-
ing of DNA was seen (data not shown), revealing multi-
ple sites of damage. In experiments carried out at two
incubation periods (15 and 30 min), the alkali labile sites
were clearly visible (Fig. 4b), suggesting that compound
1 could also damage the DNA bases effectively.

The effects of various scavengers of reactive oxygen spe-
cies (ROS) and metal ion chelators on the nuclease
activity of 1 are shown in Figure 4c. The cleavage was
1 2 3 4
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rm I) cleavage by 1 (50 lM) + Cu2+ (50 lM) after different times of

ng of form I DNA in 10 mM Hepes buffer, pH 7.4, and Cu(OAc)2

u2+; lane 2, DNA + 1; lanes 3–7, DNA + 1 + Cu2+ (0, 30, 60, 90 and

DNA (form I) cleavage by 1 (100 lM) + Cu(OAc)2 (100 lM). Other

A alone; lanes 2,3, DNA + 1 + Cu2+, 15 min incubation; lanes 4,5,

or to gel electrophoresis. (c) Effect of different inhibitors on supercoiled

7 �C. The experimental conditions are as described for Figure 2a and in

+ Cu2+ + EDTA (100 mM); lane 4, DNA + 1 + Cu2+ + DMSO (1 M);
+ + SOD (1000 U/mL); lane 7, DNA + 1 + Cu2+ + NaN3 (100 mM).

d DNA (form I) cleavage by 1 + Cu(OAc)2 after 60 min incubation at

n 4. Lane 1, DNA alone; lane 2, DNA + 1 + Cu2+; lanes 3,4,
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Figure 5. The extent of TBARS formation via lipid peroxidation in

E. coli cells by 1 (50 lM), Cu(OAc)2 individually or in combination.

The peroxidation was carried out for 2 h using Cu(OAc)2 at two

different concentrations (1 and 50 lM). Other conditions are as

described in Section 4. The values are means ± SE (n = 5).

Table 2. TBARS absorbances due to the lipid peroxidation in E. coli

by 1 and Cu(OAc)2, individually or in combination

Treatment TBARS absorbances

Untreated cells 0.019 ± 0.006

Cells + Cu(II) (1 lM) 0.016 ± 0.004

Cells + 1 (50 lM) 0.039 ± 0.024

Cells + Cu(II) (1 lM) + 1 (50 lM) 0.028 ± 0.012

Cells + Cu(II) (50 lM) 0.031 ± 0.004

Cells + Cu(II) (50 lM) + 1 (50 lM) 0.154 ± 0.062

The values are means ± SE (n = 5).
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not affected by the ROS scavengers like DMSO and
SOD (for �OH and O2

��, respectively), excluding partic-
ipation of these diffusible ROS in the process. Although
sodium azide, a 1O2 quencher, reduced the DNA dam-
age (lane 7), the possible participation of the ROS could
be excluded from the fact that the damage did not in-
crease (data not shown) in D2O, which is known to in-
crease the lifetime of 1O2. The anomalous results could
be explained as follows. The inhibitory effect of NaN3

might not be due to the 1O2 quencher, azide ions. In-
stead, the increased concentration of Na+ ions might
contribute to the lesser nuclease activity of 1 by reducing
its DNA binding capacity, as was observed with NaCl.
However, EDTA (metal chelator) and catalase could
prevent the cleavage (lanes 3 and 5) significantly. Batho-
cuproine, a Cu(I)-specific chelator, prevented the DNA
scission in a concentration dependent manner (Fig. 4d).

Thus, the cleavage was oxidative and revealed the inter-
mediacy of a Cu(I)-peroxo compound as has been
reported earlier by us with hydroxystilbenes9 and others
for polypyrroles.7,8 Mechanistically, Cu(II)-catalyzed
oxidation of compound 1 furnished a p-radical polypyr-
role cationic intermediate and Cu(I). The polypyrrole
intermediate would then dimerize very fast. However,
the Cu(I) produced would be oxidized by molecular oxy-
gen to afford a DNA cleaving copper-oxo species via the
intermediacy of O2

�� and H2O2 (Scheme 1), explaining
the inhibitory roles of catalase and bathocuproine in
the process.

2.3. Lipid peroxidation capacity of 1

The nuclease property of 1 would be better utilized if its
membrane permeability were good. Earlier, the lipid
peroxidation capacity of copper–phenolic conjugates
has been studied to explain their role in Parkinson�s dis-
ease as well as bactericidal and anti-cancer proper-
ties.17a,17b,17c However, a similar pro-lipid peroxidative
activity of tripyrroles is not reported so far. Hence, the
lipid peroxidation capacity of 1 was assessed by measur-
ing the TBARS formed in its reaction with the
Escherichia coli cells in the presence of Cu(II). The
results shown in Figure 5 reveal that compound 1
(50 lM) alone increased the TBARS concentration,
which was marginally reduced in the presence of trace
amounts (1 lM) of Cu(II). Cu(II) alone did not lead
to significant lipid peroxidation even at a concentration
of 50 lM. However, the presence of equimolar
concentrations (50 lM) of both, compound 1 and
Cu(II), drastically increased the TBARS production
TPyrTPyr + Cu2+

O2

DNA

.+

.-
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Cu+ + Cu2+

O2
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.-
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Cu+-oxo species Damaged DNA

TPyr = compound I

Scheme 1.
(Table 2). The results confirmed that compound 1, in
conjunction with Cu(II), can cause membrane damage
through lipid peroxidation.

2.4. Cytotoxic property of 1

It is anticipated that a copper dependent nuclease agent
can cause lethal DNA damage due to the significant
concentration of copper bound to DNA.18 In a cellular
system, the copper/hydrogen peroxide dependent dam-
age is enhanced by packaging of DNA as a nucleo-
some.14b A 3.5-fold increase in copper concentration
has been reported in cancerous tissue compared to its
non-cancerous counterpart.18 In this context, it was per-
tinent to evaluate the cytotoxic effect of 1 against tu-
mour cell lines. Hence, its cytotoxic property against
EL4 (mouse blood lymphoma) and K562 (human
chronic myeloid leukaemia) cell lines was also evaluated.
The tripyrrole 1 inhibited the proliferation of both these
cell lines in a concentration dependent manner as re-
vealed by the MTT assay. The tripyrrole was more effec-
tive against the EL4 cell line compared to the K562 cell
line (Fig. 6). For example, at the concentrations of 5, 10
and 25 lM, it showed significant inhibition (59%, 68%
and 79%) of the EL4 cell line. In contrast, its inhibitory
capacity for the K562 cell line was 11%, 28% and 42%,
respectively, at the designated concentrations.
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Figure 6. Anti-tumour property of tripyrrole. Human (K562) and

mouse (EL4) tumour cell lines were seeded in RPMI 1640 medium at

2 · 105 cells/mL in the presence of different concentrations of 1. At the

end of 48 h incubation at 37 � C in a 5% CO2 atmosphere the number of

viable cells was determined by the MTT assay. Values are means ± SE

(n = 4).
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3. Conclusion

The importance of the �A� and �B� pyrrole rings in the
nuclease activity of the prodigiosins has been established
recently.19 The study revealed that replacing the pyrrole
moiety in these rings with other heterocycles or aromatic
moieties reduced the nuclease activity significantly. Com-
pared to the prodigiosins, the �A� and �B� rings of the tri-
pyrrole 1 were not conjugated. From that perspective,
the present finding that the Cu(II)–1 combination can
effectively induce dsDNA damage is intriguing and novel.
Further, its capability to permeate cellular membranes
easily and rupture it by oxidation would be important
for its possible nuclease action in cells. Given that dsDNA
damage is difficult to repair, compound 1 appears to be a
promising candidate as a cytotoxic and anti-tumour
agent.20a,b This was also substantiated by the impressive
anti-tumour activity of 1. Finally, although a large num-
ber of well characterized A–T-specific DNA binding
agents are reported,21 compounds that recognize the
G–C sequence are rare. As mentioned earlier, the prodi-
giosins are presently valued as potential anti-cancer
agents and various synthetic analogues of them have been
evaluated to understand their mechanism of action.4 To
this end, the present finding that new natural sources
can provide novel prodigiosin analogues like 1 with
impressive bioactivity is very encouraging. However, the
finding that the DNA binding capacities of tripyrroles
can be tuned by subtle structural changes is possibly most
revealing. This might be useful for designing and synthe-
sizing new drugs with higher potency.
4. Experimental

4.1. Chemicals

Compound 1 was isolated from the Micrococcus sp. and
fully characterized from its spectral data as reported.5
Human K562 and EL4 cell lines were procured from
National Centre for Cell Sciences, Pune, India. Hepes
buffer, superoxide dismutase (SOD), RPMI 1640 medi-
um, foetal bovine serum (all from Sigma, USA), Cu(Oac)2

(Aldrich, USA), ethidium bromide (SRL, India) and
bathocuproine (HiMedia, India) were used as received.
The pBR322 DNA, poly[A–T]2 decamer and poly[G–
C]2 decamer were obtained from Bangalore Genei Ltd, In-
dia. Calf thymus DNA (CT DNA, Sigma, USA) was son-
icated and phenol-extracted prior to use. The DNA
concentrations were determined using appropriate molar
extinction coefficients: e260 = 12,824 M�1 cm�1 in base
pair (bp) for CT DNA, e254 = 8400 M�1 cm�1 in bp for
poly[G–C]2, and e254 = 6800 M�1 cm�1 in bp for
poly[A–T]2.7

4.2. Spectrophotometry

The absorbance spectroscopy was carried out at 25 �C
using a Jasco V-550 UV–vis spectrophotometer. Wave-
length scans and absorbance measurements were made
in 1 mL quartz cells of 1-cm path length.

4.3. DNA binding assay

4.3.1. Absorption spectrophotometry. This was carried
out spectrophotometrically as reported earlier.5 A buf-
fered solution of 1 (20 lM) in 100 mM NaCl and
10 mM Hepes buffer, pH 7.2 (total volume 500 lL)
was titrated with the DNA solutions. The titrations were
carried out using 0.28 lM bp aliquots of CT DNA,
0.38 lM bp aliquots of poly[A–T]2 and 0.14 lM bp ali-
quots of poly[G–C]2. An appropriate vehicle was used in
the reference cuvette.

4.3.2. Fluorescence quenching of ethidium bromide (EB).
A small aliquot of EB (0.1 mM) was added to CT DNA
(0.1 mM) in 10 mM Hepes buffer with 100 mM NaCl
and the fluorescence was measured at emission 600 nm
after excitation at 530 nm. The experiment was repeated
with 0.1 mM CT DNA previously treated with 0.1 mM
tripyrrole to ensure its binding with the DNA. The
reduction in the fluorescent intensity is expressed as
the percentage of that of control (CT DNA + EB).

4.3.3. Viscometry studies. The viscosity of CT DNA
solutions was measured at 30 ± 1 �C using an Ubbe-
lohde viscometer. Typically, 3.0 mL of 10 mM Hepes
buffer with 100 mM NaCl was transferred to the viscom-
eter to obtain reading of the flow time. For determina-
tion of the solution viscosity, 3.0 mL of buffered
solution of 0.2 mM CT DNA was taken to the viscom-
eter and a flow time reading was obtained. Different
amounts of tripyrrole were added to the CT DNA solu-
tion in the same buffer to give appropriate R ([com-
pound 1]/[DNA base pairs]) values. The flow times of
the samples were measured after achieving a thermal
equilibrium (30 min). Each point measured was the
average of at least three readings with a SD of less than
±1%. The data obtained are presented as (g/g0) versus R,
where g is the reduced specific viscosity of CT DNA in
the presence of 1 and g0 is the reduced specific viscosity
of CT DNA alone.22a,22b
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4.4. DNA nicking assay9

The reaction mixtures (total volume 20 lL) containing
Cu(OAc)2 (50 lM) and pBR322 plasmid DNA
(200 ng) in 10 mM Hepes buffer, pH 7.4, 75 mM NaCl
and 10 vol % acetonitrile were incubated at 37 �C for
60 min as such or in the presence of 1 (50 lM). After
adding the DNA gel loading dye (0.25% bromophenol
blue, 50% glycerol and 500 lM EDTA), the samples
were loaded in an agarose gel and subjected to electro-
phoresis at 72 V for 2 h. The DNA gels were visualized
under UV light after staining with ethidium bromide
(0.5 lg/mL) for 30 min and quantified by Bio-Rad gel
documentation system. For testing the effects of different
factors, suitable scavengers were added. For the time
dependent experiments, incubation was carried out for
0–120 min.

4.5. Detection of alkali labile sites

This experiment23 was performed as above using 1
(100 lM). The reaction was terminated after incubating
for 15 and 30 min by the addition of 50 mM EDTA
(2 lL of 0.5 M solution) and 0.5 N NaOH. The mixture
was incubated at room temperature for 2 h and the
different forms of the DNA were separated as above.

4.6. Copper chelation study

Copper chelation study was carried out by recording the
UV–vis spectra (190–600 nm) of a solution of 1 (50 lM)
in 10 mM Hepes, pH 7.2, as such and after adding cup-
ric acetate (50 lM) solution. The copper chelation was
evaluated from the change in absorbance and/or spectral
shift.

4.7. Detection of lipid peroxidation products

Escherichia coli grown to late logarithmic phase was
harvested by centrifugation, washed with equal volume
of 10 mM Hepes, pH 7.2, and 1 mM MgCl2 and re-sus-
pended in the same. The cells (volume 0.5 mL) were
incubated with cupric acetate, 1, or both for 2 h at
37 �C, 1 mL TBA (0.375%)/TCA (15%)/HCl (0.25 N)
solution added and the mixture was incubated at
100 �C for 20 min. After centrifuging at 10,000 rpm
for 5 min, the absorbances due to the TBARS in the
supernatant were measured at 532 nm.

4.8. Cell culture

Human K562 (chronic myeloid leukaemia) and EL4
(mouse blood lymphoma) were maintained in RPMI
1640 medium supplemented with 10% heat-inactivated
foetal bovine serum and 2 mM glutamine, and kept in
a humidified incubator at 37 �C with 95% air and 5%
CO2.

4.9. Assessment of cell viability by MTT assay

The cells were harvested by centrifugation, counted and
plated in microtitre plates and incubated at 37 �C in
5% CO2 for 48 h with vehicle ethanol and different
concentrations of 1. The number of viable cells was deter-
mined using the MTT assay as previously described.24
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