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Leishmaniasis is a neglected disease that affects millions of individuals around the world. Regardless

of clinical form, treatment is based primarily on the use of pentavalent antimonials. However, such
treatments are prolonged and present intense side effects, which lead to patient abandonment in many
cases. The search for chemotherapeutic alternatives has become a priority. Heat Shock Protein 90
(Hsp90) inhibitors have recently come under investigation due to antiparasitic activity in Plasmodium
sp., Trypanosoma sp. and Leishmania sp. Some of these inhibitors, such as geldanamycin and its
analogs, 17-AAG and 17-DMAG, bind directly to Hsp90, thereby inhibiting its activity. Previous studies
have demonstrated that different parasite species are more susceptible to some of these inhibitors than
host cells. We hypothesized that this increased susceptibility may be due to differences in binding of
Hsp90 inhibitors to Leishmania protein compared to host protein. Based on the results of the in silico
approach used in the present study, we propose that geldanamycin, 17-AAG and 17-DMAG present an
increased tendency to bind to the N-terminal domain of Leishmania amazonensis Hsp83 in comparison
to human Hsp90. This could be partially explained by differences in intermolecular interactions between
each of these inhibitors and Hsp83 or Hsp90. The present findings demonstrate potential for the use of
these inhibitors in the context of anti-Leishmania therapy.

Leishmaniasis, a disease caused by the protozoan parasite of the Leishmania genus, typically manifests, depend-
ing on the parasite species, in three main clinical forms: visceral, cutaneous or mucocutaneous'. Despite its wide
distribution around the world, leishmaniasis is considered a neglected tropical disease that is endemic in 98 coun-
tries. Regardless of clinical form, antileishmanial therapy is predominantly based on the use of pentavalent anti-
monials and amphotericin B. Unfortunately, these drugs present high toxicity and severe side effects, in addition
to necessitating extended courses of treatment that often result in abandonment®*. Due to decreased side effects,
treatment with liposomal amphotericin B has been adopted in some developed countries, but the high cost of this
therapy restricts its usage in large populations®. Thus, the search for highly effective and less toxic alternatives has
become a priority.

To this end, Heat Shock Protein 90 (Hsp90) inhibitors, classically employed in cancer treatment, have recently
come under investigation with respect to leishmaniasis treatment®’. Hsp90, a highly conserved molecular chap-
erone expressed by eubacteria and all eukaryotes, plays an important role in maintaining cellular homeostasis.
In Leishmania spp., Hsp90 ortholog is also named as Hsp83. Importantly, this protein participates in the correct
folding of its client proteins, such as transcription factors and protein kinases, mainly involved in cell cycle regula-
tion and cell signaling pathways®. Structurally, Hsp90 is a homodimer, in which each monomer is formed by three
distinct domains: the N-terminal domain (NTD) that contains its ATP binding site, the middle domain, which is

'Gongalo Moniz Institute, FIOCRUZ, Laboratory of Parasite — Host Interaction and Epidemiology, Salvador, 40296-710,
Brazil. 2Federal University of Pernambuco, Department of Pharmaceutical Sciences, Recife, 50670-901, Brazil. *Gongalo
Moniz Institute, FIOCRUZ, Laboratory of Tissue Engineering and Immunopharmacology, Salvador, 40296-710, Brazil.
Correspondence and requests for materials should be addressed to P.S.T.V. (email: patricia.veras@fiocruz.br)

SCIENTIFIC REPORTS |

(2019) 9:14756 | https://doi.org/10.1038/s41598-019-51239-0


https://doi.org/10.1038/s41598-019-51239-0
http://orcid.org/0000-0003-3323-4404
mailto:patricia.veras@fiocruz.br

www.nature.com/scientificreports/

the main binding site for its client proteins, as well as some co-chaperones that aid Hsp90 in protein folding, and
the C-terminal domain that is the critical site for both client-binding and the dimer formation of Hsp90°. During
the molecular cycle of Hsp90, the protein undergoes several conformational alterations: after ATP binding to
the NTD, Hsp90 reaches the first intermediate state by repositioning a lid segment, which leads to concomitant
structural changes that result in the dimerization of the NTDs. These domains then become associated with
M-domains, and in its second intermediate state, the chaperone assumes a closed conformation, in which ATP
hydrolysis and ADP release occur. Finally, Hsp90 forms a large protein complex together with client proteins and
co-chaperones, which play the pivotal role of regulating Hsp90 activity'®.

The inhibition of Hsp90 results in drastic consequences to eukaryotic cells, as it leads to the formation of
poorly-folded proteins that will ultimately be degraded via the proteasome proteolytic pathway, there by interfer-
ing with cell growth and survival'. Several compounds are known to inhibit Hsp90 activity. These can act directly
by affecting Hsp90 binding, or indirectly, through the inhibition of Hsp90 co-chaperones'?. Geldanamycin
(GA), an antibiotic from the benzoquinone ansamycin family, is obtained via fermentation of the bacterium
Streptomyces hygroscopicus. Chemically, GA is formed by a planar macrocyclic ansa bridge structure linked to a
quinone moiety. GA binds directly to Hsp90, more specifically to this protein’s ATP binding site present in the
NTD'*-15, Several GA analogues have been synthesized, including 17-allylamino-17-demethoxy geldanamycin
(17-AAG) and 17-dimethylamino ethylamino-17-demethoxygeldanamycin (17-DMAG). Both compounds arise
from the inclusion of different amines in the non-essential methoxyl group present on carbon 17 and, similarly to
GA, both bind to the ATP binding site in the NTD of Hsp90'®'”.

Recent studies have demonstrated interference by GA and its analogues on the growth and survival of a variety
of protozoan parasites. GA treatment was shown to inhibit the growth of intracellular Plasmodium falciparum
in infected erythrocytes. Pulldown experiments revealed that GA also binds specifically to P. falciparum Hsp90
and this inhibitor showed a higher binding ability to parasite Hsp90 than to human Hsp90'®. Pallavi, et al.'®
further demonstrated that 17-AAG inhibited the growth of P. falciparum isolated from patients. More recently,
Murillo-Solano, et al.”? demonstrated that GA, 17-AAG and 17-DMAG suppressed the growth of P. falciparum at
concentrations shown to be non-toxic to host cells. In a murine model of trypanosomiasis, Trypanosoma evansi
growth was inhibited in mice treated with 17-AAG in comparison to control animals that only received the vehi-
cle!®. In addition, Pizarro et al?® demonstrated that a number of ligands, including GA, inhibited the growth of
Trypanosoma brucei and bound strongly to the Hsp83 of this parasite.

The treatment of Leishmania donovani promastigotes by GA was shown to result in the inhibition of parasite
growth in a dose-dependent manner?®.. Li et al.** also demonstrated that GA induced apoptosis in axenic L. dono-
vani promastigotes. Moreover, the treatment of axenic L. braziliensis promastigotes with 17-AAG induced para-
site death in a dose-dependent manner. A similar effect was observed in macrophages infected by L. braziliensis,
in which 17-AAG caused a significant reduction in parasite load in vitro’. Recently, derivatives of reblastatin, a
GA-related compound, have been shown to bind to L. braziliensis Hsp83 and exert inhibitory activity over this
protein®®. Treatment with 17-AAG was further shown to reduce the percentage of macrophages infected by L.
amazonensis, as well as the number of intracellular parasites; these effects occurred at doses that were not even
remotely toxic to macrophages. Moreover, while 17-AAG not only killed parasite promastigotes, known to colo-
nize the insect vector, it also neutralized the amastigote forms found within intracellular compartments in host
cells. These leishmanicidal effects on intracellular parasites were shown to be irreversible and independent of the
production of nitric oxide, superoxide or pro-inflammatory molecules by macrophages®.

Taken together, these findings provide convincing evidence that Leishmania presents higher susceptibility to
Hsp90 inhibitors than host macrophages. Accordingly, we hypothesized that this phenomenon might be due to
differences in intermolecular interactions occuring between GA-derived Hsp90 inhibitors and parasite Hsp83, in
comparison to host Hsp90.

To test this hypothesis, we initially performed a cell viability assay to evaluate differences in susceptibility to
GA-derived Hsp90 inhibitors by comparing L. amazonensis promastigotes to a human macrophage cell-line. We
employed an in silico approach via molecular docking to investigate the types of chemical interactions produced
during the binding of these inhibitors to the NTD of Hsp90 in parasites and host cells.

Using a computational model, we demonstrated that the GA class of compounds (GA, 17-AAG and
17-DMAG) presents an increased tendency to bind to the NTD of parasite Hsp83 compared to the NTD of
human Hsp90, which may, in part, explain the strong and selective antiparasitic activity exhibited by these
anti-leishmanials.

Results

L. amazonensis presents greater susceptibility to Hsp90 inhibitors than the differentiated
THP-1 cell-line. Initially, we evaluated differences in parasite and host cell susceptibility to Hsp90 inhibitors.
Cell viability assays evaluating the leishmanicidal activity and cytotoxicity (THP-1 cell-line) of GA, 17-AAG
and 17-DMAG revealed that GA reduced parasite cellular viability by 50% at a concentration of 0.1910 uM (QI:
0.16 uM and Q3: 0.20 pM), versus a concentration of 50.77 uM (Q1: 44.57 pM and Q3: 89.62 pM) for the THP-1
cell-line (p =0.0043) (Fig. 1a). This data was used to calculate the selectivity index (SI) of GA at 266, i.e. 266 times
more GA is needed to kill 50% of the THP-1 cell-line compared to 50% of the L. amazonensis promastigotes.
17-AAG was shown to reduce parasite viability by 50% at a concentration of 0.1105pM (Q1: 0.08 pM and Q3:
0.15uM), while a significantly higher CCs, value of 12.47 uM (Q1: 11.17 uM and Q3: 31.22 uM) was calculated
for the THP-1 cell-line (p =0.001) (Fig. 1b), resulting in an SI of 113 for 17-AAG. The IC;, value for 17-DMAG
was 0.0861 pM (Q1: 0.07 pM and Q3: 0.14 pM) with respect to L. amazonensis promastigotes as compared to a
CCs value of 10.60 pM (Q1:10.04 pM and Q3: 33.39 uM) for the THP-1 cell-line (p =0.001) (Fig. 1¢), resulting
in a corresponding SI of 123. GA presented the highest ST when compared to 17-AAG or 17-DMAG. Taken
together, these results indicate that all the inhibitors evaluated clearly presented much higher toxicity against L.

SCIENTIFIC REPORTS |

(2019) 9:14756 | https://doi.org/10.1038/s41598-019-51239-0


https://doi.org/10.1038/s41598-019-51239-0

www.nature.com/scientificreports/

a b C
Geldanamycin 17-AAG 17-DMAG
130 i 130 130
L]
110 10 110
s 9 s 0 < 9%
s ] e
o 70 o 70 x o 70 -
n n n
9] 9] —_— o ———
T 50 s T 50 . T 50 °
@ L] © ]
& 30 & 30 § %
(&] (&] O
10 10 10
1.0 1.0 1.0
0.5 ‘ ‘ 0.5 0.5
[) o,
0.0 Svee 0.0! 0.0
N S AN S AN S
N AN \°
»Q?‘Q (\0(\5 «‘Q\Q ‘\eﬁ\% »\‘?\Q (\005
&° & &°
't)‘(\ ’b((\ 0((\
\% A\

Figure 1. L. amazonensis presents greater susceptibility to Hsp90 inhibitors than the differentiated THP-1 cell-
line. L. amazonensis axenic promastigotes and differentiated THP-1 cells were treated with (a) GA, (b) 17-AAG
or (c) 17-DMAG in a 12-step serial dilution assay. Graphs depict ICs, (L. amazonensis) and CCs, (THP-1 cell-
line) values for each respective inhibitor. Mann Whitney test ***p=0.001, **p=0.0043.

amazonensis compared to the host cell. We also performed cytotoxicity assays on human lung fibroblasts (MRC-5
cells) treated with 17-AAG or 17-DMAG. We observed that, as in THP-1 cells, the inhibitors tested were shown
to be non-toxic, with a CCs, of 13.24uM for 17-DMAG and 86.15uM for 17-AAG (Supplementary Fig. S1). To
evaluate whether the toxicity observed in promastigotes would also be seen in amastigotes, we performed an
intracellular viability assay in infected macrophages and treated with 17-DMAG. As in promastigotes, 17-DMAG
also presented high toxicity to amastigotes. At concentrations over 100nM of 17-DMAG, no viable parasites were
observed. Interestingly, the IC, value obtained was as low as 13.4nM (Fig. 2).

Hsp90 inhibitors present different docking interactions during binding to the NTD of L. ama-
zonensis Hsp83 than the NTD of human Hsp90. Using an in silico approach, it was observed that L.
amazonensis Hsp83 binding site to GA, 17-AAG and 17-DMAG was similar, as expected (Fig. 3a). Considering
both the NTD of L. amazonensis Hsp83 model and the Homo sapiens Hsp90 target protein, all three compounds
tested in this study formed hydrogen bonds, bridged by water molecules, with amino acid residues at the target
binding site.

Taking into consideration the L. amazonensis Hsp83 model, modeling analysis revealed that GA (Fig. 3b)
possibly formed a hydrogen bond, bridged by a water molecule, at a distance (donor-acceptor) of 3.0 A to resi-
due Val31, hydrogen bonds at a distance of 2.9 A (Asn89); 3.1 A (Gly115) and made hydrophobic contacts with
residues Asn34, Asp37, Ala38, Lys41, Ile79, Gly80, Met81, Leu90, Gly118, Phel21 and Alal67. The modelling
suggests that 17-AAG inhibitor (Fig. 3c) formed a hydrogen bond, bridged by a water molecule, at a distance of
2.6 A to residue Gly118, hydrogen bonds at a distance of 3.0 A (Asn34);3.1A (Lys41);2.9 A (Asn89) and presented
hydrophobic contacts with most of the same residues that made contact with GA, Asp37, Ala38, Ile79 and Leu90.
On the other hand, the analysis revealed 17-DMAG (Fig. 3d) probably formed two hydrogen bonds, bridged by
a single water molecule, at distances of 3.3 A and 2.8 A to residue Asn34, in addition of making hydrogen bonds
with the residues Lys41 and Asn89 at a distance of 3.1 A. Analysis indicates that 17-DMAG also made hydropho-
bic contacts with the residues Ile79, Met81, Leu90, Arg95, Gly97 and Gly118.

As expected, we observed that for all tested inhibitors, GA, 17-AAG and 17-DMAG, the binding site of human
Hsp90 was identical (Fig. 4a). Modelling analysis also suggests that the natural compound, GA (Fig. 4b), formed
hydrogen bonds, bridged by water molecules, with the following amino acid residues at 3.0 A of distance: Leu4s,
Asn51, Gly97, Thr184 and Gly137, as well as made hydrophobic contacts with residues Asn55, 1le96, Met98,
Aspl02, Asnl06, Leul07, Phel38 and Val150. In addition, the GA analogue, 17-AAG (Fig. 4¢), possibly formed
hydrogen bonds, bridged by water molecules, with amino acid residues at the following distances: 3.0 A (Leu48
and Ser52), 3.6 A (Asp54), 3.0A (Gly97) and 3.1 A (Asn106 and Lys112). Also, 17-AAG made hydrophobic con-
tacts with most of the same residues as GA: Ala55, 11e96, Met98, Asp102, Leul07, Phel38 and Val150, except for
Asn51. On the other hand, 17-DMAG (Fig. 4d) probably formed hydrogen bonds, bridged by water molecules,
to other amino acid residues different from GA. The distances between the compound and the amino acids were
(donor-acceptor): 2.6 A (Leu48), 3.1 A (Ser52 and Thr184),3.0 A (Lys112) and 2.8 A (Gly137). The analysis indi-
cates that Hsp90 inhibitor also formed a hydrogen bond with residue Lys58 at a distance of 3.1 A, in addition to a
salt bridge with residue Asp54 and made hydrophobic contacts with the following residues: Ala55, 1le96, Gly97,
Met98, Asp102, Asn106, Leul07 and Phel38.
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Figure 2. Intracellular viability of L. amazonensis-infected THP-1 cells treated with 17-DMAG. THP-1

cells (5 x 10° per well) were plated in RPMI medium with PMA (100 nM) to promote differentiation into
macrophages, then infected with L. amazonensis promastigotes (10:1) for 6h at 35°C. After washing to remove
non-internalized parasites, cells were treated with 17-DMAG at concentrations of 6.25nM, 12.5nM, 25nM,
50nM, 100nM, 150 nM, 200 nM, 250 nM, 300 nM and 400 nM (five replicates per concentration) for 72 h at
35°C. Cells were washed, Schneider’s complete medium was added and, after four days at 24 °C, parasites were
counted in a Neubauer chamber. Mann Whitney test **p < 0.01.

The Balloon program generated six conformer ensembles of each compound illustrated in Supplementary
Material (Supplementary Fig. S2). The ChemPLP analysis scores for all six conformations of each Hsp90 inhib-
itor are listed in Table 1. This modelling analysis indicates that all the studied inhibitors presented higher scores
when docking to the NTD of L. amazonensis Hsp83 than the NTD of Homo sapiens Hsp90: GA (73.89 vs. 54.30),
17-AAG (75.81 vs. 56.02) and 17-DMAG (78.02 vs. 54.53), respectively. Also, with the exception of 17-AAG,
which the ring conformation was the same as the co-crystalized ligand former conformation, each ligand’s top
ranked conformation for the NTD of L. amazonensis Hsp83 (3H80.1.A) showed higher ChemPLP score values
when compared with the top ranked conformation for the NTD of Homo sapiens Hsp90 (1YET).

Discussion

The treatment of leishmaniasis continues to represent a substantial challenge, since a range of disadvantages are
associated with most available drugs, including severe side effects, prolonged periods of treatment and low adher-
ence to therapy by many patients. As a result, alternative chemotherapies are under investigation in an attempt to
mitigate these limitations. The present study evaluated three Hsp90 inhibitors: GA, 17-AAG and 17-DMAG, all
compounds with recently recognized anti-parasitic activity. The latter two are currently undergoing clinical trials
to evaluate cancer treatment.

The present report investigated differences in the susceptibility of L. amazonensis promastigotes and differ-
entiated THP-1 cells to this family of Hsp90 inhibitors. Our results show that all tested inhibitors presented
greater toxicity to parasites than to host cells, as evidenced by differences in ICs, (Leishmania) and CCs, (THP-1
cell-line) values (Fig. 1). Similarly to the present study, Murillo-Solano, et al.’* demonstrated that GA, 17-AAG
and 17-DMAG were able to inhibit the growth of P. falciparum at submicromolar concentrations, whereas growth
inhibition in human pulmonary fibroblasts was only observed at levels over 10 M. In addition, L. amazonensis
and L. braziliensis promastigotes were also found to be more susceptible to treatment with 17-AAG than murine
macrophages®’. Moreover, the elevated SI values observed for each inhibitor (GA: 266; 17-AAG: 113; 17-DMAG:
123) further serve to confirm the observed differences in susceptibility between parasites and host cells with
regard to treatment involving these compounds. Of the three inhibitors, the highest selectivity index values were
obtained from GA, seemingly suggesting that this inhibitor could be an optimal choice for use in future stud-
ies. However, since GA treatment has been associated with hepatotoxicity, taken together with compound’s low
water solubility and chemical instability, it is considered infeasible as a leishmaniasis treatment®. 17-AAG and
17-DMAG, both synthesized from GA, exhibit lower toxicity and, in the case of 17-DMAG, greater solubility in
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Figure 3. L. amazonensis Hsp83 binding site with inhibitors and interaction types. (a) L. amazonensis Hsp83
binding site with GA (orange), 17-AAG (blue) and 17-DMAG (magenta). (b) GA (orange), (c) 17-AAG (blue)
and (d) 17-DMAG (magenta) and the Hsp83 residues that make hydrophobic contacts (green) and hydrogen
bonds (red).
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Figure 4. Homo sapiens Hsp90 binding site with inhibitors and interaction types. (a) Homo sapiens Hsp90
binding site with GA (orange), 17-AAG (blue) and 17-DMAG (magenta). (b) GA (orange), (c) 17-AAG (blue)
and (d) 17-DMAG (magenta) and the Hsp90 residues that formed hydrophobic contacts (green), salt bridges
(cyan) and hydrogen bonds (red).
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Inhibitor Conformation1 | Conformation2 | Conformation3 | Conformation4 | Conformation5 | Conformation 6 | Average
GA La Hsp83 73.48 74.37 83.16 72.13 70.51 69.67 73.89
Human Hsp90 | 73.38 52.45 48.68 51.51 46.62 53.14 54.30
17-AAG La Hsp83 65.83 81.82 73.75 79.50 72.50 81.47 75.81
Human Hsp90 | 70.05 47.94 46.34 63.80 51.19 56.80 56.02
La Hsp83 81.79 80.58 85.35 69.12 73.13 78.17 78.02
17-DMAG
Human Hsp90 | 68.85 51.11 50.94 54.94 52.38 48.97 54.53

Table 1. ChemPLP scores for each inhibitor and its respective conformations when bound to the NTDs of L.
amazonensis Hsp83 or human Hsp90.

water than GA, which increases the likelihood of use in future studies?. In sum, these observations regarding
differences in susceptibility between parasites and host cells reinforce the idea that Hsp90 represents a druggable
target for the development of novel antileishmanials.

Based on strong evidence demonstrating interactions between the GA family of compounds and Hsp90, we
postulated that human and parasitic proteins may present differences upon binding with these compounds.

Using an in silico approach, we evaluated interactions between GA, 17-AAG or 17-DMAG, and the NTDs of L.
amazonensis Hsp83 or human Hsp90. With respect to the NTD of L. amazonensis Hsp83, the analysis suggested
that all three inhibitors formed both direct and water-bridged hydrogen bonds and hydrophobic contacts with
several residues (Fig. 3). By contrast, all three inhibitors formed numerous hydrogen bonds, most of them being
water-bridged, upon interaction with the NTD of human Hsp90, in addition to making hydrophobic contacts
with several residues common to each compound (Fig. 4). The water-mediated hydrogen bonds between ligands
and the amino acid residues of the NTD of trypanosomatid Hsp83 seems to be important, as it “mimics the posi-
tion of one of the phosphate groups of ATP’, as seen in a study that analyzed the molecular interactions between
compounds and the NTD of T. brucei Hsp83%. Additionally, another study by Nilapwar et al. indicated that
water-mediated hydrogen bonds, direct bridging or forming a network of water molecules, can reduce “the value
of the ACp through a net reduction in rotational and vibrational bonding modes”?. Furthermore, in accord-
ing with these authors’ findings, there seems to be commonality with regard to the position of water molecules
found at the binding site of crystal structures of the NTD of Hsp90, available at the Protein Data Bank (PDB),
which reinforces the importance of these water-mediated hydrogen bonds. The numerous hydrogen bonds
water-bridged, observed in interactions between the NTD of human Hsp90 and GA, 17-AAG or 17-DMAG, do
not offer a similar stabilizing effect when compared to the hydrogen bonds that formed directly between these
compounds and the target’s amino acids residues. For instance, while GA only formed water-bridged hydrogen
bonds when interacting with the NTD of human Hsp90 binding site residues, this compound has performed one
water-bridged hydrogen bond and two direct hydrogen bonds (not water-bridged) when interacting with the
NTD L. amazonensis Hsp83. Additionally, when taking into account only direct hydrogen bonds interactions,
the inhibitors 17-AAG and 17-DMAG have formed a single hydrogen bond non-bridged (each) with the NTD
of human Hsp90 binding site, while these compounds performed two (each) non-bridged hydrogen bonds when
interacting with the NTD of L. amazonensis Hsp83 binding site. Moreover, similarities observed in the types of
interactions between each of the three inhibitors and the NTDs of L. amazonensis Hsp83 or human Hsp90 could
be explained by the chemical similarity observed between GA and its derivatives, 17-AAG and 17-DMAG?.

Regarding the in silico structural analysis, based on a docking study of the interaction between these three
GA-derived inhibitors and the NTDs of L. amazonensis Hsp83 or human Hsp90, our results identified that GA,
17-AAG and 17-DMAG may present increased tendency to bind to parasite Hsp83 in comparison to human
Hsp90 (Table 1). A previous in vitro study by Pizarro et al.* involving the compounds GA, 17-AAG and
17-DMAG found that all exhibited stronger binding to the NTD of T. brucei Hsp83 than to human Hsp90. In
addition, crystallographic analysis revealed that other compounds that also bind to the NTD of T. brucei Hsp83
alter the conformation of this domain, which suggests structural flexibility in the chaperone that may influence
selectivity?. Another in vitro study by Pallavi et al.!® demonstrated that GA has higher binding ability to P. fal-
ciparum Hsp90 than to human Hsp90. Reinforcing our results, some derivatives of reblastatin, a GA-related
compound, were recently shown to exhibit increased binding to L. braziliensis Hsp83 than to human Hsp90%.
Similarly, Kanwar et al.?® demonstrated that SNX-2112 analogs, inhibitors of Hsp90, exhibit leishmanicidal activ-
ity but are not cytotoxic to the host. These authors suggest that this may occur due to increased selectivity by the
tested analogs for Leishmania Hsp83 in comparison to human Hsp90. With respect to the interaction of GA to
L. braziliensis Hsp83, Silva and collaborators reported changes in binding ability when the full-length protein
underwent alterations, with increased binding observed when this inhibitor was bound only to the NTD of L.
braziliensis Hsp83*°. While it is possible that the higher ChemPLP scores observed in the in silico docking of GA,
17-AAG and 17-DMAG to the NTD of L. amazonensis Hsp83 would be also observed in vitro, additional studies
employing recombinant L. amazonensis Hsp83 and human Hsp90 must be performed. Finally, these findings may
also be related to the nature of intermolecular interactions established between the inhibitors and their respective
proteins. The presence of additional direct hydrogen bonds (not water-bridged), which interact with the NTD
of L. amazonensis Hsp83, may offer a greater stabilizing effect than the presence of fewer direct hydrogen bonds,
which was seen in binding to the NTD of human Hsp90.

In sum, the results obtained herein are consistent with previous studies demonstrating differences in sus-
ceptibility of Leishmania parasites and host cells to Hsp90 inhibitors, which was evidenced by higher parasite
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toxicity. This finding may be justified by the higher ChemPLP scores observed when the inhibitors docked to the
NTD of parasite Hsp83. Nonetheless, future in vitro studies should be conducted to evaluate the binding of these
three inhibitors to recombinant parasite Hsp83 versus human Hsp90. Importantly, our study did not consider the
effects of conformational changes in the NTD and/or additional Hsp90 domains caused by the inhibitors, which
would likely influence the binding ability of the GA-derived inhibitors to parasite Hsp83 in comparison to human
Hsp90.

The present study demonstrated that, in addition to previous reports regarding GA and 17-AAG®7, 17-DMAG
also demonstrates substantial anti-leishmanial activity. The findings presented herein may justify the increased
tendency of these inhibitors to bind to the NTD of parasite Hsp83 than to that of human Hsp90, and provides
support for the further study of this family of Hsp90 inhibitors in the development of novel antileishmanials.

Methods

Parasites. Parasites of L. amazonensis (MHOM/Br88/Ba-125) were obtained from the Laboratory of Host -
Parasite Interaction and Epidemiology - Gongalo Moniz Institute (Bahia-Brazil). Axenic L. amazonensis pro-
mastigotes were grown in Schneider’s Insect Medium (Sigma, St. Louis, MO, USA) supplemented with 50 pg/
mL gentamicin (Gibco, Grand Island, NY, USA) and 10% fetal bovine serum (Gibco, Grand Island, NY, USA).
Cultures were maintained in an incubator at 24 °C until in vitro experiments were performed.

THP-1 and MRC-5 cell-line. Monocytic human THP-1 cells and MRC-5 cells were grown in Roswell Park
Memorial Institute (RPMI) 1640 medium (Gibco, Grand Island, NY, USA) supplemented with 2 g/L sodium
bicarbonate (Sigma, St Louis, MO, USA), 25 mM N-2-hydroxyethyl piperazine-N’-2-ethane-sulfonic acid
(HEPES)(Sigma, St Louis, MO, USA), 1 mM sodium pyruvate (Sigma, UK), 2mM glutamine (Gibco, Grand
Island, NY, USA), 20 g/mL ciprofloxacin (Isofarma, Precabura, CE, BR) and 10% fetal bovine serum (Gibco,
Grand Island, NY, USA). Cultures were kept in an incubator under 5% CO, at 37 °C until the time of compound
toxicity assessment.

Anti-Leishmania assay. Axenic L. amazonensis promastigotes in logarithmic phase were distributed on
96-well plates (4 x 10° parasites/well) in Schneider’s complete medium and treated with GA (Invivogen, San
Diego, CA, USA), 17-AAG (LC Laboratories, Woburn, MA, USA) or 17-DMAG (LC Laboratories, Woburn, MA,
USA) in 12-step serial dilutions (1:2) at an initial concentration of 2 pM. After 72 h of treatment at 24 °C, parasites
were incubated with 10% Alamar Blue® (Invitrogen, Carlsbad, CA, USA) for 1 h30 min. Optical density (OD) was
then read at the wavelengths of 570 and 600 nm in a spectrophotometer (SPECTRA Max 340 PC) to determine
cell viability, expressed in percentage terms, used to calculate the IC;, values. These were determined by applying
sigmoidal regression to the concentration-response curves using GraphPad Prism v5.0%° from at least three inde-
pendent experiments performed in triplicates.

Cytotoxicity assay. Human THP-1 cells were centrifuged at 300 X g for 10 min at 4 °C and resuspended
(10° cells/100 L) in complete RPMI medium containing 100 nM phorbol 12-myristate 13-acetate (PMA), then
distributed on 96-well plates. Cell cultures were incubated at 37 °C for 72 h to induce macrophage differentiation.
The wells were then washed twice with saline, the complete RPMI medium (without PMA) was replenished
and all cells were reincubated at 37 °C for an additional 48 h. Cultures were then treated with GA, 17-AAG or
17-DMAG in 12-step serial dilutions (1:2) using an initial concentration of 50 uM. After 72h of treatment at
37°C, cells were then incubated with 10% Alamar Blue® for 22 h, after which plates were read at wavelengths of
570 and 600 nm in a spectrophotometer (SPECTRA Max 340 PC). The obtained data were used to calculate the
percentage of cell viability and, subsequently, the CCs, value was determined from sigmoidal regression of the
concentration-response curves using GraphPad Prism (version 5.0) from at least three independent experiments
performed in triplicate. Cytotoxicity assays were also performed with human lung fibroblasts (MRC-5 cells). To
this end, MRC-5 cells were centrifuged at 300 x g for 10 min at 4 °C and plated (2.5 x 10* per well) in complete
RPMI medium and left for 24 h. The cells were then treated with 17-AAG or 17-DMAG (initial concentrations:
400 uM and 50 uM, respectively) following the same protocol for THP-1 cells. After 72h, Alamar blue® was added
and the plates were read in a spectrophotometer. CCs, values were determined in the same manner as for THP-1
cells.

Intracellular viability assay. To demonstrate the inhibitors’ activity against amastigotes of L. amazonensis,
intracellular viability assays were performed using 17-DMAG. THP-1 cells (5 x 10° per well) were plated in com-
plete RPMI medium with PMA (100 nM) at 37 °C to promote differentiation into macrophages. After 72 h, cells
were washed with saline and the medium (without PMA) was replenished. After 48 h in medium without PMA,
the cells were washed again and then infected with L. amazonensis promastigotes in stationary phase (10:1) for
6h. To remove non-internalized parasites, cells were washed twice with saline, the medium was replenished and
concentrations of 6.25nM, 12.5nM, 25nM, 50 nM, 100 nM, 150 nM, 200 nM, 250 nM, 300 nM and 400 nM (five
replicates for each concentration) of 17-DMAG were added, followed by an incubation period of 72 h. Cells were
then washed with saline, Schneider’s complete medium was added and cultures were kept at 24 °C. After four
days, parasites were counted in a Neubauer chamber and the ICs, value was calculated for 17-DMAG.

Statistical analysis. Graphing and statistical analysis of in vitro data was performed using the GraphPad
Prism program (version 5.0). The Mann-Whitney test was used for comparisons between two groups with
non-Gaussian distribution.
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In silico approach. The initial structure of GA was obtained from a co-crystallized complex of the NTD of
human Hsp90 and GA (PDB code 1YET, available at the RCSB Protein Data Bank, http://www.rcsb.org). The
structures of 17-AAG and 17-DMAG were constructed by performing the appropriate modifications to the
obtained GA structure using the SPARTAN’08 program®!. The Balloon program?® was used to generate con-
former ensembles for each of the three macrocyclic Hsp90 inhibitors, GA, 17-AAG and 17-DMAG. The program
settings used to create these new macrocyclic ring conformations are available as Supplementary Information
(Supplementary Table S1). The optimization of these conformations was carried out using the MMFF (Merck
Molecular Force Field) molecular mechanics method, available in the SPARTAN’08 program, using the internal
default settings for convergence criteria.

The structure of the NTD of L. amazonensis Hsp83 was modeled using the SWISS-MODEL
homology-modeling tool® by inputting the L. amazonensis Hsp83 amino acid sequence available from NCBI
(GenBank code AAA29250.1, available at National Center Biotechnology Information, http://www.ncbi.nlm.nih.
gov). The 3h80.1.A model was selected for use in this study, with 93.20% of sequence identity with the primary
structure of the protein. This model has been constructed based on L. major Hsp83 structure as the template.

Docking analysis was carried out on each of the Hsp90 inhibitors and the NTD of human Hsp90 (PDB
code 1YET), as well as modeled NTD of L. amazonensis Hsp83. All atoms within a radius of 15.0 A around
co-crystallized GA were considered to define the binding site location used for the analysis of the other two
inhibitors. GOLD 5.2 software*! was used for docking calculations using the ChemPLP score function, which
is an empirical energy-based scoring function that evaluates advanced protein-ligand docking by ranking the
generated ligand binding poses. Using a conformational library, the following L. amazonensis Hsp83 residues
were treated as flexible: Asn30, Ser33, Asn34, Asp37, Lys41, Asp76, Met81, Asn89, Leu90 and Phel21; for human
Hsp90, the residues treated as flexible were Leu48, Asn51, Ser52, Asp93, Met98, Asp102, Asn106, Lys112, Thr152
and Thr184. The water molecules (HOH) within the binding site were considered in our docking calculations,
allowing for the translation, spin and moving of these water molecules up to a distance of 2 A away from the initial
co-crystalized position. The BINANA program was then employed to analyze the molecular interactions result-
ing from docking using default settings. Finally, we used the PYMOL molecular visualization system to generate
protein structure images®.

References

1. Piscopo, T. V. & Mallia Azzopardi, C. Leishmaniasis. Postgrad Med ] 83, 649-657 (2007).

2. World Health, O. Control of the leishmaniases. World Health Organ Tech Rep Ser, xii—xiii, 1-186, back cover (2010).

3. Croft, S. L. & Coombs, G. H. Leishmaniasis—current chemotherapy and recent advances in the search for novel drugs. Trends
Parasitol 19, 502-508 (2003).

4. Croft, S. L. & Olliaro, P. Leishmaniasis chemotherapy-challenges and opportunities. Clin Microbiol Infect 17, 1478-1483, https://doi.
org/10.1111/j.1469-0691.2011.03630.x (2011).

5. Chappuis, E. et al. Visceral leishmaniasis: what are the needs for diagnosis, treatment and control? Nat Rev Microbiol 5, 873-882,
https://doi.org/10.1038/nrmicro1748 (2007).

6. Petersen, A. L. et al. 17-AAG Kkills intracellular Leishmania amazonensis while reducing inflammatory responses in infected
macrophages. PLoS One 7, 49496, https://doi.org/10.1371/journal.pone.0049496 (2012).

7. Santos, D. M. et al. Chemotherapeutic potential of 17-AAG against cutaneous leishmaniasis caused by Leishmania (Viannia)
braziliensis. PLoS Negl Trop Dis 8, €3275, https://doi.org/10.1371/journal.pntd.0003275 (2014).

8. Brown, M. A., Zhu, L., Schmidt, C. & Tucker, P. W. Hsp90—from signal transduction to cell transformation. Biochem Biophys Res
Commun 363, 241-246, https://doi.org/10.1016/j.bbrc.2007.08.054 (2007).

9. Zhao, R. & Houry, W. A. Hsp90: a chaperone for protein folding and gene regulation. Biochem Cell Biol 83, 703-710, https://doi.
org/10.1139/005-158 (2005).

10. Li, J., Soroka, J. & Buchner, J. The Hsp90 chaperone machinery: conformational dynamics and regulation by co-chaperones. Biochim
Biophys Acta 1823, 624-635, https://doi.org/10.1016/j.bbamcr.2011.09.003 (2012).

11. Theodoraki, M. A. & Caplan, A. J. Quality control and fate determination of Hsp90 client proteins. Biochim Biophys Acta 1823,
683-688, https://doi.org/10.1016/j.bbamcr.2011.08.006 (2012).

12. Sidera, K. & Patsavoudi, E. HSP90 inhibitors: current development and potential in cancer therapy. Recent Pat Anticancer Drug
Discov 9, 1-20 (2014).

13. Whitesell, L., Mimnaugh, E. G., De Costa, B., Myers, C. E. & Neckers, L. M. Inhibition of heat shock protein HSP90-pp60v-src
heteroprotein complex formation by benzoquinone ansamycins: essential role for stress proteins in oncogenic transformation. Proc
Natl Acad Sci USA 91, 8324-8328 (1994).

14. Stebbins, C. E. et al. Crystal structure of an Hsp90-geldanamycin complex: targeting of a protein chaperone by an antitumor agent.
Cell 89, 239-250 (1997).

15. Prodromou, C. et al. Identification and structural characterization of the ATP/ADP-binding site in the Hsp90 molecular chaperone.
Cell 90, 65-75 (1997).

16. Schulte, T. W. & Neckers, L. M. The benzoquinone ansamycin 17-allylamino-17-demethoxygeldanamycin binds to HSP90 and
shares important biologic activities with geldanamycin. Cancer Chemother Pharmacol 42, 273-279, https://doi.org/10.1007/
5002800050817 (1998).

17. Jez,]. M., Chen, J. C,, Rastelli, G., Stroud, R. M. & Santi, D. V. Crystal structure and molecular modeling of 17-DMAG in complex
with human Hsp90. Chem Biol 10, 361-368 (2003).

18. Pallavi, R. et al. Heat shock protein 90 as a drug target against protozoan infections: biochemical characterization of HSP90 from
Plasmodium falciparum and Trypanosoma evansi and evaluation of its inhibitor as a candidate drug. J Biol Chem 285, 37964-37975,
https://doi.org/10.1074/jbc.M110.155317 (2010).

19. Murillo-Solano, C., Dong, C., Sanchez, C. G. & Pizarro, ]. C. Identification and characterization of the antiplasmodial activity of
Hsp90 inhibitors. Malar J 16, 292, https://doi.org/10.1186/s12936-017-1940-7 (2017).

20. Pizarro, J. C. et al. Exploring the Trypanosoma brucei Hsp83 potential as a target for structure guided drug design. PLoS Negl Trop
Dis 7, 2492, https://doi.org/10.1371/journal.pntd.0002492 (2013).

21. Wiesgigl, M. & Clos, J. Heat shock protein 90 homeostasis controls stage differentiation in Leishmania donovani. Mol Biol Cell 12,
3307-3316 (2001).

22. Li, Q. et al. Apoptosis caused by Hsp90 inhibitor geldanamycin in Leishmania donovani during promastigote-to-amastigote
transformation stage. Parasitol Res 105, 1539-1548, https://doi.org/10.1007/s00436-009-1582-y (2009).

SCIENTIFIC REPORTS |

(2019) 9:14756 | https://doi.org/10.1038/s41598-019-51239-0


https://doi.org/10.1038/s41598-019-51239-0
http://www.rcsb.org
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
https://doi.org/10.1111/j.1469-0691.2011.03630.x
https://doi.org/10.1111/j.1469-0691.2011.03630.x
https://doi.org/10.1038/nrmicro1748
https://doi.org/10.1371/journal.pone.0049496
https://doi.org/10.1371/journal.pntd.0003275
https://doi.org/10.1016/j.bbrc.2007.08.054
https://doi.org/10.1139/o05-158
https://doi.org/10.1139/o05-158
https://doi.org/10.1016/j.bbamcr.2011.09.003
https://doi.org/10.1016/j.bbamcr.2011.08.006
https://doi.org/10.1007/s002800050817
https://doi.org/10.1007/s002800050817
https://doi.org/10.1074/jbc.M110.155317
https://doi.org/10.1186/s12936-017-1940-7
https://doi.org/10.1371/journal.pntd.0002492
https://doi.org/10.1007/s00436-009-1582-y

www.nature.com/scientificreports/

23. Mohammadi-Ostad-Kalayeh, S. et al. Heat Shock Proteins Revisited: Using a Mutasynthetically Generated Reblastatin Library to
Compare the Inhibition of Human and Leishmania Hsp90s. Chembiochem 19, 562-574, https://doi.org/10.1002/cbic.201700616
(2018).

24. Neckers, L., Schulte, T. W. & Mimnaugh, E. Geldanamycin as a potential anti-cancer agent: its molecular target and biochemical
activity. Invest New Drugs 17, 361-373 (1999).

25. Hollingshead, M. et al. In vivo antitumor efficacy of 17-DMAG (17-dimethylaminoethylamino-17-demethoxygeldanamycin
hydrochloride), a water-soluble geldanamycin derivative. Cancer Chemother Pharmacol 56, 115-125, https://doi.org/10.1007/
$00280-004-0939-2 (2005).

26. Nilapwar, S. et al. Structural-thermodynamic relationships of interactions in the N-terminal ATP-binding domain of Hsp90. ] Mol
Biol 392, 923-936, https://doi.org/10.1016/j.jmb.2009.07.041 (2009).

27. Petrikaite, V. & Matulis, D. Inhibitor binding to Hsp90: a review of thermodynamic, Kinetic, enzymatic, and cellular assays. Curr
Protein Pept Sci 15, 256-282 (2014).

28. Kanwar, A. et al. Synthesis and Activity of a New Series of Antileishmanial Agents. ACS Med Chem Lett 8, 797-801, https://doi.
org/10.1021/acsmedchemlett.7b00039 (2017).

29. Silva, K. P, Seraphim, T. V. & Borges, J. C. Structural and functional studies of Leishmania braziliensis Hsp90. Biochim Biophys Acta
1834, 351-361, https://doi.org/10.1016/j.bbapap.2012.08.004 (2013).

30. de Sa, M. S. et al. Antimalarial activity of betulinic acid and derivatives in vitro against Plasmodium falciparum and in vivo in P.
berghei-infected mice. Parasitol Res 105, 275-279, https://doi.org/10.1007/s00436-009-1394-0 (2009).

31. Wavefunction Inc. Spartan’08 Tutorial and User’s Guide, www.wavefun.com/ (2008).

32. Vainio, M. J. & Johnson, M. S. Generating conformer ensembles using a multiobjective genetic algorithm. ] Chem Inf Model 47,
2462-2474, https://doi.org/10.1021/ci6005646 (2007).

33. Biasini, M. et al. SWISS-MODEL: modelling protein tertiary and quaternary structure using evolutionary information. Nucleic Acids
Res 42, W252-258, https://doi.org/10.1093/nar/gku340 (2014).

34. Jones, G. et al. Development and Validation of a Genetic Algorithm for Flexible Docking. Mol. Biol 267, 727-748, https://doi.
org/10.1006/jmbi.1996.0897 (1997).

35. Durrant, J. D. & McCammon, J. A. BINANA: a novel algorithm for ligand-binding characterization. ] Mol Graph Model 29, 888-893,
https://doi.org/10.1016/j.jmgm.2011.01.004 (2011).

36. DeLano, W. L. The PyMOL Molecular Graphics System, DeLano Scientific LLC, San Carlos, CA, www.pymol.org/ (2002).

Acknowledgements

This work was supported by grants from Funda¢do de Amparo a Pesquisa do Estado da Bahia (P.S.T.V. http://
www.fapesb.ba.gov.br), Conselho Nacional de Pesquisa e Desenvolvimento Cientifico (P.S.T.V. - Universal
422867/2016-0 http://www.cnpq.br) and Fundagdo de Amparo a Ciéncia e Tecnologia do Estado de Pernambuco
(LEGRF - BFP-0063-4.03/17). P.S.T.V. holds a grant from CNPq for productivity in research (307832/2015-5).
The funders had no role in study design, data collection or analysis, the decision to publish, or preparation of
the manuscript. The authors would like to thank Andris K. Walter for English language revision and manuscript
copyediting assistance.

Author Contributions

PV, L.P. and M.H. - Conceived and designed the experiments; L.P. and L.F. - performed the experiments; L.P.,
L.F, AP, B.D, JM.,, D.M., M.H. and P.V. - analyzed the data; P.V. and M.H. - contributed reagents/materials/
analysis tools; L.P., M.H. and P.V. - wrote the manuscript. All authors contributed to manuscript elaboration and
revision and approved the final version prior to submission.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-51239-0.

Competing Interests: The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:14756 | https://doi.org/10.1038/s41598-019-51239-0


https://doi.org/10.1038/s41598-019-51239-0
https://doi.org/10.1002/cbic.201700616
https://doi.org/10.1007/s00280-004-0939-2
https://doi.org/10.1007/s00280-004-0939-2
https://doi.org/10.1016/j.jmb.2009.07.041
https://doi.org/10.1021/acsmedchemlett.7b00039
https://doi.org/10.1021/acsmedchemlett.7b00039
https://doi.org/10.1016/j.bbapap.2012.08.004
https://doi.org/10.1007/s00436-009-1394-0
http://www.wavefun.com/
https://doi.org/10.1021/ci6005646
https://doi.org/10.1093/nar/gku340
https://doi.org/10.1006/jmbi.1996.0897
https://doi.org/10.1006/jmbi.1996.0897
https://doi.org/10.1016/j.jmgm.2011.01.004
http://www.pymol.org/
http://www.fapesb.ba.gov.br
http://www.fapesb.ba.gov.br
http://www.cnpq.br
https://doi.org/10.1038/s41598-019-51239-0
http://creativecommons.org/licenses/by/4.0/

	A docking-based structural analysis of geldanamycin-derived inhibitor binding to human or Leishmania Hsp90

	Results

	L. amazonensis presents greater susceptibility to Hsp90 inhibitors than the differentiated THP-1 cell-line. 
	Hsp90 inhibitors present different docking interactions during binding to the NTD of L. amazonensis Hsp83 than the NTD of h ...

	Discussion

	Methods

	Parasites. 
	THP-1 and MRC-5 cell-line. 
	Anti-Leishmania assay. 
	Cytotoxicity assay. 
	Intracellular viability assay. 
	Statistical analysis. 
	In silico approach. 

	Acknowledgements

	Figure 1 L.
	Figure 2 Intracellular viability of L.
	Figure 3 L.
	Figure 4 Homo sapiens Hsp90 binding site with inhibitors and interaction types.
	Table 1 ChemPLP scores for each inhibitor and its respective conformations when bound to the NTDs of L.




