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Conjugated Eicosapentaenoic Acid (cEPA) Inhibits L. donovani Topoisomerase
I and has an Antiproliferative Activity Against L. donovani Promastigotes
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Abstract: Conjugated eicosapentaenoic acid inhibits the relaxation activity of purified L. donovani topoisomerase I, with
an efficiency higher than that displayed by the corresponding human enzyme. Docking of the acid compound over the 3D
structure of the enzyme shows that the complex is stabilized by a large network of interaction between the compound and
many residues located in proximity of the active site, including the catalytic tyrosine 222, providing an explanation for its
efficient inhibitory effect. The acid has also a strong antiprotozoal activity against L. donovani promastigotes ( ECso= 75
uM) whilst it has no effect against murine macrophages (ICso ~ 2 mM). Taken together the results indicate that L.
donovani topoisomerase I can be considered an interesting molecular target and that conjugated eicosapentaenoic acid can
be taken in consideration as a possible lead compound against leishmaniasis.
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INTRODUCTION

The protozoan Leishmania donovani is the etiological
agent of visceral leishmaniasis, a chronic parasite-borne
zoonotic disease with high morbidity and mortality levels,
transmitted by the bite of female sandflies [1, 2].
Leishmaniasis diseases affect around 12 million people
worldwide, with two million new cases of annual incidence
and 350 million at risk to be infected [3]. Since no effective
vaccine has been developed at present, chemotherapy is the
unique way to control a disease that may be fatal if left
untreated. However at the moment the drugs available for
leishmaniasis treatment are toxic, expensive and frequently
ineffective [3, 4].

Around 25 compounds and formulations show
antileishmanial effects in clinical uses [3]. Between these
clinical antileishmanial drugs, the pentavalent antimonials
meglumine  antimoniate  (Glucantime) and sodium
stibogluconate (Pentostam) have been employed as first-line
treatments for both Visceral (VL) and cutaneous
leishmaniasis (CL) for many years, but are no longer useful
against Indian Visceral leishmaniasis because of the
development of resistance [5].
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The pentavalent antimonials act upon several target that
include the inhibition of parasite glucolysis, fatty acid beta-
oxidation, inhibition of ADP phosphorylation [6]. That class
of compound it has also been reported to cause non-specific
blocking of SH groups of amastigote proteins and inhibition
of topoisomerase 1 [7]. Amphotericin B deoxycholate
(Fungizone) is effective against VL but is nephrotoxic [8]. It
is a good option in patient that showed resistance to
treatment with antimonials. The antileishmanial activity of
amphotericin B is due to its recognition of 24 substituted
sterols, that increase drug selectivity towards the micro-
organism. At high concentration it triggers cationic and
anionic influx via formation of aqueous pores resulting in
cell lyses [9]. AmBisome, a liposomal formulation of
amphotericin B, is highly effective against VL and is less
toxic than Fungizone, but is more expensive than the other
current antileishmanial drugs [8]. The phospholipid analog
miltefosine was registered as a novel oral treatment for VL.
Although miltefosine is the first oral antileishmanial drug, its
limitations include gastrointestinal tract toxicity, terato-
genicity, and relatively high cost [8, 10]. The antileishmanial
mechanism of action of this compound can be extrapolated
from its effect on mammalian cells, where it causes
modulation of cell surface receptors, inositol metabolism,
phospholipase activation, protein kinase C and other
mitogenic pathways, eventually culminationg in apoptosis
[11]. Evaluation of the in vitro susceptibilities of Indian
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L. donovani patient isolates to sodium antimony gluconate,
amphotericin B, and miltefosine indicates that cross-
resistance may be emerging among these three drugs [12].
Paromomycin, an aminoglycoside antibiotic, is effective
against a wide range of bacteria and protozoa, and was
registered for the treatment of VL in India in 2006. The
mechanism of action of this drug in leishmaniasis involves
the inhibition of protozoan protein synthesis, leading of
accumulation of abnormal initiation complex [13]. In parallel,
paromomycin promotes ribosomal subunit association of
both, cytoplasmatic and mitochondrial forms, following
low Mg”" concentration, induces dissociation and also
cause dysfunction in respiratory systems[14]. Although it is
given parenterally, low cost and high efficacy have made
paramomycin a useful weapon against VL [15].

In the last years a large effort has been done to identify
new drugs as well as new potential targets [3]. Among the
possible molecular targets to be used in chemotherapy,
topoisomerase is emerging as one of the most interesting
[16-23]. DNA topoisomerases are ubiquitous enzymes
that catalyze changes on duplex DNA unwinding during
replication, transcription, recombination and DNA repair
processes. Type I topoisomerase (topo I) induces transient
single-stranded breaks of the DNA duplex forming a
reversible topo I-DNA covalent complex [24, 25]. Stabili-
zation of the cleavable complex brings cells to death and the
cleavable complex formed by the human enzyme is the
specific target of drugs belonging to the camptothecin family
that are in clinical use in colorectal cancer and solid tumors
treatment [26-30]. Most eukaryotic type IB topoisomerases
are monomeric enzymes including human topoisomerase I,
which is comprised of 765 amino acids (91 kDa). Inter-
estingly, DNA topoisomerase I of the kinetoplast protozoan
parasite L. donovani is an unusual bi-subunit enzyme,
consisting of a large subunit (73 kDa) and a small subunit
(29 kDa) [31-33]. This makes this enzyme an interesting
molecular target since it can be supposed that the structural
differences can permit to develop drugs able to hit the L.
donovani but not the human topoisomerase. As a matter of
fact it has been reported that DIM (3,3 -di-indolylmethane),
an abundant dietary component of cruciferous vegetables, is
a potent inhibitor of L. donovani topoisomerase I with an
ICsp of 1.2 pM, whilst it does not display any inhibition
activity against the human enzyme [34]. In line DIM
displays a strong antiproliferative effect against L. donovani
promastigote cells [35, 36].

Natural compounds, such as some acetylenic fatty acids,
have been shown to have a direct effect both on purified
topoisomerase and in L. domovani promastigotes [37].
Recently we have shown that another fatty acid, namely
conjugated eicosapentaenoic acid (cEPA) has an inhibitory
effect on human topoisomerase [38] and this is likely the
molecular reason it inhibits the cell growth of human tumor
cell lines, while it has not effect on human fibroblast cell
lines [39-41]. In this work, in order to compare similarities
and differences between the human and L. donovani
topoisomerase I, we have investigated the effect of cEPA on
both the purified enzymes and on L. donovani promastigotes
in comparison to murine macrophages.
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MATERIALS AND METHODOLOGY

2.1. Over-Expression and Purification of Recombinant
Proteins and Reconstitution of Ld topoisomerase I
Activity Escherichia Coli

BL21(DE3)pLysS cells harboring pET16bLdTOP1L, and
pET16bLdTOP1S described previously [31-33], were
separately induced at ODgpp = 0.6 with 0.5 mM Isopropyl--
D-thiogalactopyranoside for 12 h at 22°C. Cells harvested
from 1 1 of culture were lysed by lysozyme/sonication in
resuspension buffer A (50 mM sodium phosphate, pH 7.8,
150 mM NaCl, 10 mM imidazole and Cocktail protease
inhibitor) and then cleared by centrifugation. Supernatant
containing the protein was loaded onto a Ni*'-NTA agarose
column (packed volume 2ml, Qiagen), pre-equilibrated with
resuspension buffer A. The column was washed with buffer
A containing 40 mM imidazole and was eluted in the same
buffer A containing 300 mM imidazole. The eluted fractions
from LATOP1L and LdTOP1S purifications were pooled and
stored at -70 °C.

Purified LATOPIL was mixed with purified LdTOP1S
separately at a molar ratio of 1:1 in reconstitution buffer (50
mM potassium phosphate, pH 7.5, 0.5 mM DTT, | mM EDTA,
0.1 mM phenylmethlysulfonyl fluoride and 10% glycerol).
The mixtures were incubated overnight at 4° C and the recon-
stituted fractions were used for plasmid relaxation activity.

2.2. Plasmid Relaxation Assay

The type I DNA topoisomerase activity was assayed by
decreased mobility of the relaxed isomers of supercoiled
pBluescript (SK+) DNA in an agarose gel. Relaxation assay
was carried out as described previously [31-33], with the
enzyme incubated in the relaxation buffer (25 mMTris—HCI,
pH 7.5, 5% glycerol, 0.5 mM DTT, 10 mM MgCl,, 2.5 mM
EDTA and 150 pg/ml BSA) with supercoiled pBluscript
(SK+) DNA and 50 mM KCIl. The amount of DNA bands
fluorescence after ethidium bromide (0.5 pg/ml) staining was
recorded by using Gel Doc 2000 under UV illumination
(BioRad-Quality-one-software).

2.3. Synthesis of Conjugated EPA

cEPA was prepared with some modifications of the
AOAC method [42, 43]. Potassium hydroxide at a
concentration of 21% (w/w) in ethylene glycol was prepared
and the KOH solution was bubbled for 15 min with nitrogen
gas. Forty milligrams of EPA was added to 10 ml of the 21%
KOH solution in a test tube (50 ml volume). The mixture
was bubbled with nitrogen gas and then screw capped and
allowed to stand for 5 min at 180 °C. The reaction mixture
was cooled, and 10 ml of methanol was added. The mixture
was acidified to below pH 2 with 20 ml of 6N HCI. After
dilution with 2 ml of distilled water, the conjugated fatty
acid was extracted with 5 ml of hexane. The hexane extract
was then washed with 3 ml of 30% methanol and with 3 ml
of distilled water before being evaporated under a nitrogen
gas stream. The conjugated fatty acids were stored at -20°C.
The purity rate of conjugated fatty acid was checked by
UV-Vis spectrophotometric analysis. Spectrophotometric
readings confirmed the conjugation of fatty acids with a
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yield of 28.6% conjugated diene (Abs 235nm), 57.1%
conjugated triene (Abs 268nm), 11.1% conjugated tetraene
(Abs 315nm), 3.2% conjugated pentaene (Abs 345nm).
cEPA was dissolved in dimethyl sulfoxide (DMSO) at
various concentrations and stored.

2.4. Cell Viability Test by MTT Assay

The effect of cEPA on the viability of L. donovani AG83
cells and murine macrophage RAW 264.7 cells was deter-
mined by 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenylterazolium
bromide (MTT) assay [44]. Murine macrophage RAW 264.7
cells were cultured in RPMI 1640 medium supplemented
with heat-inactivated 10% fetal bovine serum at 37°C in a
humidified atmosphere of 5% CO, / 95% air. For the MTT
dye reduction assay, cells at the exponential phase were
seeded in 2 ml steryl tube and cEPA in DMSO was added to
800 pl of ~ 5 x 10° macrophages/ml at various concentra-
tions from 200 uM to 1 mM in a small volume as possible to
have at least 0.6% DMSO in the final volume of the sample.
The treated cells were spread into 6-well plate and incubated
for 24h. After incubation the cells were centrifuged, and the
supernatant was aspirated. The cell pellet was washed with
PBS (1x) twice and then finally suspended in 100 pl of PBS
(1x) in 96-well plates. Ten microliters of MTT solution (10
pg/ml) was added in each sample of 96-well plates and
samples were incubated for 4 h. After this time, 100 pl of
stop solution (stock: 6.8 mM HCI in isopropanol) was added
and kept for 24h at room temperature. The optical density
was taken at 570 nm on an ELISA Reader (Multiskan EX;
Thermo Fisher Scientific, Waltham, MA). The same MTT
dye reduction assay was performed on L. donovani AG83
promastigotes cells (800 pl in 2 ml steryl tube of ~ 5 x 10°
cell/ml for each sample) that were grown at 22° C in M199
liquid media supplemented with 10% fetal calf serum (FCS)
for 24 hours treatment using cEPA dissolved in DMSO.

The rates of cell survival are expressed as percentage of
control. Standard Deviation is calculated as follow:

Oy = \/Z::‘l=1(1‘1 — T)Q
rs

where x; is each value measured reported as percentage of
control, x is the mean of the points, and n the number of
misurations.

2.5. Molecular Docking Experiment

Docking experiments have been carried out using as
receptor the crystal structure of the LdToplLS complex
taken from the PDB structure 2B9S [45] where residues 27-
456 and 221-262 of the large and small subunits respectively
are present. Residues missing in the crystal structure, 427-
430 of the large subunit, have been modeled with the
program Swiss-PdbViewer v. 4.0.1 [46], and the DNA
cleaved strand has been joined to obtain a non covalent
complex. The GROMOS force field implemented in the
program has been used to regularize the structure in order to
avoid clashes. The three-dimensional structure of the cEPA
compound has been designed using the program Sybyl v. 6.0
(TRIPOS, http://www.tripos.com/) and minimized in
vacuum using the Powell algorithm [47] implemented in
Sybyl. The receptor and the ligand structures have been
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prepared for the docking using the AutodockTools suite v. 4
[48], and the protein-DNA complex has been immersed in a
cubic simulative box, big enough to contain it entirely. Once
the structures have been prepared, 250 docking runs have
been performed using the Lamarkian Genetic Algorithm [49]
with the Autodock 4 program [48].

The contacts between the cEPA and the protein-DNA
complex have been calculated for the complex with the
lowest free energy, using a cutoff of 3.5 A for the inter-
action. Contacts have been calculated with an in-house
modified version of the g mindist tool, belonging to the
GROMACS 3.3.3 PACKAGE [50]. Clustering of the 250
cEPA docked structures has been obtained through the
g cluster tool implemented in the GROMACS 3.3.3
PACKAGE [50], using a cutoff for the rmsd among the
structures of 5 A. The structures belonging to the three main
clusters cover more than 90% of the total structures. Images
have been obtained with the program VMD [51].

RESULTS

Conjugated eicosapentaenoic acid (cEPA) has been
synthesized starting from EPA fatty acid precursor as
described in materials and methodology, obtaining in the
final mixture a good yield of conjugated triene form, the
most efficient one against tumors [39]. The inhibitory effect
of cEPA on the L. domnovani topoisomerase [ activity,
determined by a plasmid relaxation assay, is shown in Fig.
(1). The assay detects the different electrophoretic mobility
of the DNA supercoiled plasmid, converted by the enzyme to
its relaxed form, in presence of increasing concentrations of
the compound. The data indicate that cEPA inhibits L.
donovani topoisomerase I in a dose dependent manner (Fig.
(1), lane 3—11). Some inhibition is observed at 50 uM and a
complete inhibition is observed at 100 uM. As a control it is
shown the electrophoretic mobility of DNA in the absence of
topoisomerase I (Fig. (1A), lane 1). Since cEPA is dissolved
in DMSO, an assay of the enzyme in presence of an identical
concentration of DMSO without cEPA has also been carried
out, to show that it has no effect on the relaxation activity of
topoisomerase I (Fig. (1), lane 2). Preincubation of the
enzyme with cEPA does not change the results reported in
Fig. (1), at variance on what observed with the human
enzyme, where a complete inhibition was observed only
after pre-incubation of cEPA with the enzyme [38].

cEPA
@"’O SIS
B x5 ¢80 P g
relaxed
supercoiled

1 2 3 4 5 6 7 8 9 10 1

Fig. (1). Inhibition of the relaxation activity of recombinant L.
donovani topoisomerase I by increasing concentration of cEPA
(lanes 3-11). The reaction products were resolved in an agarose gel
and visualized with ethidium bromide. Lane 1, no protein added.
Lane 2 reaction with DNA in presence of only DMSO. The
negatively supercoiled DNA substrate and the ladder of relaxed
DNA topoisomers are indicated.
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The antiprotozoal activity of cEPA has been investigated
measuring its toxicity against L.donovani promastigotes and
as a control against murine macrophages. The results,
reported in Fig. (2), indicate that cEPA starts to have an
antiproliferative activity against promastigotes at 50 uM and
the effect is almost complete at 200 uM. As control it is
shown that DMSO alone, the solvent where cEPA is
dissolved, does not have any antiproliferative effect. At the
same time cEPA does not display a real antiproliferative
effect on macrophages even at a concentration as high as
ImM.

150 -Macrophages Promastigotes

125 A

100 A

75 4

50

Percentage of cell survival

25 A

O <S5 7
Y%,

cEPA concentration (UM)

Fig. (2). Inhibition of cellular growth of murine macrophages
RAW264.7 and L.donovani Promastigotes is reported using MTT
assay values after 24h incubation with increasing concentration of
cEPA. Each value is expressed as percentage of control and
repeated (> 4 sets). Standard deviation is calculated as shown in
Materials and methods. Incubation with only DMSO is called “0”.

The analysis of the results, reported in Table 1, indicate
that cEPA displays a good antileishmanial activity (ECse=75
uM), whilst it has no effect on macrophage (ICsp ~ 2 mM),
that gives rise to a therapeutic index value 1C5o/ECsq ~26.

A docking study of cEPA on the L. donovani
topoisomerase I Large sub\Small sub-DNA crystal structure
has been performed in order to identify the interaction site.
The 250 docking runs give rise to a large spread of the
cEPA-protein-DNA ternary complex as shown in Fig. (3A

Vassallo et al.

and B). Three main clusters can be identified, on the basis of
the position occupied by the compound on the receptor. In
the most populated cluster, cEPA is located in proximity of
the DNA minor groove and of the cap domain side of the
protein. This family of structures shows an averaged free
energy value of -5 Kcal/mol Figs. (3A and B). In the second
cluster cEPA is located at the interface between the large and
the small subunit of the protein and the averaged energy
value of these complexes is -4 Kcal/mol. The third group of
structures, although less populated, is characterized by a
more favorable averaged free energy value of -6.5 Kcal/mol
and it contains the complex with the lowest free energy
value, among all the 250 ones. In this cluster cEPA is located
in proximity of the active site Figs. (3A and B). To analyze
in detail the interactions occurring between cEPA and the
non covalent protein-DNA complex, the structure having the
lowest energy value of -8 Kcal/mol has been selected from
the third cluster Fig. (3C and D). The complex shows a large
number of interactions between cEPA and both the protein
and DNA. In detail, cEPA is in close contact with 9 residues,
8 of the large and 1 of the small subunit Fig. (4). In the small
subunit the only contacted residue is the catalytic Tyr222. In
the large subunit three residues of the catalytic pentad,
Arg314, Lys352 and Arg410, interact with cEPA and
interactions are also observed with Lys272 and Lys407,
that correspond to Lys443, Lys587 of the human enzyme
sequence. These last two residues have been shown to
be involved in the interaction of cEPA with hAuman
topoisomerase IB, where cEPA inhibits the human enzyme
only upon preincubation [38].

DISCUSSION

The results here presented indicate that cEPA has an anti
L. donovani promastigotes effect between 50 and 200 puM
concentration, whilst at the same concentration the macro-
phages growth is unaffected Fig. (2). L. donovani promasti-
gotes has been shown to be inhibited by fatty acids having
long chain with unsaturated bonds [37], confirming that both
the length and the unsaturation are important elements
for antileishmanial activity of fatty acids compounds. Our
experiments also indicate that the conjugation is an
important element in antileishmanial activity. In line
amphotericin B, that has seven conjugated double bonds, has
an effect in both acute and chronic treatment stronger than
mitelfosine that doesn’t have any conjugate bond Table 1
[3]. It must be noted that the therapeutic index value of
cEPA is pretty high, its value being at least 10 times larger
than any other fatty acid, or than compounds already in

Table 1. Antileishmanial Activity of Conjugated Eicosapentaenoic Acid
Compound L. donovani Promastigotes ECs, Murine Macrophages ICs, Therapeutic Index ICs/ECs,
cEPA*® 22,7 ng/ml 600 pg/ml 26
mitelfosine ° 0.79 pg/ml 1.95 pg/ml 2.5
amphotericin B © 0.29 pg/ml >25 pg/ml > 86

a this work

b Carballeira et al. (2009)

¢ Kayser et al. (2003)

22,7 pg/ml =75 uM cEPA
600 pg/ml=2000 uM cEPA
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Fig. 3). (A and B) Side and upper view of the 250 cEPA docked
structures on the LdToplLS-DNA complex. (C and D) Side and
upper view of the complex with the lowest free energy. In all panels
the protein is represented in blue cartoon, the DNA in cyan ribbon
and the cEPA compound in orange licorice with the two oxygen of
the carboxyl moiety shown in red.

Cyt39 =
- Val315
Thy38 \ \ - /

N\[" / < N
\\_ » Ala40§ " \ - Lys272

> /_Z/ e : Lyszig ~
L SN
= |

~_  Leu3l3

Fig. (4). Representation of the protein residues and DNA bases
contacting the cEPA compound in the cEPA-protein-DNA non
covalent complex having the lowest free energy. Protein residues,
DNA bases and cEPA are shown in blue, cyan and orange licorice
respectively. The oxygens of the carboxylic group of cEPA are also
reported in red. Residues belonging to the active site are underlined
by a white bar.

clinical use like mitelfosine, that has a therapeutic index of
2.5 [37], indicating that cEPA can be considered a good

The Open Antimicrobial Agents Journal, 2011, Volume 3 27

candidate for antileishmanial therapy. In this context, it must
to be noted that cEPA synthesis is simple and that its
chemical precursor EPA (from omega 3 fatty acid series) has
a large natural abundance, being found in red and green
algae and in fish oil [39-41].

This work also demonstrates that cEPA is an efficient
inhibitor of L. donovani topoisomerase suggesting that the
enzyme could be the molecular target of this fatty acids.
cEPA has been shown to interact with human topoisomerase,
however in the case of the human enzyme complete
inhibition was never observed when DNA, enzyme and
cEPA were mixed together up to 300 uM cEPA concentra-
tion [38], whilst in the case of L. donovani topoisomerase
complete inhibition is observed at 100 uM Fig. (1). For the
human enzyme fully inhibition is only observed upon pre-
incubation of the enzyme with cEPA [38]. Docking of cEPA
with the leishmanial enzyme has shown that the compound is
able to directly interact with the catalytic Tyr222 and with
several residues located in proximity of the active site Fig.
(4). This strong interaction, and in particular that with the
catalytic Tyr222, provides an explanation for the fact that
cEPA is more efficient in inhibiting the leishmanial than the
human enzyme. Indeed, it has been proven that interaction of
cEPA with the human topoisomerase-DNA complex
involves the contact of the compound with only three
residues in proximity of the active site [38]. These results
emphasize the fact that cEPA has a different interaction
mechanism with human and L. donovani topoisomerase
indicating that L. donovani topoisomerase can be an
important new target and that the structural differences
between the L. donovani and human enzymes can be
exploited to develop target specific drugs. In this regard, it is
to be considered that cEPA, due to its very low toxic effects
for host cells [39], may be a candidate also for treatment of
chronic visceral leishmaniasis.

CONCLUSION

The results indicate that cEPA inhibits more efficiently L.
donovani than human topoisomerase, strongly interacting
with the catalytic tyrosine 222 residue as shown by docking
experiments. Moreover it has an antiproliferative effect
against promastigotes but not against macrophages suggesting
that it can be an interesting compound to be taken in consi-
deration against leishmaniasis. It is to be noted that while
the therapeutic options for treatment of visceral leishmaniasis
have improved over the last decade, there is still a need for
an oral agent to safeguard against the expanding resistance
problem, to be used in a combinated therapy. In this contest
the low toxicity is a primary requisite and cEPA has this
propriety. cEPA could represent an oral agent to be given in
combination with paromomycin that is now a parenterally
administered. Another interesting propriety displayed by
cEPA is its multi-conformational binding ability, due to the
presence of the fatty acidic tail as shown by docking
experiments, that would reduce the possibility of raising
resistance due to the mutation of some specific residues. This
profile can reduce the resistance appearance, making cEPA a
promising antileishmanial drug.
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