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Leishmaniasis is a disease that affects 2 million people and kills 70000 persons every year. It is caused by
Leishmania species, which are human protozoan parasites of the trypanosomatidae family. Trypanosomatidae
differ from the other eukaryotes in their specific redox metabolism because the glutathione/glutathione
reductase system is replaced by the unique trypanothione/trypanothione reductase system. The current
treatment of leishmaniasis relies mainly on antimonial drugs. The crystal structures of oxidized trypanothione
reductase (TR) from Leishmania infantum and of the complex of reduced TR with NADPH and Sh(lll),
reported in this paper, disclose for the first time the molecular mechanism of action of antimonial drugs
against the parasite. Sb(l11), which is coordinated by the two redox-active catalytic cysteine residues (Cys52
and Cys57), one threonine residue (Thr335), and His461' of the 2-fold symmetry related subunit in the
dimer, strongly inhibits TR activity. Because TR is essential for the parasite survival and virulence and it
is absent in mammalian cells, these findings provide insights toward the design of new more affordable and

less toxic drugs against Leishmaniasis.

Introduction

Leishmaniasis is a poverty-related disease characterized by
high morbidity, which is deeply linked to malnutrition, humani-
tarian emergencies, and environmental changes that affect vector
biology. It causes an estimated 70000 deaths annually, a rate
surpassed among parasitic diseases only by malaria.® This
disease is transmitted by the bite of the sand fly of the genus
Leishmania in the New World and of the fly of the genus
Phlebotomus in the Old World. Usually, the parasite primarily
infects a feral or domestic mammalian host. Most forms of the
diseases are zoonotic, i.e., transmissible only among animals,
but human leishmaniasis is increasingly spreading throughout
the world. Human infection is caused by about 21 out of the 30
species that infect mammals. These include the Leishmania
donovani complex with two main species (L. donovani and
Leishmania infantum), the Leishmania mexicana complex with
three main species (L. mexicana, Leishmania amazonensis, and
Leishmania venezuelensis), Leishmania tropica, Leishmania
major, Leishmania aethiopica, and the subgenus Viannia with
four main species (Leishmania (V.) brazliensis, Leishmania (V.)
guyanensis, Leishmania (V.) panamensis, and Leishmania (V.)
perugiana).?~® Leishmania parasites are widespread in 22
countries in the New World and in 66 nations in the Old World.
Endemic regions have been spreading increasingly over the last
ten years, with a sharp increase in the number of recorded cases.
Indeed, 2 million new cases are considered to occur annually,
with an estimated 12 million people presently infected world-
wide. Leishmaniasis comprises two major clinical forms, visceral
leishmaniasis, caused by L. donovani and L. infantum, which
is invariably fatal, if untreated, and the cutaneous form, which
can heal spontaneously but leaves disfiguring scars.®

T Atomic coordinates and structure factors have been deposited in the
Protein Data Bank (www.ebi.ac.uk/msd). PDB accession codes: 2JK6 for
oxidized TR and 2WOH for reduced TR in complex with NADPH and
Sh(lll).
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The current treatment of leishmaniasis relies on antimony-
based drugs, meglumine antimoniate (Glucantime), and sodium
stibogluconate (Pentostam). However, the molecular mechanism
of action of these drugs is not completely understood and their
use is severely impaired by the side effects related to their
toxicity. In addition, an ever increasing number of drug-resistant
strains have been identified in Bihar, India, which prevents the
use of antimonial drugs in this endemic area.® ® Therefore, on
the one hand, there is an urgent need to develop novel drugs
that target specific metabolic pathways of the parasite; on the
other hand, it is also necessary to understand the mechanism of
action of the most used drugs in order to minimize their severe
side effects.

The recent completion of the L. major, L. infantum, and L.
brasiliensis genome sequencing projects provided researchers
worldwide with a wealth of information, enabling them to study
the parasite metabolism and detect new molecular targets for
pharmaceutical treatment. Among the potential molecular targets
to date, trypanothione synthetase (TS®) and trypanothione
reductase (TR), the putative enzyme targeted by antimonial
compounds, are most promising in that they are involved in
the unique thiol-based metabolism of Leishmania, which is
common to all parasites of the Trypanosomatidae family but
absent in the host. TS synthesizes a glutathione—spermidine
conjugate named trypanothione (N1—N8-bis(glutathionyl)sper-
midine), and TR keeps this molecule reduced.®** The trypan-
othione/TR system replaces many of the antioxidant and
metabolic functions of the glutathione/glutathione reductase
(GR) and thioredoxin/thioredoxin reductase systems present in
other organisms and, for this reason, it is necessary for the
protozoa survival.*> 16

Pentavalent antimonials, which are the first choice drugs for
the treatment of visceral leishmaniasis, are known to be active

@ Abbreviations: TS, trypanothione synthetase; TR, trypanothione re-
ductase; GR, glutathione reductase; NADPH, nicotinamide adenine di-
nucleotide phosphate; Tris, tris(hydroxymethyl)-aminomethane/HCI; FAD,
flavin adenine dinucleotide; TS,, oxidized trypanothione; Hepes, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; ROS, reactive oxygen spe-
cies; T(SH),, reduced trypanothione.
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only following bioreduction to the trivalent Sb(lll) form.
Fairlamb and co-workers discovered that trivalent antimonials
inhibit TR and that reduction of TR by nicotinamide adenine
dinucleotide phosphate (NADPH) is essential for inhibition. In
vivo, antimonials interfere with trypanothione metabolism by
inducing rapid efflux of intracellular trypanothione and glu-
tathione and inhibiting TR in intact cells. Despite these findings,
the molecular basis of the interaction of antimonials with TR
and of its inhibition is still unknown.*”*°

In this paper, the crystal structures of TR from Leishmania
infantum in the oxidized state and of the complex of TR with
NADPH and Sh(Il1) in the reduced state (the first TR structures
from Leishmania species) are presented.

Comparison between the two structures allowed us to identify
the structural elements involved in NADPH and Sb(ll1) binding
to TR. Additionally, the discovery of the structural differences
between the oxidized enzyme in the free state and the bound
reduced enzyme provides further elements to understand the
mechanism of trypanothione reduction. Most importantly, the
structural analysis of TR in complex with NADPH and Sb(lll)
permitted the identification of the Sb(lll) binding site. This,
together with the enzymatic activity experiments, discloses for
the first time the molecular basis of TR inhibition by antimonials.
The knowledge of the mechanism of action of the antimonial
drugs at the molecular level provides essential information to
rationally design new, less toxic, and more affordable drugs
aimed at TR inhibition.

Interestingly, the only other protein structure containing
Sh(l1) reported to date is the crystal structure of the catalytic
subunit of E. coli ArsA ATPase (PDB code, 1F48).2° Hence,
the structure of the Sb(lI1)—L. infantum TR complex furnishes
important structural information on the coordination geometry
of Sb(Ill) in proteins.

Experimental Section

Crystallization. Cloning, expression, and purification of TR from
Leishmania infantum were carried out as previously reported.?*
Crystallization trials of TR from L. infantum were initially
performed by sitting drop robotized screening at 293 K using several
commercially available crystallization kits (Wizard screen, Emerald
Biosystems; Index screen and Crystal screen, Hampton Research).
Crystallization trials were performed using a protein sample
concentrated to about 8 mg/mL and dialyzed against 20 mM
tris(hydroxymethyl)-aminomethane/HCI (Tris), pH = 7.5. Aliquots
of 0.1 uL of protein sample were mixed by the crystallization robot
with an equal amount of the reservoir solution. Small crystals grew
after two weeks in the trial 4 of the Crystal Screen | (Hampton
Research), containing the crystallization solution: 0.1 M Tris pH
= 8.5, 2.0 M ammonium sulfate.

Crystals were optimized by hand using the hanging drop vapor
diffusion method. The measured crystal was obtained using
ammonium sulfate as precipitant agent in a final concentration of
2.2 M and Tris buffer at a pH 8.5 in a final concentration of 0.1
M. One uL aliquots of the protein sample were mixed with an equal
amount of the reservoir solution and allowed to equilibrate with a
500 uL volume of reservoir solution. The crystals grew at a
controlled temperature of 294 K, reaching dimensions of 0.3 mm
x 0.3 mm x 0.2 mm in 10—15 days.

Crystals of TR complexed with NADPH and Sbh(lll) were
obtained by soaking crystals of free oxidized TR for two hours
with a stabilizing solution of 2.5 M ammonium sulfate, 0.1 M Tris
at pH 8.5, containing 1 mM potassium antimonyl tartrate trihydrate
and 5 mM NADPH (Sigma Aldrich).

All TR crystals were cryoprotected in a solution containing 75%
v/v of the reservoir solution and 25% v/v of glycerol and mounted
in nylon loops. Then, the crystals were flash-frozen by quick
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Table 1. Crystal Parameters, Data Collection, and Refinement Statistics®

reduced TR +
NADPH + Sb(lll)

oxidized TR
Data Collection

space group P41 P41

unit cell dimensions (A) 103.45, 103.45, 192.62 102.99, 102.99, 193.18

resolution range (A) 49-2.95 (3.0—2.95) 48-—3.0 (3.08—3.0)

total reflections 199626 (41850) 199810 (44389)
(unique reflections)

completeness (%) 98.6 (84.1) 99.9 (99.8)
Rmerge 0.055 (0.295) 0.111 (0.365)
redundancy 4.8 (3.4) 4.5 (4.5)
Wo(1)O 23.1(3.8) 9.6 (3.6)

Refinement Statistics

40.0-2.95 (3.0-2.95) 40—3.0 (3.08—3.00)
39182 (2576) 33190 (2431)

resolution range (A)
number of reflections

free R value 0.264 (0.360) 0.261 (0.365)
R value (working set) 0.235 (0.308) 0.237 (0.371)
rmsd of bond lengths (A) 0.006 0.006
rmsd of angles (deg) 0.944 1.102
FAD 2 2
NADPH 2
antimony 2
waters 16 26
sulfate ions 5 2
Ramachandran Analysis
residues in most favored 96.8 93.8
regions (%)
residues in additionally 3.2 6.2
allowed regions (%)
outliers 0 0

@ Values in parentheses are for the highest resolution shell.

submersion into liquid nitrogen for transport to a synchrotron
radiation source.

Data Collection and Data Reduction. Single wavelength data
sets (A = 0.91841 A) were collected from crystals of oxidized TR
and of reduced TR in complex with NADPH and Sh(lll) on the
BL 14-2 beamline at the Synchrotron Radiation Source BESSY,
Berlin, Germany, using a CCD detector at a temperature of 100 K.

The autoindexing procedure performed with DENZO?? indicated
that the crystals were tetragonal. The data scaling, performed with
SCALEPACK,?? indicated that the crystals belong to the P4, space
group. Crystal parameters and data collection statistics for the
measured diffracting crystal are given in Table 1.

Assuming a molecular weight of about 54 kDa per monomer,
the presence of four asymmetric units in the P4, cell and of two
molecules in the asymmetric unit, the value of V), appears to be
very high (4.67 A% Da™?), with a very high solvent content (74%).2*
This fact is unusual but not unprecedented and is consistent with
the fact that despite their regular shape and big dimensions the TR
crystals do not diffract better than 2.95 A.

Structures Solution, Model Building, and Refinement.
Native Oxidized TR. The structure of native oxidized L. infantum
TR was solved by molecular replacement using as search model
the TR from Crithidia fasciculata (PDB code 1FEA), which has
sequence identity of 78% with L. infantum TR. The rotational and
translational searches, performed with the program MolRep?®
(CCP4 suite) in the resolution range of 10—3.5 A, produced a clear
solution, corresponding to a dimer in the asymmetric unit.

Refinement was performed using the maximum likelihood
method with the program REFMAC52* and model building was
carried out using the program COOT?® (see Table 1). The final
model of native TR is a dimer that contains 978 residues (489 for
each monomer), two FAD molecules, 16 water molecules, and five
sulfate anions. The final Ry for all resolution shells (40—2.95 A)
calculated using the working set reflections (39182) is 23.5%, and
the Free R value calculated using the test set reflections (2057) is
26.4%. The final Ryys calculated for the highest resolution shell
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(3.0—2.95 A) using the working set reflections (2576) is 30.8%,
and the Free R value calculated using the test set of reflections
(162) is 36.0%. The most favored regions of the Ramachandran
plot contain 96.8% of nonglycine residues. The atomic coordinates
and structure factors have been deposited in the Protein Data Bank
(PDB accession code for native TR: 2JK®6).

Complex of Reduced TR with NADPH and Sb(l11). Because
the cell dimensions of TR in complex with NADPH and Sh(lll)
are slightly different from the native oxidized TR (see Table 1),
we used molecular replacement to correctly position the protein in
the new cell. The rotational and translational searches were
performed with the program MolRep?® using as search model the
native TR structure in the resolution range of 10—3.5 A and
produced a clear solution.

Refinement and model building were performed as described
above for the native oxidized TR. The final model of TR in complex
with NADPH and Sh(lll) is a dimer that contains 972 residues (485
for the monomer A and 487 for the monomer B), 26 water
molecules, two sulfate anions, two flavin adenine dinucleotide
(FAD) molecules, two NADPH molecules, and two Sh(lll) (one
metal ion per monomer). The final Ry for all resolution shells
(40.0—3.0 A) calculated using the working set reflections (33190)
is 23.8%, and the free R value, calculated using the test set
reflections (1788), is 26.1%. The final R calculated for the highest
resolution shell (3.08—3.00 A) using the working set reflections
(2431) is 36.5% and the Free R value calculated using the test set
reflections (131) is 37.1%. The most favored regions of the
Ramachandran plot contain 93.8% of non-glycine residues. The
atomic coordinates and structure factors have been deposited in
the Protein Data Bank. The PDB accession code for TR in complex
with NADPH and Sb(lll) is 2WO0H.

TR Assay and Inhibition. TR activity was measured at 25 °C
in a diode array Hewlett-Packard HP8452A spectrophotometer. The
standard assay (0.8 mL) contained NADPH, oxidized trypanothione
(TS,), and 20 nM TR in TR assay buffer: 40 mM 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid (Hepes), 50 mM NaCl, pH
7.5. NADPH was added to TR solution and incubated at 25 °C for
1 min immediately prior to addition of TS,. Addition of TS,
corresponds to time 0. After starting the reaction by addition of
TS,, the absorbance decrease at 340 nm was followed.

One U activity is defined as the amount of enzyme required to
convert 1 pmol NADPH to NADP*/min at 25 °C. The experiments
for calculation of the K of TS, were carried out varying TS,
concentration, while NADPH concentration was 200 4M; experi-
ments for calculation of the K,, of NADPH were carried out by
varying NADPH concentration, while TS, concentration was 200
uM.

Experiments for calculation of the K; of Sb(I1l) and As(I11) were
carried out by varying Sh(l11) and As(I11) concentration, while TS,
and NADPH concentrations were 200 uM each. Oxidized trypan-
othione (Bachem), NADPH (Sigma), potassium antimony!| tartrate
trihydrate (Sigma), and arsenic(l1l) oxide (Sigma) were used for
the experiments.

Size-Exclusion Chromatography. Gel filtration experiments
were carried out on a GE Healthcare Superose 6 10/300 column
(manufacturers’ exclusion limit 4 x 107 Da for proteins) using an
Amersham Biosciences P-900 system. Highly purified TR was
equilibrated by dialysis vs 100 mM Hepes buffer, pH 7.8, 150 mM
sodium chloride. Then 0.5 mL samples were injected on the column
equilibrated with 100 mM Hepes buffer, pH 7.8, 150 mM sodium
chloride (flow rate 0.5 mL/min, detection 280 nm). Three different
molecular weight standards (Dps particles, Amersham low molec-
ular weight gel filtration kit 17-0442-01, Bio-Rad gel filtration
standard 151-1901) were used to obtain a precise calibration curve.

Results

Spectroscopic Features of TR. TR from L. infantum
possesses spectroscopic properties closely resembling those of
other TRs.*® The oxidized enzyme, where the redox-active
cysteine residues Cys52 and Cys57 of the disulfide binding site
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are covalently linked by a disulfide bridge, exhibits absorbance
maxima at 377 and 462 nm.

Addition of 200 xM NADPH as a reducing agent leads to a
decrease of the absorbance at 462 nm with concomitant
acquisition of a broad band (530 nm) due to reduction of the
cysteine disulfide bridge and formation of a characteristic
charge-transfer complex between the FAD and the proximal
sulfhydryl group.

Structures Solution and Overall Fold. The crystal structure
of L. infantum TR in its oxidized state has been solved at 2.95
A resolution. All the TR crystals are well shaped but contain a
high amount of solvent (solvent content = 74%)2® and for this
reason do not diffract better than 2.95 A. The asymmetric unit
contains a dimer formed by two identical subunits (rmsd = 0.02
A), related by a 2-fold axis.

The overall fold of L. infantum TR closely resembles that of
C. fasciculata TR and Trypanosoma cruzi TR (the superposition
between the Ca atoms of L. infantumwith C. fasciculata (PDB
code 1FEA) and T. cruz (PDB code 1BZL) TRs results in rmsd
values of 0.62 and 0.87 A, respectively) (Figure 1). Each
monomer is formed by three different domains: the FAD binding
domain (residues 1—160 and 289—360), the NADPH binding
domain (residues 161—289) and the interface domain (361—488)
(Figure 2), as described by Zhang et al.?”

Dimeric Interface. As mentioned above, the asymmetric unit
of both oxidized TR and reduced TR in complex with NADPH
and Sb(lIl) contain dimers. Additionally, like GRs, TRs are
known to be active in the dimeric state.™® Experiments of size
exclusion chromatography were carried out to determine whether
L. infantum TR is dimeric in solution. The analysis of the elution
pattern (not shown) demonstrates that the L. infantum TR used
for crystallization experiments and enzymatic activity assays
(see below) has a molecular weight of 105 + 8 kDa, corre-
sponding to a dimer (Table 2).

The dimeric interface, analyzed with ProtorP,?® displays a
large, solvent accessible, mostly nonpolar surface area of
3187.61 A2 In particular, the interface contains a 30.12% of
polar residues, 53.01% of nonpolar residues, and 16.87% of
charged residues. The residues involved in hydrogen bonds
(distances between 2.52 A and 3.15 A) that stabilize the interface
are: Lys6l, Gly66, Phe79, Gly80, Trp81, Asn9l, Tyr210,
Glu436, GIn439, Ser440, Val460, Pro462, Ser464, and Ala465.
Some of these interactions are conserved in human GR, but
others are present only in L. infantum TR, namely: residues in
the loop between the two longest helices in the FAD binding
domain (Phe79, Gly80, Trp81, Asn91), Tyr210 in the NADPH
binding domain, and Ser440 in the interface domain. Similarly
to human GR and other members of TR family, in L. infantum
TR, the dimeric interface contains two symmetric catalytic clefts
where reduction of the trypanothione disulfide bridge takes
place. Each cleft is formed by: the N-terminal part of helix
48—87, helices 16—25 and 334—348 of the FAD binding
domain of one monomer, and loops 433—454 and 395—398 of
the interface domain of the 2-fold symmetry-related monomer
(Figure 2).

The FAD-Binding Domain. The FAD binding domain
adopts the Rossmann fold typical of GR family members. It is
formed by a three-stranded antiparallel [-sheet (residues
126—153), a five-stranded parallel S3-sheet (strands 7—10,
31-35, 120—124, 155—158), and four a-helices (14—27,
24—92, 69—161, 335—351) (Figure 3A). Like the other TRs
whose structures have been solved so far, L. infantum TR
displays an active site larger than that of GRs.2"2932
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TR_LI ~-MSRAYDLVVLGAGSGG-~~--=-=-~~~~ LEAGWNAAVTHKKKVAVVDVQATHGPPLFA 46
TR_CF -MSRAYDLVVIGAGSGG--~----=--~~~ LEAGWNAASLHKKRVAVIDLQKHHGPPHYA 46
TR TC MMSKIFDLVVIGAGSGG---=====nnn== LEAAWNAATLYKKRVAVIDVQMVHGPPFFS 47
GR H -MALLPRALSAGAGPSWRRAARAFRGFLLLLPEPAALTRALSRAMACRQEPQPQGPPPAA 59
* ok ok * * o ki
TR LI =~ ===========mmmmmmmmmmmmmee—mmooooo ALGG KKLMVTGAQY 69
TR CF ~ =======m=—mmmmmmmemmemmeee oo ALGGT KKLMVTGANY 69
TR.TC = mesmmcsmcesssncss s s nesmnnsnnnnm e ALGG PEEKLMVTGAQY 70
GR H GAVASYDYLVIGGGSGGLASARRAAELGARAAVVESHKLGGT KKVMWNTAVH 119
khkdkhkhhdkdkhhhbdkdh *
TR LI MDLIRESGGFGWEMDRESLCPNWKTLIAAKNKVVNSINESYKSMFADTEGLSFHMGFGAL 129
TR_CF MDTIRESAGFGWELDRESVRPNWKALIAAKNKAVSGINDSYEGMFADTEGLTFHQGFGAL 129
TR_TC MEHLRESAGFGWEFDRTTLRAEWKKLIAVKDEAVLNINKSYEEMFRDTEGLEFFLGWGSL 130
GR H SEFMHDHADYGFPSCEG- - KFNWRVIKEKRDAYVSRLNAIYONNLTKSH- IEITRGHAAF 176
* * * * * *
TR LI QDAHTVVVRKSEDPHSDVLETLDTEYILIATG- - - SWPTRLGVPGDEFCITSNEAFYLED 186
TR_CF QDNHTVLVRESADPNSAVLETLDTEYILLATG- - - SWNPQHLGIEGDDLCITSNEAFYLDE 186
TR_TC ESKNVVNVRESADPASAVKERLETENILLASG- - - SWPHMPNIPGIEHCISSNEAFYLPE 187
GR H TSDPKPTIEVSG--~-----~ KKYTAPHILIATGGMPSTPHESQIPGASLGITSDGFFQLEE 229
* *k Kk & * & * = * ok * ok
TR LI APKRMLCVGGG¥IAVEFAGIFNGYKPCGGYVDLCERGDLILRGFDTEVRKSLTKQLGANG 246
TR_CF APKRALCVGGGYISIEFAGIFNAYKARGGQVD GDMILRGFDSELRKQLTEQLRANG 246
TR_TC PPRRVLTVGGGEISVEFAGIFNAYKPKDGQVTLCY¥RGEMILRGFDHTLREELTKQLTANG 247
GR_H LPGRSVIVGAGYIAVEMAGILSALG- - -SKTS KVLRSFDSMISTNCTEELENAG 286
* & *k Kk ok * ko * * * ok kk * * *
TR LI IRVRTNLNPTKITKNEDGSNHVHFNDGT- - - - - - - - EEDYDQVMLAIGRVPRSQALQLDK 298
TR CF INVRTHENPAKVTKNADGTRHVVFESGA- - - - - - - - EADYDVVMLAIGRVPRSQTLQLDK 298
TR_TC IQILTKENPAKVELNADGSKSVTFESGK-- -~~~ -~ KMDFDLVMMAIGRSPRTKDLQLQN 299
GR_H VEVLKFSQVKEVKKTLSGLEVSMVTAVPGRLPVMTMIPDVDCLLWAIGRVPNTKDLSLNK 346
* & dkhkdhk * *
TR LI AGVRTGKNGAVQVDAYSKTSVDNIYAIGDVTNRVMLTPVAINEGAAFVETVFGGKP-RAT 357
TR CF AGVEVAKNGAIKVDAYSKTNVDNIYAIGDVTDRVMLTPVAINEGAAFVDTVFANKP-RAT 357
TR_TC AGVMI - KNGGVQVDEYSRTNVSNIYAIGDVTNRVMLTPVAINEAAALVDTVFGTNP-RKT 357
GR H LGIQTDDKGHIIVDEFQNTNVKGIYAVGDVCGKALLTPVAIAAGRKLAHRLFEYKEDSKL 406
* * * & * & dhkk ko oo e e e g *
TR LI DHTEVACAVFSIPPIGTCGMTEEEAAKNY--ETVAVYASSFTPLMHNISGSKHKEFMIRI 415
TR CF DHTKVACAVFSIPPMGVCGYVEEDAAKKY - -DQVAVYESSFTPLMHNISGSTYKKFMVRI 415
TR_TC DHTRVASAVFSIPPIGTCGLIEEVASKRY--EVVAVYLSSFTPLMHNISGSKYKTFVAKI 415
GR H DYNNIPTVVFSHPPIGTVGLTEDEATHKYGIENVKTYSTSFTPMYHAVTKRKTKCVMKMY 466
* dhkd hhk &k * * * * * * LA & & 3 * *
TR LI ITNESNGEVLGVHMLGDSAPEIIQSVGICMKMGAKISDFHSTI PT ELCSMRTPA 475
TR _CF VINHADGEVLGVHMLGDSSPEIIQSVAICLEMGAKISDFYNTI ELCSMRTPA 475
TR_TC ITNHSDGTVLGVHLLGDNAPEITQGVGICLKLNAKISDFYNTI PTS ELCSMRTPS 475
GR H CANKEE KVVGIHMQGLGCDEMLQGFAVAVKMGATKADFDNTVAI PTSS ELVTLR--- 522
* k& * * dhdkddk dedkd
TR_LI YFYESGKRVEKLS-SNL 491
TR CF YFYQKGKRVEKID-SNL 491
TR_TC YYYVEGEEMEKPSEASL 492
GRH = =eeeeeemeeeeeeea-

Figure 1. ClustalW>t-generated multiple sequence alignment of L. infantum TR with C. fasciculata TR, T. cruzi TR, and human GR. Residues
conserved in all sequences are indicated by asterisks. Residues involved in catalysis have gray background.

Almost all the residues interacting with FAD are conserved
among the TR family member, although it is possible to observe
some small differences. In L. infantum TR, N of Gly127 is
hydrogen bonded to N1 of the adenine ring (distance = 2.95
A) and AN7 of the adenine ring interacts with NH1 of Arg290
(NH1—AN7 distance = 4.12 A), as in C. fasciculata and T.
cruzi TRs. The ribose ring interacts mainly with Asp35 (distance
OD1-A02 = 2.71 A; distance OD2—AO03 = 3.13 A) as in
the other TRs. Additionally, in L. infantum TR, AO3 is hydrogen
bonded to the nitrogen atom of Ala47 (which substitutes Ser46
of T. cruzi TR). The pyrophosphate group is hydrogen bonded
to the N and OG1 atoms of Thr51 (distances OA1—N = 2.89
A, 0A2—N=13.35 A; OA1—0G1 = 2.51 A) and to the nitrogen
of Ser14 (OP1—N = 3.40 A, OA2—N = 3.23 A). N of Asp327

is hydrogen bonded to O2P (distance = 3.15 A). The ribosyl
chain O3' is hydrogen bonded to Asp327 (OD1—-03' = 2.88,
0D2—-03' = 3.24 A) and Leu334 (N—03' = 3.36 A). Finally,
the flavin ring interacts with the protein moiety by the O4 and
N5 atoms hydrogen bonded to the NZ of Lys61 (NZ—04 =
2.95 A, NZ—N5 = 3.03 A) (Figure 3B).

NADPH Binding Domain. The structure of reduced L.
infantum TR in complex with Sb(lll) and NADPH has been
compared with the structure of T. cruzi TR in the reduced state,
which was obtained in the presence of NADPH.*? Unfortunately,
the deposited PDB file of T. cruzi TR does not contain NADPH
coordinates. However, the residues involved in NADPH bind-
ing®? are almost completely conserved in the two proteins (Table
3 and Figure 4A). As shown in Figure 4A, the adenine moiety
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Figure 2. Overall fold of L. infantum TR in the oxidized form. One
monomer of the dimer is colored gray. In the other monomer, the FAD
binding domain (residues 1—160 and 291—360) is colored red, the
NADPH binding domain (residues 161—290) blue, and the interface
domain (361—488) in yellow-orange. The FAD and NADPH cofactors
are indicated in stick, and Sb(lIl) is indicated as a green sphere. The
figure was generated using PyMOL.%”

Table 2. Spectroscopic, Physical, and Kinetic Parameters of L. infantum
TR in Comparison with TR of L. donovani and T. cruzi®®

trypanothione reductase

L. infantum L. donovani T. cruz

oligomeric structure dimer dimer dimer
pyridine dinucleotide NADPH NADPH  NADPH
flavin FAD n.d. FAD
Km (uM) trypanothione disulfide 72 +9 36 45

Km («M) NADPH 12+25 9 5

Ki (uM) for Sb(lll) 15+04 n.d. n.d.

Ki (uM) for As(111) 14+4 n.d. n.d.

Keat (Min~1) trypanothione disulfide 4800 4 1100 10760 14200
Kea!Km (M2 572 1.1 x 106 5.0 x 108 5.3 x 10¢

does not interact directly with the protein, whereas the 2'-
phosphate group is tightly bound, through its oxygen atoms, to
Arg222, Arg228, and Tyr221. Tyr221 was expected to play a
major role in the discrimination between NADH and NADPH
in that, in human GR (which binds NADH), this residue is
substituted by 11e217.% The pyrophosphate group is hydrogen
bonded to Tyr198, which is phenylalanine in T. cruzi TR, and
to the conserved 116199 (see Table 3). Finally, the nicotinamide
ribose interacts in both proteins with the conserved Met333,
whereas the nicotinamide moiety interacts with both Glu202
and Ala365 (see Table 3 and Figure 4A).

The structures of oxidized TR and of reduced NADPH- and
Sb(l11)-bound TR are very similar, the superposition between
the two structures yielding a rmsd of 0.378 A. The most
important differences are visible in the catalytic site and in the
NADPH binding site (Figure 4B).

In the NADPH binding site, Arg222 and Tyr198 undergo
conformational changes similar to those described for GRs.>*
The phenolic ring of Tyr198 is rotated by about 120° around
the Co.—Cp bond to accommodate the NADPH nicotinic ring,
and Arg222 is rotated by about 30° around the Ca—Cg bond
to accommodate the adenine ring. Other small changes in the
NADPH binding domain concern Arg228 and Tyr221, which
interact with the adenine ribose phosphate in the reduced
NADPH bound enzyme.

The residues interacting with the NADPH molecule are
indicated in Figure 4B, and the distance between the NADPH
atoms and the protein are shown in Table 3.

Catalytic Site and Sh(l11) Binding Site. In the native TR
structure, the two sulfur atoms of Cys52 and Cys57, are placed
at a distance compatible with disulfide bond formation (2.05
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A

Figure 3. L. infantum TR FAD binding domain. (A) Overall view of
the FAD binding domain displaying the typical Rosmann fold of GR
family proteins. The o-helices are colored red, the S-strands and FAD
yellow, the connecting loops green (blue helices belong to the NADPH-
binding domain). (B) FAD binding site. The FAD molecule and the
residues that interact with it are displayed. The picture was generated
using PyMOL.%"

Table 3. Residues within 3.5 A Distance from NADPH in Leishmania
infantum NADPH—Sb(II1)—TR structure and in T. cruzi NADPH—TR
structure

T.cruzi TR

distance
atom of NADPH atom (residue)  (A)

Adenine Ribose

2' phosphate O1 OH (Tyr221) 3.1
2' phosphate O1 NH2 (Arg222) 2.6
2' phosphate 02 NH2 (Arg229) 2.9
2' phosphate 02 OH (Tyr222) 2.2
2' phosphate O3 NH2 (Arg223) 3.1
2' phosphate 03 NH2 (Arg229) 2.7
o3’ N (Gly197) 3.2

L. infantum TR

distance
atom (residue)  (A)

OH (Tyr221) 34
NH2 (Arg222) 2.8
NH1 (Arg228) 2.7
OH (Tyr221) 2.6
NH2 (Arg222) 3.0
NH1 (Arg228) 2.7

Pyrophosphate Group

A-phosphate O1 N (Phe199) 35 N (Tyr198) 3.9
A-phosphate 02 N (Phe199) 2.9 N (Tyr198) 3.9
A-phosphate 02 N (11e200) 2.9 N (11e199) 3.0

Nicotinamide Ribose

02 O (Met333) 2.6 O (Met333) 2.9
Nicotinamide

o7 O (Ala365) 34 O (Ala365) 3.3

N7 OE2 (Glu203) 3.0 OE2 (Glu202) 3.2

N7 O (Ala365) 2.8 O (Ala365) 2.8

N7 Oda (flavin) 3.1 Oda (flavin) 3.3

A), indicating that the native protein is completely oxidized
(Figure 5A).

It is well-known that TR reduction is a prerequisite for Sb(lll)
binding.*® For this reason, the TR complex with Sh(lll) was
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Figure 4. L. infantum NADPH binding site. (A) NADPH binding site
in reduced TR in complex with Sb(I11) and NADPH. The NADPH and
FAD molecules, as well as the residues interacting with the NADPH,
are indicated in sticks (the values of distances, indicated by dashed
lines, are reported in Table 3). (B) Superposition between the NADPH
domain of native oxidized TR (in gray) and the NADPH domain of
the reduced TR in the complex. Secondary structure elements (light-
shaded) and residues (sticks) belonging to the NADPH and FAD domain
are colored blue and red, respectively. NADPH and FAD are colored
cyan and yellow, respectively. Oxygen, nitrogen, sulfur, and antimony
atoms are colored red, blue, yellow, and green, respectively.

obtained by soaking the TR oxidized crystals with a mother
liquor solution containing 1 mM potassium antimony!| tartrate
trihydrate and 5 mM NADPH.

The F, — F difference Fourier map shows a strong electron
density peak (Figure 5B) that disappears only when the map is
contoured at 7o. This behavior clearly shows that the species
present in that site has a number of electrons that is more than
twice that of a water molecule and is compatible with a metal
ion. Of all the ions present in the soaking solution, Sh(lll) is
both the only one present at high concentration and the only
one that can be coordinated by cysteine residues.

Upon protein reduction, and Sbh(lll) binding the disulfide
bridge breaks and the sulfur atoms move away to a distance of
4.4 A (Figure 5C).

The antimony ion is bound in the catalytic cleft at the dimeric
interface. Sb(Ill) is tetrahedrically coordinated by the two
cysteines (SG Cys52—Sh(lll) = 2.8 A, SG Cys57—Sh(lll) =
3.0 A), one threonine residue (OG1 Thr335—Sblll = 3.0 A),
and His461' of the 2-fold symmetry related subunit (ND1
His461'—Sh(I1) = 3.2 A) (Figure 5A). Moreover, the antimony
trivalent ion is placed at a distance of about 4.49 and 4.33 A
from the FAD nitrogen atoms N5 and N10, respectively (Figure
5D).

To study the interaction of L. infantum TR with trypanothione,
the structure of the protein in the reduced state has been
superimposed to that of T. cruzz TR, which contains the
trypanothione coordinates (PDB code: 1BZL). This comparative
study shows that almost all T. cruz residues that are involved
in trypanothione binding are conserved in L. infantum TR.
Assuming that the trypanothione mode of binding to L. infantum
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TR is not significantly different from that observed in the T.
cruz structure, trypanothione would interact with L. infantum
TR Glul110, Tyr108, Glul8 on the FAD binding domain of one
monomer and His461' of the interface domain of the 2-fold
symmetry related subunit, which is also a Sb(lll) ligand. The
residue homologous to His461' in GRs (His467' in human GR)
is known to have an important role in the reduction mechanism
of glutathione because it acts as a proton exchanger stabilized
by the conserved Glu472'.>* As shown in Figure 5D, His461’
is at hydrogen bond distance from the SG6 of the trypanothione
molecule (NE2—SG6 = 2.87 A) as well as from the SG of
Cys52 (ND1—SG = 3.4 A) and Cys57 (ND1-SG = 3.5 A),
which form the disulfide bridge in the oxidized protein. The
analysis of the structure of the Sb(lI1)=TR complex clearly
shows that trivalent antimony binding to the catalytic site
interrupts the direct communication between His461', the Cys
residues, and the sulfur atoms of trypanothione, thus inhibiting
TS, reduction.

Enzyme Assays and Enzyme Inhibition. Steady state
condition Kinetic experiments were carried out by varying the
concentration of one of the two substrates (NADPH and TS,)
and keeping constant the concentration of the other (Table 2).
After starting the reaction by the addition of TS,, the absorbance
decrease at 340 nm, which indicates the oxidation of NADPH
(see Experimental Section), was measured.

The reaction catalyzed from L. infantum TR follows the
Michaelis Menten equation with both NADPH and TS, sub-
strates. The K, values for NADPH is 12 uM, while it is 72 uM
for TS,. The key is 4800 min~? for trypanothione disulfide, which
is 50—70% lower than that observed for other TRs.

The ability of Sh(lll) and As(lI1) to inhibit TS, reduction
catalyzed by TR was assessed. Different amounts of As,0; and
potassium antimonyl tartrate trihydrate have been added to a
solution containing oxidized TR (see Experimental Section) and
200 uM NADPH. After starting the reaction by the addition of
TS, at a concentration of 200 M, the absorbance decreases at
340 nm, which indicates the oxidation of NADPH (see
Experimental Section), was measured. The measured K; for
Sb(ll) and As(lll) are 1.5 + 0.4 uM and 14 + 4 uM,
respectively, indicating that Sh(lll) is a very effective inhibitor
of the enzyme (Table 2).

Discussion

The trypanothione/TR system, which replaces the nearly
ubiquitous glutathione/GR system, protects trypanosomatids
from oxidative damage and toxic heavy metals and delivers the
reducing equivalents for DNA synthesis. The known sensitivity
of Leishmania parasites toward reactive oxygen species (ROS)
and the absence of the trypanothione/TR system from the
mammalian host make the enzymes of the trypanothione
metabolism promising targets for the development of parasite-
specific drugs. The work presented here shows that trivalent
arsenicals and antimonials are able to bind with high affinity to
the active site of L. infantum TR and inhibit its enzymatic
activity. Most importantly, the structural analysis of TR in
complex with Sb(l11) and NADPH sheds light for the first time
on the molecular mechanism of action of antimonial drugs.

TRs are members of the large and well-characterized family
of FAD-dependent NAD(P)H oxidoreductases. These are dimer-
ic flavoenzymes that catalyze the transfer of electrons between
pyridine nucleotides and disulfide/dithiol compounds and pro-
mote catalysis via FAD and a redox active disulfide, such as
GR, lipoamide dehydrogenase, and mercuric ion reductase.>*3¢
TRs keep the main thiols of the Leishmania parasites, namely
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T(SH)

A

Figure 5. Catalytic site of TR from Leishmania infantum. (A) Stereo view of the catalytic site of oxidized TR and the corresponding electron
density map 2F, — F¢ (in blue) contoured at 1o. The residues (Cys52, Cys57, His461', and Thr335) are indicated as sticks. Oxygen, nitrogen, and
sulfur atoms are colored red, blue, and yellow, respectively. (B) Stereo view of the catalytic site of oxidized TR and the Fourier difference map F,
— Fe (in green) contoured at 40. The F, values were obtained from the experimental diffraction data collected for the reduced Sbh(lll)-bound TR
crystal, and the F values were calculated from the oxidized TR structure. The residues forming the disulfur bridge (Cys52 and Cys57) are indicated
as sticks. Oxygen, nitrogen, and sulfur atoms are colored red, blue, and yellow, respectively. (C) Stereo view of the Sb(lll) binding site. The
corresponding electron density map 2F, — F. (in blue) is contoured at 1o. The Sb(lll) coordinating residues (Cys52, Cys57, His461', and Thr335)
are indicated as sticks. Oxygen, nitrogen, sulfur, and antimony atoms are colored red, blue, yellow, and green, respectively. (D) Overall view of the
catalytic cleft. The residues involved in trypanothione reduction are indicated as sticks. The trypanothione substrate, modeled on the basis of the
T. cruzi TR structure (PDB code 1BZL), is also indicated as sticks and colored cyan.

monoglutathionylspermidine and bis(glutathionyl)spermidine
[trypanothione, T(SH),] in the reduced state:

TS, + NADPH + H" = T(SH), + NADP*

TRs share many physical and chemical properties with human
GR, the closest related host enzyme, except their mutually
exclusive specificity toward their disulfide-containing sub-
strates.>”3° Although not accepting glutathione as an alternate
substrate, TRs resemble GRs in structure and mechanism of
action.**° The consensus mechanism for the reductase reaction
begins with the binding of NADPH, which transiently reduces
the flavin. Reduction of the cystine disulfide in the active site
by the reduced flavin follows, by formation of a short-lived
covalent intermediate with Cys57 and the subsequent formation
of a stable charge-transfer complex between the flavin and the
Cys57 thiolate. After formation of the charge-transfer complex,
NADP™ dissociates and is replaced by another NADPH. One
of the protein cysteines, Cys52, which is activated similarly to
serine and cysteine proteases by the His461'—Glu466' pair
(belonging to the second subunit of the dimer), can then react
with TS, to produce a mixed disulfide followed by attack of
the second protein cysteine (Cys57) on Cys52. This step releases
the reduced T(SH), and reforms the cystine disulfide in the
enzyme.

Comparison of the residues interacting with NADPH in L.
infantum and T. cruzi TR (Table 3) did not show any relevant
change in distance and orientation, even considering the
substitution of L. infantum Tyr198 with Phe198. However, in
the structure of reduced TR in complex with Sb(lll), the side

chain of Tyr198 undergoes a 120° rotation with respect to
oxidized TR, assuming a parallel conformation with the nico-
tinamide ring of NADPH (Figure 4B). In this way, stacking
between the parallel rings of FAD, NADPH, and Tyr198 is
formed that can establish 77—z interactions (distances between
the rings around 4 A).** Moreover, as in GRs and in the other
proteins of the TR family, NADPH binding to L. infantum TR
also promotes the displacement of residues interacting with the
cofactor such as Arg228, Tyr221, and Arg222.4°

Importantly, in L. infantum, TR the relative position of
His461', Glu466' (which stabilizes the His positive charge during
the redox reaction), Cys52, Cys57, and the docked trypanothione
molecule is highly conserved with respect to T. cruzi TR.
Additionally, as in the case of GRs, the position of these residues
is identical in the oxidized and reduced states of the enzyme.
Thus, it is clear that the mechanism of trypanothione reduction
fits with the consensus scheme described for glutathione
reduction by human GR.3**? The presence in the active site of
His461', which is fundamental for the catalysis and is provided
by the 2-fold symmetry related subunit, explains why TR can
be active only in the dimeric form.

TR is believed to be the in vivo target for arsenical and
antimonial compounds, which exhibit antiparasitic activity.
Further, T(SH), may increase the activity of antimonials by
promoting the reduction of Sh(V), although it might also
promote parasite detoxification by forming a complex with
Sb(l1), subsequently extruded by an ATP-coupled efflux
pump.t”4344 pentavalent antimonials (Sb(V)), such as sodium
stibogluconate (Pentostam) and meglumine antimonate (Glu-
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cantime), have been the front-line drugs for more than half a
century, although recently resistance against these drugs has
been increasingly spreading.? Sb(V)-containing compounds are
more effective and 10-fold less toxic than their trivalent
analogues, although Sb(V) is considered to be a pro-drug that
has to be activated by conversion to the trivalent form Sb(l11)*®
to exert its action against the parasite. Reduction of Sh(V) may
take place nonenzymatically by thiols*® or be due to the parasite-
specific enzyme, thiol-dependent reductase (TDR1)*® and/or
antimonite reductase (ACR2).%® In particular, T(SH), has been
found to rapidly reduce Sh(V) to Sb(lll), especially under acidic
conditions and at slightly elevated temperature.*” Reduction
occurs preferentially in amastigotes, which have a lower
intracellular pH and live at a higher temperature than promas-
tigotes. Decreased levels of Sb(lll) are observed in resistant
strains with respect to the drug-sensitive strains due to inhibition
of intracellular reductase activity or decreased uptake of Sb(llI)
caused by lower expression of the parasite aquaglyceroporin
gene (AQP1), which is responsible for uptake of the metal.*®
Once the Sh(ll1) is in the cell and is conjugated to trypanothione,
the complex can be sequestered inside a vacuole or extruded
by ATP-binding cassette (ABC) transporters,**47:4°

Despite their long-standing clinical use, the mode of action
of antimonials at a molecular level is poorly understood. Sb(I11)
was known to reversibly inhibit TR in vitro in two ways: by
promoting loss of trypanothione and glutathione, thus decreasing
intracellular thiol buffer capacity, and by increasing the intra-
cellular concentration of the disulfide forms of these thiols
through TR inhibition.*”*® Sh(111) profoundly perturbs the thiol
redox potential of the cell, thus exposing the parasites to
oxidative damage caused by ROS produced by the host
macrophages.*’

The present study shows that TR from L. infantum is strongly
inhibited by Sb(lll) ions even at low concentrations. In fact,
the measured K; of 1.5 uM (Table 2) is indicative of a high
affinity binding of Sb(lll) to the protein. L. infantum TR is also
inhibited, although at higher concentrations, by As(l11), an ion
with chemical and physical properties similar to those of Sb(lll).

The structural analysis of the reduced TR in complex with
NADPH and Sh(lll) clearly shows for the first time that the
trivalent ion binds in the catalytic cleft at the dimeric interface,
engaging in complex formation the most important residues
involved in trypanothione reduction, namely Cys52, Cys57, and
His461' of the 2-fold symmetry related subunit, thereby inhibit-
ing the TR activity. Sb(lll) is also coordinated to Thr335 (Figure
5C). Binding of the semimetal is only possible upon enzyme
reduction because in the oxidized enzyme the two cysteine
residues form a disulfur bridge.

Because Sb(lll) has no role in either parasite or host
metabolism, there are very few data on functional coordina-
tion of this semimetal in proteins. It is well-known that Sb(l1l)
may coordinate up to six atoms (S, N, and/or O) in inorganic
and organic complexes.® Thus, the trivalent antimonial ion
may form complexes with different ligand geometries: it may
coordinate three ligands and assume a planar coordination,
four ligands with a tetrahedral coordination, and five or six
ligands assuming a bipyramidal coordination with triangular
or square base respectively. The only protein structure
containing Sb(lll) reported to date is the structure of the
catalytic subunit of the E. coli ArsA ATPase.?’ The ArsAB
pump, which consists of a soluble ATPase (ArsA) and a
membrane channel (ArsB), provides resistance to both As(l11)
and Sb(lll). The ATPase is activated upon binding of Sb(lll)
or As(l1l), the same ion(s) transported by the ArsAB pump.
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In this protein, a trinuclear Sb(lll) cluster was found to be
located at the interface between the two halves of the protein
complex. Each of the three Sb(lll) coordinates three donor
atoms, two of which from protein residues of the two
monomers and one from the CI~ ion. The highest affinity
Sb(Il) ion is bound to two cysteine residues. Binding of
Sb(I11) or As(I1l) brings together the two domains of the
enzyme.?®%! The electron density map of the L. infantum
Sb(I11)—TR complex here reported clearly shows that Sb(lll)
is coordinated by Cys52, Cys57, His461', and Thr335, with
a coordination geometry that is a hybrid between a distorted
tetrahedron and a trigonal bipyramid. This kind of coordina-
tion has been found in organic complexes as the tetra-p-tolyl-
antimony nitrate, where the nitrate ion perturbs the coordi-
nation geometry of the tetra-p-tolyl-antimony.>? In L.
infantum TR—Sb(I11) structure, the geometry of the complex
may be modified by the z—cation interaction between Sh(lll)
and the FAD ring placed at a distance of about 4.0 A from
the Sb(lll) ion. Finally, it should be mentioned that the ND1
nitrogen atom of His461', which is directed toward Glu465’
in the TR protein family, coordinates the metal in the L.
infantum TR—Sb(I11) complex (the histidine ring is rotated
of 180° around the Cj carbon with respect to the oxidized
form).

In conclusion, the present paper describes the first Leishmania
TR structure and clearly demonstrates for the first time the
mechanism of inhibition of the TR activity by Sb(lll). The
trivalent antimony, upon NADPH reduction of TR, binds to
the protein with high affinity, thereby inhibiting the protein
activity. The metal binds directly to Cys52, Cys57, Thr 335,
and His461' (belonging to the 2-fold symmetry related subunit),
thereby disallowing the hydride transfer from the protein to the
trypanothione and therefore trypanothione reduction. Such
interaction is consistent with the modality of cysteine binding
of thiophilic metals such as As(I11), Sh(l1), and Bi(lll). Metal-
bound cysteines are fully deprotonated thiolate anions, the
nucleophilicity of which is greatly attenuated upon formation
of metal complexes with high thermodynamic stability, which
dissociate with very slow rates.>*5* TR inhibition abolishes the
main form of regulation of Leishmania cellular redox equilib-
rium and impairs the parasite’s defense against oxidative stress
by shifting the equilibrium toward the disulfide form of
trypanothione, thereby perturbing the thiol redox potential of
the cell.Y” We showed that the long-known antileishmanial
action of antimonials is mainly due to their interaction with
thiolate- and nitrogen-containing TR. TR is inhibited with high
affinity by metals such as Sbh(lI1) and As(lI1), which are drugs
able to interact and inhibit thiol-dependent enzymes, and by
palladium-containing compounds.®® GRs, which have very
similar structure and mechanism of action with respect to TRs,
are also inhibited by many different metals. Such metal-
dependent inhibition of thiol reductases opens the path to the
possibility of a combined metal therapy of leishmaniasis.
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