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Abstract

The intracellular protozoan parasite Leishmania donovani causes human visceral leishman-

iasis. Intracellular L. donovani that proliferate inside macrophage phagolysosomes compete

with the host for arginine, creating a situation that endangers parasite survival. Parasites

have a sensor that upon arginine deficiency activates an Arginine Deprivation Response

(ADR). L. donovani transport arginine via a high-affinity transporter (LdAAP3) that is rapidly

up-regulated by ADR in intracellular amastigotes. To date, the sensor and its ligand have

not been identified. Here, we show that the conserved amidino group at the distal cap of the

arginine side chain is the ligand that activates ADR, in both promastigotes and intracellular

amastigotes, and that arginine sensing and transport binding sites are distinct in L. dono-

vani. Finally, upon addition of arginine and analogues to deprived cells, the amidino ligand

activates rapid degradation of LdAAP3. This study provides the first identification of an intra-

molecular ligand of a sensor that acts during infection.

Author summary

Leishmania donovani, the causative agent of visceral leishmaniasis, leads a digenetic life

cycle as a flagellated promastigote in the vector sandfly and aflagellated amastigote within

phagolysosomes of infected macrophages. Arginine is an essential amino acid for Leish-
mania which possesses a high specificity arginine transporter (LdAAP3), a protein that

imports the amino acid into parasite cells. Arginine is primarily utilized in de novo pro-

tein synthesis and for biosynthesis of trypanothione via the polyamine pathway. It was

previously reported by our group that L. donovani senses lack of arginine in the surround-

ing micro environment and activates a unique arginine deprivation response (ADR) path-

way, thus upregulating the expression of LdAAP3 as well as other transporters. In the

present study, we identified the region on the arginine molecule which is the ligand that

activates ADR. We show that the conserved amidino group at the distal cap of the arginine

side chain is the ligand that activates/suppresses ADR. Using arginine analogues that
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contain this group we observed that arginine sensing and transport are distinct in L. dono-
vani, both in axenic promastigotes and intracellular amastigotes. Additionally, the argi-

nine sensor responds to both arginine starvation and sufficiency.

Introduction

Leishmania donovani is a parasitic protozoan that causes visceral leishmaniasis (kala-azar) in

humans that is almost always fatal [1]. This organism is an obligatory intracellular pathogen

which cycles between the acidic phagolysosome of macrophages (intracellular amastigote) and

the relatively alkaline mid-gut of female sand flies (extracellular promastigote) [2]. Shifting

between the two distinct environments requires flexible adaptation mechanisms, and the abil-

ity to sense and rapidly respond to fluctuations in vector and host environments [3]. We use L.

donovani as a model organism to investigate the molecular tools parasites have developed to

overcome the harsh environments they encounter in the host and vector.

Arginine is a semi-essential amino acid for mammals and is required for protein synthesis

and other metabolic pathways like the synthesis of urea, polyamines and creatinine [4]. On the

other hand, arginine is an essential amino acid for Leishmania, as the parasites cannot endoge-

nously synthesize it and rely on its uptake from host arginine pools. Additionally, arginine is

the sole precursor for the production of spermidine, and subsequently trypanothione, in Leish-
mania [5,6]. The parasite utilizes arginine for polyamine biosynthesis as it lacks both catalases

and classical seleno-containing glutathione peroxidases and thus has to rely on trypanothione

for maintaining redox balance [5]. Arginine is transported within L. donovani via a high-

affinity arginine transporter (LdAAP3), which is specifically localized to the membrane of the

flagellum and glycosomes [7]. LdAAP3 is a highly specific transporter and only a few com-

pounds affect/inhibit it [8]. When over-expressed, LdAAP3 also localizes on the plasma mem-

brane [8].

During infection with L. donovani, macrophages employ defense mechanisms such as nitric

oxide (NO) and reactive oxygen species (ROS) production [9]. The synthesis of NO by macro-

phages requires arginine. The intracellular parasites increase arginase I activity in macro-

phages, which restricts the amount of arginine available for NO production, and also increase

the production of trypanothione, thereby neutralizing ROS and facilitating a safe niche for

themselves inside the macrophages [10,11]. Therefore, Leishmania is locked in competition

with the host for arginine. L. donovani modulates infected host macrophages to stimulate

arginine transport by up-regulating the expression of the cationic amino acid transporter 2-

CAT2B (SLC7A2), thereby ensuring its own survival [12].

We have previously reported the presence of an arginine deprivation response (ADR) in

L. donovani, which monitors arginine levels in its environment. Genome-scale transcrip-

tomics identified six transporters that up-regulate upon ADR activation in L. donovani,
which include, in addition to LdAAP3, the pteridine, folate and three putative transporters

[7]. Interestingly, we observed that ADR activation occurs in intracellular amastigotes,

thereby supporting the notion that parasites undergo arginine deprivation during develop-

ment in the phagolysosome.

Most eukaryote amino acid sensors respond to sufficiency or deficiency by activating a

mTOR signaling cascade [13]. In contrast, we have previously shown that the L. donovani argi-

nine sensor responds to environmental arginine deprivation by activating a mitogen-activated

protein kinase 2-mediated signaling pathway that within minutes up-regulates the expression

of the ADR genes [7]. This arginine sensor was identified for the first time and was reported to
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induce a response in the absence of its ligand. Furthermore, the addition of arginine to ADR-

activated promastigotes induced a rapid degradation of the LdAAP3 protein to its homeostatic

level. This indicated that the arginine sensor activates two distinct pathways: the ADR and an

arginine sufficiency response. To date, we have not identified the L. donovani arginine sensor

or its ligand.

This study identifies the regions on the arginine molecule which are essential for ADR acti-

vation and binding to the arginine transporter. We show that the conserved amidino group at

the distal cap of the arginine side chain is the ligand that activates/suppresses ADR, both in

axenic promastigotes and intracellular amastigotes. Using arginine analogues and additional

compounds that contain this group, but lack the α amino group, we observed that arginine

sensing and transport binding sites are distinct in L. donovani. Furthermore, these analogues

affect arginine sensing of intra-lysosomal amastigotes. Sensor specificity is very high as any

modification of the amidino group results in non-recognition of the arginine analogue by the

sensor and thus has no effect on ADR. This study comprises the first in-depth analysis of argi-

nine sensing in Leishmania.

Materials and methods

Chemicals

L-arginine, D-arginine, Pentamidine, Canavanine, N-Methyl L-arginine acetate (NMLAA),

Nω-Nitro-L-arginine methyl ester (L-NAME), Nω-Nitro-L-arginine (L-NNA), L-citrulline,

3-Ureidopropionic acid and 4-{[5-(4-aminophenoxy)pentyl]oxy}phenylamine were obtained

from Sigma-Aldrich, USA. All other materials used in this study were of analytical grade and

commercially available.

Leishmania cell culture

Promastigote cultures of the L. donovani Bob strain (LdBob strain/MHOM/SD/62/1SCL2D),

initially obtained from Dr Stephen Beverley (Washington University, St. Louis, MO, USA),

and L. donovani 1S strain, (MHOM/SD/00/1S) were used in this study. Promastigotes were

cultured at 26˚C in M199 medium (Sigma-Aldrich, USA), supplemented with 100 units/ml

penicillin (Sigma-Aldrich, USA), 100 μg/ml streptomycin (Sigma-Aldrich, USA) and 10%

heat-inactivated fetal bovine serum (FBS; Biowest).

THP-1 cell culture and infection

THP-1 cells, an acute monocytic leukaemia-derived human cell line (ATCC, TIB-202TM)

were used for all experiments. They were cultured in RPMI-1640 (Sigma-Aldrich, USA)

medium supplemented with 10% heat-inactivated FBS, 100 units/ml penicillin and 100 μg/ml

streptomycin at 37˚C in a humidified atmosphere. For infection assays, 0.5 x 106 cells/ml were

seeded in RPMI-1640 medium containing 10% FBS. The cells were treated with 50 ng/ml of

phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich, USA) for 48 h to induce their differen-

tiation into macrophage-like cells. Immediately before infection, the cells were washed once

with phosphate buffered saline (PBS) and incubated in RPMI medium (Sigma-Aldrich, USA)

containing 0.1 mM arginine (unless stated otherwise), and supplemented with 10% heat-inac-

tivated FBS, 100 units/ml penicillin, and 100 μg/ml streptomycin. Promastigotes in the late

log-phase were added to cells at a ratio of 20:1 and incubated at 37˚C in a humidified atmo-

sphere for 5 h. Extracellular parasites were removed by washing the cells five times with PBS.

Thereafter, the cells were incubated in RPMI medium containing 0.1 mM arginine (unless

stated otherwise) at 37˚C in a humidified atmosphere for 2 h, 24 h, or 48 h.
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Arginine deprivation

Mid-log phase promastigotes (1×107 cells/ml) were used for arginine deprivation studies.

The cells were washed with Earl’s salt solution twice and re-suspended in arginine deficient

Medium 199 (Biological Industries Ltd.). Arginine deprivation was carried out at 26˚C for

specified time periods and was concluded by transferring the cells to ice. Arginine deprived

cells were washed twice with Earl’s salt solution before being used for transport assays, North-

ern and Western blot analysis.

Macrophage phagosome isolation

THP-1 cells were cultured in DMEM medium with 10% FBS. Magnetic beads of 3 μm size

were added to flasks containing THP-1 cells. The isolation of intact macrophage phagosomes

was carried out as described by Kuhnel et al. [14].

Phagosome amino acid content analysis

The isolated phagosomes were then resuspended in 1 ml of ice-cold phosphate-buffered saline

plus 1 ml of 5 N perchloric acid, vortexed, and incubated on ice for an additional 10 min. Per-

chloric acid lysates were centrifuged in a microcentrifuge at 14,000 rpm for 10 min at 4 ˚C,

and 232 μl of 5 N KOH was added to the supernatant to titrate the sample pH to 7.0. Addi-

tional centrifugation was performed under the aforementioned conditions, and 200 μl aliquots

were analyzed for amino acid content by the method described by Fekkes et al. [15]. The analy-

ses were carried out at the Medical Biochemistry Laboratory at Rambam Medical Center in

Haifa.

Transport assays

Uptake of 25 μM [3H]arginine (600 mCi/ mmol), by mid-log phase parasites was determined

by the rapid filtration technique of Mazareb et al. as reported [16]. To determine initial rates of

transport, transport measurements were performed on 1 x 108 promastigotes exposed to radio-

label for up to 2 min. The amount of radiolabel associated with the cells was linear with time

over the 2-min time course of the transport assay.

Northern blot analyses

Total RNA from L. donovani promastigotes (either deprived for arginine or non-deprived)

was prepared using the Tri-reagent protocol and subjected to Northern blotting for LdAAP3
as described before [17]. Probes were amplified using the following primers: LinJ.31.900

LdAAP3 Forward: 5’-GCTGTGACGGGGTCAGTG-3’ and. Reverse: 5’-GTACGTCGCCAGC

CAGTG-3’. LdBPK_101450.1 pteridine transporter Forward: 5’- ATGACCGTTGGTCAGC

AGA-3’ and Reverse: 5’- GCCGTGGTGACGCCGTACT-3’.

RNA preparation and real-time PCR

RNA quantification, cDNA preparation, and real-time PCR were performed as discussed

previously [18]. Briefly, total RNA was isolated from cells by Tri reagent (Ambion, Thermo

Fischer Scientific, USA). The concentration and purity of RNA were determined by Nanodrop

(Thermo Fischer, USA). Two micrograms of RNA were treated with RNase-free DNase (Pro-

mega, USA), and subsequently reversed transcribed into cDNA by using the First-strand

cDNA synthesis kit (Thermo Scientific, USA), as per the manufacturers’ instructions. Real-

time PCR was performed on the resulting cDNA with gene-specific primers (LdAAP3: For-

ward 5’ CGGTCGAAATGGTGCCAAAC 3’, Reverse 5’ GGCTTCATCTTCCCTGCGTA 3’;

Arginine side chain activates sensing in Leishmania
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LdPT: Forward 5’ AGGACGCTGCTCAACTCTTC 3’, Reverse 5’ AAGGCGAACGTGTCACT

CAA 3’; kinetoplast minicircle DNA (control) [19]: JW11 5’ CCTATTTTACACCAACCCCC

AGT 3’; JW12 5’ GGGTAGGGGCGTTCTGCGAAA 3’) using the PowerUp SYBR Green

Master Mix (Applied Biosystems, USA). The PCR amplification program used was as follows:

50˚C for 2 minutes (min) and 95˚C for 10 seconds (sec), followed by 40 cycles at 95˚C for 15

sec, 59˚C for 1 min, and 72˚C for 20 sec. The amplification of the kinetoplast minicircle DNA

of L. donovani was used as an internal control. The results were expressed as fold change of

control (2 h infected cells) using the method described by Pfaffl, 2001 [20]. The real time PCR

primers did not amplify any products in uninfected macrophages. All sample analysis was per-

formed in triplicate, and each experiment was performed three times.

Cell viability assay

At the specified times following infection or treatment with inhibitors, THP-1 cells were

washed two times with PBS. MTT [3-(4,5-dimethyl-2-thizolyl)-2,5-diphenyltetrazolium bro-

mide] dye solution (Sigma-Aldrich, USA) (5 mg MTT in 1 ml PBS) was diluted 1:10 in RPMI

medium (normal or with 0.1 mM arginine). Uninfected or infected THP-1 cells were incu-

bated in diluted MTT dye solution at 37˚C in a 5% CO2-air atmosphere for 2 h and thereafter

incubated with stopping solution which consisted of isopropanol containing 5% formic acid,

at 150 rpm, 37˚C for 20 min. L. donovani promastigotes were incubated with diluted MTT dye

solution for 3 h at 37˚C, and incubated with stopping solution comprising of isopropanol and

20% SDS in a 1:1 ratio, at 80 rpm, 37˚C for 30 min. Absorption was then measured at 570 nm,

and the percentage cell viability was calculated.

Infectivity assay

THP-1 cells were seeded on glass coverslips (1 x 106 cells/well) in a 6-well plate and treated

with 50 ng/ml of PMA (Sigma-Aldrich, USA) for 48 h. They were infected as described above,

and the intracellular parasite load was visualized by Giemsa staining.

Western blotting

Western blot analysis of LdAAP3 was performed as described previously by Darlyuk et al.,

2009 [17].

Statistical analysis

Real-time PCR data were analyzed by GraphPad prism and represented as mean ± standard

error of the mean (S.E.M.). Student’s unpaired 2-tailed t-test was used to calculate significance.

P value< 0.01–0.05 was considered statistically significant (�), p< 0.001–0.01 was considered

very significant (��), and p< 0.0001–0.001 was considered extremely significant (���). The

northern blot image data was analyzed using ImageJ analysis software. Data from three inde-

pendent experiments were analyzed and represented as mean ± standard error of the mean

(S.E.M.).

Results

Low arginine concentration activates arginine deprivation response (ADR)

in intracellular Leishmania donovani
The first set of experiments aimed to identify the basal concentration of arginine required for

the activation of the ADR in L. donovani promastigotes. The maximal concentration of argi-

nine required for ADR activation was found to be 5 μM, which resulted in the up-regulation of
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LdAAP3 and threshold was lower at 0.5 μM for the pteridine transporter (LdPT) at mRNA

level (Fig 1A). However, unlike LdAAP3 the expression of LdPT mRNA was not linear dose

dependent. Interestingly, this concentration of arginine is close to the apparent Km value of

2.4 μM for L. donovani LdAAP3 transport activity [8], raising the question whether this trans-

porter is also the sensor.

Previously, we observed that 48 hours after infecting THP-1 macrophages, the expression

of LdAAP3 in intracellular L. donovani increased almost two-fold as compared to promasti-

gotes [7]. This suggested that during development inside phagolysosomes, parasites encoun-

tered a low level of arginine that activated ADR. In this case, increasing external arginine

concentrations might help to maintain the phagolysosome arginine concentration above the

threshold. To test this, we infected THP-1 macrophages that grew in media containing 0,

0.1, 0.5 and 1.5 mM arginine. At 48 hours post-infection, total RNA was extracted from

infected macrophages, and the resulting cDNA was subjected to real-time PCR, using

LdAAP3 and LdPT primers as probes, as mentioned in the methods section (Fig 1B and 1C,

respectively). As shown, the mRNA abundance of both genes increased as arginine concen-

tration in the medium decreased. The results indicate that the arginine concentration in

phagolysosomes of macrophages grown in a medium that contains arginine at a concentra-

tion of 0.1 mM and below activates ADR. A literature search indicated that the arginine con-

centration in human blood is ~80 μM [21], thereby indicating that ADR activation in our

experiments was achieved under physiological conditions. Additionally, the infectivity of L.

donovani in THP-1 cells cultured in media containing different concentrations of arginine

was ~40% (S2A Fig).

As control, THP-1 cells, either uninfected or infected with L. donovani in medium contain-

ing different concentrations of arginine were subjected to an MTT assay to determine their

viability at 48 hours. As seen in S1A Fig, the macrophages were 85–100% viable in media con-

taining different arginine concentrations, thus indicating that ADR activation in intracellular

amastigotes was not detrimental to macrophage viability. Additionally, the expression of

LdAAP3 remained unchanged in L. donovani promastigotes cultured in media containing 0.1

mM and 0.5 mM arginine (S1B Fig), and promastigote viability was between 90–100% (S1C

Fig). This proves that extracellular parasites did not contribute to the observed activation of

ADR in intracellular amastigotes.

ADR activation in intracellular amastigotes was also determined in a time-course analysis

of the infection cycle. THP-1 cells were infected with L. donovani in medium containing 0.1

mM arginine for 2 h, 24 h and 48 h post-infection and harvested at the end of each time point

for RNA analysis (Fig 1D and 1E). Real-time PCR showed that the up-regulation of LdAAP3
and LdPT started at 24 h post-infection and continued to increase at 48 h post-infection,

thereby implying that the activation of ADR in intracellular amastigotes occurs between 24–48

hours post-infection. This infers that the initial arginine concentration in infected phagolyso-

somes is high and reduces with time, reaching ADR activation level at 24 h post-infection.

However, it could also be possible that induction of the ADR is delayed due to the time taken

to deplete intracellular parasite pools of arginine following their phagocytosis. As seen in Fig

2B, the infectivity of L. donovani in THP-1 cells at 2 h, 24 h and 48 h post-infection was

between 28–38%.

Previous studies have indicated that arginine concentration in the mammalian lysosomes is

higher than that in their cytosol [22] and in Saccharomyces cerevisiae vacuoles [23]. Because

lysosome volume was not determined in this study it did not provide accurate arginine con-

centrations. We have now determined the arginine concentration in THP-1 macrophage pha-

golysosomes that seems to agree with the observation of Harms et al. (Fischer-Weinberger

et al, in preparation). The initial arginine concentration in THP-1 phagolysosomes is 0.14

Arginine side chain activates sensing in Leishmania

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007304 April 24, 2019 6 / 22

https://doi.org/10.1371/journal.pntd.0007304


Fig 1. The activation of ADR is arginine concentration-dependent. A. The minimal arginine concentration required for activation

of ADR in axenic promastigotes. The promastigotes were cultured either in M199 medium containing 0.45 mM arginine or in

arginine deprived M199 medium containing different concentrations of arginine (0.5 μM, 5 μM and 50 μM). The promastigotes

were cultured in the respective medium for two hours, the total RNA was isolated and Northern blot analysis was carried out.

Changes in the LdAAP3 and LdPT expression levels were determined by gene specific probes as described in Materials and Methods.

Data are representative of three independent experiments. The two asterisks (��) in the figures refer to the two transcripts (5-and

7-kb) synthesized from the LdBPK_310910.1 gene. B and C. The minimum concentration of arginine required for ADR activation in

intracellular amastigotes. THP-1 cells were infected with L. donovani in RPMI medium containing 0 (actual arginine concentration

in RPMI medium is 0.008 mM), 0.1 mM, 0.5 mM or 1.5 mM arginine for 48 h. The total RNA was then extracted, and the resulting

Arginine side chain activates sensing in Leishmania
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mM, a concentration that is higher than the concentration we found that activates ADR in axe-

nic parasites. This further supports our findings that the late activation of ADR during infec-

tion is due to the time it takes for intra-phagolysosome parasites to utilize arginine and reduce

its concentration to�5 μM.

cDNA was subjected to real-time PCR analysis using primers specific for LdAAP3 (B) and LdPT (C). The results are expressed as

fold-change of control (2 h infected cells). Values are mean ± S.E.M. The results are representative of three independent experiments

performed in triplicates. ��, p< 0.001–0.01. The real time PCR primers do not amplify any products (LdAAP3 or LdPT) in

uninfected macrophages. D and E. Time-course of ADR. THP-1 cells were infected with L. donovani in RPMI medium containing

0.1 mM arginine for 2 h, 24 h and 48 h. The total RNA was then extracted, and the resulting cDNA was subjected to real-time PCR

analysis using primers specific for LdAAP3 (D) and LdPT (E). The results are expressed as fold-change of control (2 h infected cells).

Values are mean ± S.E.M. The results are representative of three independent experiments performed in triplicates. �, p< 0.01–0.05,
��, p< 0.001–0.01, ���, p< 0.0001–0.001. The real time PCR primers did not amplify any products (LdAAP3 or LdPT) in uninfected

macrophages.

https://doi.org/10.1371/journal.pntd.0007304.g001

Fig 2. Effect of arginine transport inhibitors on ADR. A. The effect of three different arginine transport inhibitors was checked on ADR. Axenic

promastigotes were cultured in M199 medium and the cells were washed with Earl’s salt solution followed by starvation for two hours in arginine

deprived M199 medium in the presence of 100 μM pentamidine, 500 μM canavanine and 1 mM NMLAA. Post-starvation, the total RNA was isolated

and Northern blot analysis was carried out. The effect of transport inhibitors on ADR was checked by determining the expression levels of LdAAP3 and

LdPT using gene specific probes as described in Materials and Methods. Line about histogram should be inserted here. The two asterisks (��) in the

figures refer to the two transcripts (5-and 7-kb) synthesized from the LdBPK_310910.1 gene. B. Western blot analysis of the effect of arginine transport

inhibitors on ADR. Data are representative of three independent experiments.

https://doi.org/10.1371/journal.pntd.0007304.g002
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Effect of arginine analogues on ADR

Arginine is a positively charged amino acid with an amidino group at the distal cap of its side

chain. We hypothesized that this side chain of arginine is the ligand that binds the arginine

sensor and transporter on the parasite surface. To determine this, we first analyzed various

structural L-arginine analogues which were previously shown to be arginine transport inhib-

itors [24,25]. Canavanine has a guanidinoxy group with a conserved amidino group as in

arginine, and N-methyl L-arginine acetate (NMLAA) is another structural analogue of L-

arginine where the amidino group is modified by the addition of a methyl group. The

methyl-amidino group of NMLAA has a net charge of zero at pH 7. NMLAA has been previ-

ously shown to be an arginine transport inhibitor in L. donovani [24] and canavanine inhib-

its arginine transport in S. cerevisiae [26,27] and T. brucei [25]. To test the effect of these

structural analogues on ADR, we determined the minimal concentration of each structural

analogue that upon two hours treatment inhibited arginine transport in promastigotes but

had no effect on cell viability (Table 1). This list includes 0.5 mM canavanine, and 1 mM

NMLAA (left column). We determined the effect of these compounds on ADR activation in

promastigotes. This was carried out in arginine-depleted L. donovani axenic promastigotes

cultured in M199 with or without arginine transport inhibitors followed by Northern blot

analysis using gene-specific probes for LdAAP3 and LdPT. Fig 2A shows that Canavanine

inhibited LdAAP3 (27%±1.9) and LdPT (61%±2.4) mRNA up-regulation. In contrast,

NMLAA did not have any inhibitory effect on ADR as the expression of both the genes was

found to be up-regulated upon arginine deprivation (Fig 2A). Identical results were obtained

at the protein level for LdAAP3 in a Western blot analysis for cananvanine and NMLAA (Fig

2B). Hence, methylation of the amidino group in NMLAA retained binding to the LdAAP3

transporter but lost recognition by the sensor.

Further, the effect of the enantiomer D-arginine as compared to L-arginine on ADR was

determined. D-arginine is not a competitive inhibitor of L-arginine transport [24]. This was

carried out in L. donovani promastigotes in M199 medium with or without D-arginine (1

mM) and Northern blot was performed as mentioned above. Fig 3 shows that D-arginine

had no effect on ADR and did not lead to the degradation of LdAAP3 and LdPT mRNA. This

Table 1. Arginine transport inhibition by arginine and side chain analogues.

Compound Concentration� Percent arginine transport inhibition

1) L-Arginine 25 μM 100%

2) Pentamidine 100 μM 38%

3) N-Methyl L-Arginine Acetate 1 mM 66%

4) Canavanine 500 μM 40%

5) Nω-Nitro-L-arginine methyl ester 1 mM 25% #

6) Nω-Nitro-L-arginine 1 mM 23% #

7) 4-{[5-(4-aminophenoxy)pentyl]oxy}Phenylamine 100 μM n.d.

8) Ureidopropionic acid 1 mM n.d.

9) L-citrulline 1 mM 10%

10) D-Arginine 1 mM 20% #

�Maximal concentration that inhibited arginine transport. Indicated inhibitor concentrations were the maximal non-toxic values and did not affect parasite viability.

Arginine transport rate: 26.13 ± 2.97 pmol of L-arginine per minute per 106 cells. Transport inhibitors were added at a concentration of 100 μM (four fold excess over

25 μM arginine) or 500 μM (20-fold excess) or 1 mM (40-fold excess).
# indicates that these compounds were previously studied as arginine transport inhibitors in L. donovani and their percent arginine transport inhibition were

determined from a published study [24].

https://doi.org/10.1371/journal.pntd.0007304.t001
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indicated that, the external arginine sensor in the parasite could distinguish between D-argi-

nine and L-arginine.

We further checked what is the effect of chemical compounds that have a conserved amidi-

nio side chain group of arginine and one such compound was pentamidine. Pentamidine is a

diamidine that has two amidino moieties previously shown to be competitive arginine trans-

port inhibitors in L. donovani [8,28]. These amindino groups have a net positive at pH7. Anal-

ysis of the effect of 100 μM pentamidine on axenic promastigotes showed that pentamidine

drastically inhibited both LdAAP3 (81%±2.8) and LdPT (72%±3.2) up-regulation at 2 h post

arginine deprivation (Fig 2A). This suggests that the minimal molecular group necessary for

recognition by the surface arginine sensor and transporter binding sites is the amindino group

of the arginine side chain. Similar result was also seen in Western blot analysis where pentami-

dine inhibited the ADR-stimulated expression of LdAAP3 (Fig 2B). This minimal amidino

group of the arginine side chain is sufficient to inhibit ADR and arginine transport and it is

direct proof that the α-carbon group is not necessary for arginine sensing as well as transport.

Further, the analogues of L-arginine which have a modified amidino/guanidine group

(like NMLAA) and their effect on ADR was analyzed. Nω-Nitro-L-arginine methyl ester

(L-NAME) and Nω-Nitro-L-arginine (L-NNA) are arginine analogues where the amidino

group is modified by the addition of a nitro-group (nitro-amidino). The net charge of the

nitroguanidinium group in L-NAME is neutral and the primary α-amino group is positively

charged [29], while the gaunidino group of L-arginine has a net positive charge. Both arginine

analogues have been previously shown to be weak arginine transport inhibitors in L. donovani
[24]. In addition to the above mentioned arginine transport inhibitors, other compounds

which have a deamidated guanidino group were also tested for their effect on ADR. L-citrul-

line is an alpha amino acid and an intermediate in the urea cycle. It has a carbamoylamino

Fig 3. Effect of amidino-group modified arginine analogues and compounds on ADR. A. The effect of six different arginine

analogues or compounds was checked on ADR. Axenic promastigotes were cultured in M199 medium and the cells were washed

with Earl’s salt solution followed by starvation for two hours in arginine deprived M199 medium in the presence of 1 mM

D-Arginine, 1 mM Nω-Nitro-L-arginine methyl ester (L-NAME), 1 mM Nω-Nitro-L-arginine (L-NNA), 1 mM 3-Ureidopropionic

acid (UPA), 1 mM L-citrulline and 100 μM 4-{[5-(4-aminophenoxy)pentyl]oxy}phenylamine. Post-starvation, the total RNA was

isolated and Northern blot analysis was carried out. The effect of transport inhibitors on ADR was checked by determining the

expression levels of LdAAP3 and LdPT using gene specific probes as described in Materials and Methods. Data are representative of

three independent experiments. The two asterisks (��) in the figures refer to the two transcripts (5-and 7-kb) synthesized from the

LdBPK_310910.1 gene.

https://doi.org/10.1371/journal.pntd.0007304.g003
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group which is formed by the deamination of the guanidium group, and has previously been

shown by our group to be a poor arginine transport inhibitor for LdAAP3 [8]. Citrulline is

known to have no net charge at pH 7 unlike arginine which has a net positive charge. Similarly,

3-Ureidopropionic acid has an carbamoylamino group similar to citrulline but has a missing

primary amine. Additionally, a pentamidine analogue 4-{[5-(4-aminophenoxy)pentyl]oxy}

phenylamine, which has the two amidino groups of pentamidine substituted with amines was

also analyzed. All these compounds were used further to test their effect on ADR in L. dono-
vani (see all the molecular structures in Fig 4).

There was no inhibition of LdAAP3 and LdPT levels when L. donovani promastigotes

were treated with the above mentioned compounds (Fig 3). This indicates that there are two

distinct arginine binding sites in the ADR machinery in L. donovani. The complete list of

molecular structures of all the arginine analogues (structural and side chain analogues) is

shown in Fig 4. These compounds were not tested for the regulation of LdAAP3 and LdPT at

the protein level in promastigotes and at the RNA and protein levels in intracellular amasti-

gotes as their effect at the RNA level was similar to that of NMLAA. Thus, NMLAA and

other compounds with a modified guanidino/amindino group have a net charge of zero as

compared to the net positive charge of the guanidino/amindino group of arginine. This sug-

gests that in addition to the presence of a functional amidino or guanidino group, the posi-

tive charge on the R-group of arginine is also an important factor for the recognition of

arginine by the L. donovani sensor.

Effect of exogenous arginine on arginine sufficiency in L. donovani
promastigotes and intracellular amastigotes

We have previously reported that the arginine sensor responds to both arginine deprivation

and sufficiency and the addition of exogenous arginine to two hours arginine starved axenic

promastigotes induces rapid degradation of the LdAAP3 protein to the level observed in un-

deprived cells [7]. In order to further analyze arginine sufficiency response at the mRNA level,

exogenous arginine (0.45 mM) was added to two hours arginine deprived axenic promasti-

gotes which induced the rapid degradation of LdAAP3 (rate of t1/2 = 30 minutes) and LdPT
mRNA (Fig 5A). This implies that the regulation of the LdAAP3 degradation signal occurs not

only at the protein level as previously suggested [7], but also at the post-transcriptional level.

The minimal threshold of arginine sufficient to be detected by the arginine sensor as arginine

sufficiency and thereby downregulate ADR was also checked. However, LdPT mRNA was

degraded more rapidly as seen in Fig 5A and did not follow the same mRNA degradation

kinetics as LdAAP3. It was observed that 10 μM exogenous arginine did not activate arginine

sufficiency signaling via arginine sensor, but 50 μM, 100 μM and 450 μM of exogenous argi-

nine were detected as arginine sufficiency, thereby resulting in the downregulation of LdAAP3
levels (Fig 5B).

In order to ascertain whether the arginine sufficiency phenomenon also occurs in intracel-

lular amastigotes, THP-1 macrophages were infected with L. donovani for 48 h in medium

containing 0.1 mM arginine, and then excess arginine (1 mM or 5 mM) was added for an addi-

tional 2 h. RNA was extracted from infected macrophages before and after the addition of

excess arginine and subjected to real-time PCR. This resulted in the down-regulation of

LdAAP3 and LdPT mRNA in intracellular amastigotes (Fig 6A and 6B). This indicated that

intracellular amastigotes, like the axenic, respond to arginine sufficiency by rapidly down-reg-

ulating ADR. As seen in Supp. Fig 2C, the differences in infectivity of L. donovani in THP-1

cells treated ot not with exogenous arginine were not significant.
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Effect of arginine analogues on arginine sufficiency in L. donovani
As it was observed that the arginine transport inhibitors (pentamidine and canavanine) inhib-

ited ADR, we subsequently checked the effect of these inhibitors on arginine sufficiency. L.

donovani axenic promastigotes were incubated for 2 h in M199 medium lacking arginine.

Thereafter, arginine transport inhibitors (pentamidine (100μM), canavanine (500μM),

Fig 4. Molecular structures of arginine analogues. (A) Molecular structure of arginine structural analogues (D-Arginine, NMLAA

and Canavanine) used in the present study. (B) Molecular structure of arginine side chain analogues.

https://doi.org/10.1371/journal.pntd.0007304.g004
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NMLAA (1mM), D-arginine (1mM), L-NAME (1 mM), L-NNA(1 mM), L-citrulline (1 mM),

3-Ureidopropionic acid (1 mM) and 4-{[5-(4-aminophenoxy)pentyl]oxy}-phenylamine

(100 μM)) were added to arginine deprived cells, and the cells were harvested at different time-

points. Upon Northern blot analysis, it was observed that only pentamidine and canavanine

down-regulated ADR as evidenced by the rapid degradation of LdAAP3 (Fig 7A) and LdPT

(Fig 7B) in a time-dependent manner. However, NMLAA(Fig 7A) and the other analogues

(Fig 8) had no effect on ADR.

Effect of arginine analogues on arginine sufficiency in intracellular L.

donovani
In order to ascertain whether the same holds true in THP-1 cell-derived intracellular amasti-

gotes, the first step was to determine the ideal concentration of pentamidine required to sup-

press ADR in intracellular amastigotes. As seen in S3 Fig, a dose-response analysis revealed

Fig 5. Time course analysis of the effect of exogenous arginine on ADR in promastigotes. The effect of addition of exogenous arginine on ADR was

checked. Axenic promastigotes were cultured in M199 medium and the cells were washed with Earl’s salt solution followed by starvation for two hours

in arginine deprived M199 medium. After two hours, exogenous arginine (0.45 mM) was added to the arginine deprived cells and the cells were further

incubated for the following time periods (30 min, 60 min, 90 min and 120 min) after starvation. The total RNA was isolated from undeprived and

arginine deprived cells. The effect of exogenous arginine on ADR was checked by determining the expression levels of LdAAP3 and LdPT using gene

specific probe as described in Materials and Methods. B. The minimal concentration required for activating arginine sufficiency signaling via arginine

sensor was determined. Axenic promastigotes were cultured in M199 medium and the cells were washed with Earl’s salt solution followed by starvation

for two hours in arginine deprived M199 medium. After two hours, exogenous arginine (10 μM, 50 μM, 100 μM and 450 μM) was added to the arginine

deprived cells, and the cells were further incubated for one hour. The total RNA was isolated from undeprived and arginine deprived cells. The effect of

exogenous arginine on ADR was checked by determining the expression levels of LdAAP3 transporter using a gene-specific probe. The abundance of

expression of LdAAP3 was normalized relative to the rRNA of each condition, and this was calculated using ImageJ program and is illustrated in the

graph below the gel. Data are representative of three independent experiments. The two asterisks (��) in the figures refer to the two transcripts (5-and

7-kb) synthesized from the LdBPK_310910.1 gene.

https://doi.org/10.1371/journal.pntd.0007304.g005
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that 100 μM of pentamidine inhibited the expression of LdAAP3 mRNA. Treatment with

100 μM pentamidine and 500 μM canavanine led to a decrease of both LdAAP3 and LdPT
mRNA levels in intracellular amastigotes, while 1 mM NMLAA did not have any significant

effect on their expression (Fig 9A, 9B and 9C). Additionally, 100 μM pentamidine, 500 μM

canavanine and 1 mM NMLAA did not significantly affect the infectivity of L. donovani
in THP-1 cells (S2D Fig). In order to verify if ADR inhibition by arginine analogues in

Fig 6. The addition of external arginine to intracellular amastigotes induces rapid degradation of LdAAP3 and

LdPT. A and B. LdAAP3 and LdPT levels of intracellular amastigotes treated with external arginine. THP-1 cells were

infected with L. donovani in RPMI medium containing 0.1 mM arginine for 48 h. They were then treated with 1 mM

or 5 mM of arginine for 2 h. The total RNA was extracted, and the resulting cDNA was subjected to real-time PCR

analysis using primers specific for LdAAP3 (A) and LdPT (B). The results are expressed as fold-change of control (2 h

infected and untreated cells). Values are mean ± S.E.M. (n = 3). The results are representative of three independent

experiments performed in triplicates.

https://doi.org/10.1371/journal.pntd.0007304.g006
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intracellular amastigotes was not due to changes in cell viability, THP-1 cells were treated with

different concentrations of pentamidine, canavanine or NMLAA for 24 h and 48 h, following

which they were subjected to MTT assay in order to determine their viability. Cells treated

with 100 μM pentamidine, and 1 mM canavanine or NMLAA exhibited 80–100% viability,

which was the concentration used for treating infected THP-1 cells for ADR inhibition (S4A–

S4C Fig). In conclusion, the above results confirmed that the amidino group is the ligand that

binds the arginine sensor. This means that pentamidine and canavanine are recognized by the

sensor as “arginine”.

Discussion

In this study, we have identified that the amidino group on the arginine side chain is the spe-

cific ligand that binds the L. donovani surface arginine sensor, and thereby activates an argi-

nine deprivation response (ADR). We also show that arginine transporter and sensor binding

sites are distinct in both axenic and intracellular L. donovani. Our analysis has indicated that

Fig 7. Arginine transport inhibitors pentamidine and canavanine down-regulate ADR by the rapid degradation of LdAAP3

and LdPT. A and B. The effect of arginine transport inhibitors on ADR was checked. Axenic promastigotes were cultured in an

M199 medium, and the cells were washed with Earl’s salt solution followed by starvation for two hours in arginine deprived M199

medium. After two hours, arginine transport inhibitors (100 μM pentamidine, 500 μM canavanine and 1 mM NMLAA) were added

to the arginine deprived cells, and the cells were further incubated for the following time periods (30 min and 60 min for

pentamidine; 60 min respectively for canavanine and NMLAA). The total RNA was isolated from undeprived and arginine deprived

cells. The effect of transport inhibitors on ADR was checked by determining the expression levels of LdAAP3 (A) and LdPT (B)

using gene-specific probes as described in Materials and Methods. The abundance of the expression of LdAAP3 or LdPT normalized

relative to the rRNA of each condition was calculated using ImageJ and is illustrated in the graphs below the gels. The image is

representative of three independent experiments. The two asterisks (��) in the figures refer to the two transcripts (5-and 7-kb)

synthesized from the LdBPK_310910.1 gene.

https://doi.org/10.1371/journal.pntd.0007304.g007
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the sensor is more selective in terms of its ligand as compared to the transporter. The arginine

sensor not only detects the lack of arginine in the environment but also responds to excessive

extracellular arginine by inducing rapid degradation of the LdAAP3 protein and mRNA. This

study provides the first identification in Leishmania of an intermolecular region or functional

group of arginine that interacts with a receptor. In all other sensors identified to date, such

intermolecular recognition has not yet been described.

In our present study, it was observed that the arginine structural analogue canavanine and

diamidine pentamidine inhibit not only arginine transport but also ADR, in axenic promasti-

gotes as well as intracellular amastigotes. Arginine is a positively charged amino acid with an

amidino group (pKa = 13.8) at the distal cap of its side chain [30]. Pentamidine, a diamidine,

and a potent anti-protozoal agent, possesses two positively charged amidino moieties which

are a part of the guanidium group and have a pKa of 12.1 [28,31,32,33]. Canavanine, on the

other hand, is a structural analogue of arginine that has a deprotonated guanidinooxy group

(pKa = 6.6) [25,34]. Considering that there is no similarity in the backbone structure of pent-

amidine and arginine other than the amidino moiety, each of these amidino moieties is the

minimal structure which is required to be recognized by the arginine sensor. Any modification

of the amidino group, such as the replacement of hydrogen with methyl-group (in case of

NMLAA) or replacement of hydrogen with any other groups as in the case of the amidino-

Fig 8. Amidino-group modified arginine analogues and compounds don’t affect arginine sufficiency and ADR by the rapid degradation of

LdAAP3 and LdPT. A. The effect of amidino-group modified arginine analogues and compounds on ADR was checked. Axenic promastigotes were

cultured in M199 medium, and the cells were washed with Earl’s salt solution followed by starvation for two hours in arginine deprived M199 medium.

After two hours, amidino-group modified arginine analogues and compounds (1 mM D-Arginine, 1 mM Nω-Nitro-L-arginine methyl ester

(L-NAME), 1 mM Nω-Nitro-L-arginine (L-NNA), 1 mM 3-Ureidopropionic acid (UPA), 1 mM L-citrulline and 100 μM 4-{[5-(4-aminophenoxy)

pentyl]oxy}phenylamine) were added to the arginine deprived cells, and the cells were further incubated for 60 minutes. The total RNA was isolated,

and the effect of amidino-group modified arginine analogues and compounds on ADR was checked by determining the expression levels of LdAAP3

and LdPT using gene-specific probes as described in Materials and Methods. The abundance of the expression of LdAAP3 or LdPT normalized relative

to the rRNA of each condition was calculated using ImageJ and is illustrated in the graphs below the gels. The image is representative of three

independent experiments. The two asterisks (��) in the figures refer to the two transcripts (5-and 7-kb) synthesized from the LdBPK_310910.1 gene.

https://doi.org/10.1371/journal.pntd.0007304.g008
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modified arginine side-chain analogues and compounds, resulted in their non-recognition by

the arginine sensor even when these compounds have an arginine backbone. Among the nine

compounds tested in the present study, only pentamidine, canavanine and NMLAA inhibited

arginine transport in Leishmania, while the others are known to be poor transport inhibitors

[8,24]. This provides conclusive evidence that the arginine sensor of L. donovani is highly spe-

cific and exclusive to the amidino group of arginine and also implies that arginine sensing and

transport binding sites are distinct in Leishmania parasites, in axenic promastigotes and intra-

cellular amastigotes. However, the arginine transporter site is still permissive to change (unlike

the sensor site) which does not affect the net charge of the transported compound. This finding

opens up the possibility of employing new arginine analogues containing the amidino group

as therapeutic agents in leishmaniasis. D-Arginine is an enantiomer of L-Arginine. The para-

site arginine sensor seems to have two levels of ligand recognition: i) the enantiomer (D/L) of

the primary amine of arginine and ii) the amidino group. Thus, the presence of D-Arginine

may not activate ADR even though it has an amidino group. When the chemical ligand lacks

primary amine as in the case of pentamidine, the arginine sensor recognizes the presence of

amidino group and hence triggers ADR.

The up-regulation of various members of the ADR pathway including LdAAP3, pteridine

transporter, folate/biopterin transporter among others upon arginine starvation of L. donovani
suggests that the ADR pathway not only regulates the expression of LdAAP3 but also other

transporters of essential compounds such as vitamin B9 (folate) and pteridine which are

Fig 9. Pentamidine and canavanine inhibit ADR in intracellular amastigotes, while NMLAA does not. A–C. Real-time PCR to monitor LdAAP3

and LdPT levels in intracellular amastigotes treated with arginine analogues. THP-1 cells infected with L. donovani in RPMI medium containing 0.1

mM arginine for 48 h were treated with 100 μM pentamidine (A), 500 μM canavanine (B), or 1 mM NMLAA (C) for 2 h. Infected and untreated cells

were used as control. The total RNA was extracted, and the resulting cDNA was subjected to real-time PCR analysis using primers specific for LdAAP3

and LdPT. The results are expressed as fold-change of control (2 h infected and untreated cells). Values are mean ± S.E.M. (n = 3). The results are

representative of three independent experiments performed in triplicates.

https://doi.org/10.1371/journal.pntd.0007304.g009
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essential for Leishmania. The variation in the RNA degradation profile seen during arginine

sufficiency suggests that LdAAP3 and other members of the ADR pathway including LdPT are

regulated differently. The mRNA degradation of LdAAP3 was slower as compared to LdPT as

it is an central gene in the ADR pathway.

Macrophage phagolysosomes evolve from late endocytic compartments [35] and are the

sites of Leishmania amastigote differentiation [36]. The arginine concentration in phagolyso-

somes was found to be 140 μM (Fischer-Weinberger et al, in preparation). We also found that

ADR activation in intracellular L. donovani amastigotes occurred between 24 and 48 h post-

infection under physiological levels of arginine (~100 μM), which is considerably higher than

the concentration which induces ADR in axenic parasites (5 μM). Thus, intracellular arginine

starvation builds up between 24 and 48 h post-infection, which may be the time taken for the

depletion of arginine levels from 140 μM (the physiological concentration in phagolysosomes)

to 5 μM (which is sufficient for ADR activation in axenic L. donovani). Hence, it is noteworthy

that the axenic Leishmania parasite model system established by various research groups

including ours [37] is well-suited for deciphering molecular mechanisms in Leishmania as this

is a clean system without host-protein interference.

Our present study is the first to elucidate the specificity of the parasite arginine sensor, as

well as its arginine sufficiency and deficiency responses, both in axenic and intracellular para-

sites. Sensing nutrient availability in vector or host environment may be essential for parasite

survival and growth. Thus, nutrient sensing and transport pathways can be promising drug

targets in the protozoan parasite Leishmania [38]. Our study also provides evidence that the

L. donovani arginine sensor has a dual function of response to not just arginine deprivation as

we have reported earlier [7], but also to arginine sufficiency, and thus maintains homeostasis.

Transceptors are dual function solute transporters that concomitantly sense and translocate

their substrates, and localize to cell surface and organelle membranes [39]. A well-character-

ized example of the transceptor is the SSY1 transceptor in Saccharomyces cerevisiae [40]. It is

part of a membrane-sensing system that detects extracellular amino acids by binding to it

[41,42] and signal transmission for detecting the presence of extracellular amino acids is initi-

ated at the cell membrane. Mammals possess the System A amino acid transporter 2 (SNAT2),

which also acts as a transceptor that signals and senses neutral amino acid availability [43].

More recently, an arginine trans-membrane sensor (SLC38A9) has been identified on the

membrane of mammalian lysosomes [44,45]. However, signaling is initiated at the cell mem-

brane where the arginine sensor is most likely localized. Whether the arginine sensor and

transporter sites in L. donovani are located in the same protein or different proteins remains

an open question. Also, the existence of multiple arginine transporters, sensors or transceptors

implies that arginine is evolutionarily conserved and indispensable in both lower and higher

organisms. In recent years, research on flagella-localized transporters in Leishmania suggest

that these transporters may be involved in ligand sensing. Some of the well-known transport-

ers include glucose transporter 1 (GT1) from L. mexicana [46] and aquaglyceroporin (AQP1)

from L. major involved in osmoregulation [47]. The phenomenon of sensors localization on

the flagella has recently been discussed [48]. In light of this, the fact that arginine is an essential

amino acid in Leishmania, and semi-essential in mammals, represents its global role in various

cellular processes.

In a commentary to our previous paper on the discovery of ADR, McConville [49] sug-

gested that the arginine sensing phenomenon is a metabolic crosstalk between Leishmania and

the macrophage host. Our finding in this work that ADR is activated in parasites inside phago-

lysosomes, early in infection, strongly supports this idea. Furthermore, the identification of

the arginine intermolecular ligand is unprecedented and provides an efficient tool to further

explore host-parasite interaction.
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Supporting information

S1 Fig. Changes in cell viability or the presence of extracellular parasites do not affect

ADR activation in intracellular amastigotes. A. Cell viability assay of infected THP-1 cells in

RPMI medium containing different concentrations of arginine. THP-1 cells, either uninfected

or infected with L. donovani in RPMI medium containing 0, 0.1 mM, 0.5 mM or 1.5 mM argi-

nine for 48 h were incubated with diluted MTT solution for 2 h. Thereafter, stopping solution

consisting of isopropanol containing 5% formic acid was added to the cells, and they were

incubated for 20 min. The absorbance was then measured at 570 nm, and the percentage cell

viability was calculated. The results are representative of three independent experiments per-

formed in triplicates. B. Real-time PCR analysis of L. donovani promastigotes cultured in dif-

ferent concentrations of arginine. L. donovani promastigotes were cultured in RPMI medium

containing 0.1 mM or 0.5 mM arginine for 48 h. The total RNA was extracted, and the result-

ing cDNA was analyzed by real-time PCR using primers specific for LdAAP3 and LdPT. The

results are expressed as fold-change of control (2 h infected cells). Values are mean ± S.E.M.

(n = 3). The results are representative of three independent experiments performed in tripli-

cates. C. Cell viability assay of L. donovani promastigotes cultured in medium containing dif-

ferent arginine concentrations. L. donovani promastigotes were cultured in RPMI medium

containing 0.1 mM, 0.5 mM or 1.5 mM arginine for 48 h. They were then incubated with

diluted MTT solution for 3 h. Stop solution comprising of isopropanol and 20% SDS in a 1:1

ratio was added to the cells for 30 min., followed by measurement of absorption at 570 nm and

calculation of the percentage cell viability. The results are representative of three independent

experiments performed in triplicates.

(TIF)

S2 Fig. Infectivity of L. donovani in THP-1 cells. A. THP-1 cells were infected with L. dono-
vani in RPMI medium containing 0, 0.1 mM, 0.5 mM or 1.5 mM arginine for 48 h. They were

then stained with Giemsa and the number of infected cells were counted visually. B. THP-1

cells were infected with L. donovani in RPMI medium containing 0.1 mM arginine for 2 h,

24 h and 48 h. They were then stained with Giemsa and the number of infected cells were

counted visually. C. THP-1 cells were infected with L. donovani in RPMI medium containing

0.1 mM arginine for 48 h. They were then treated with 1 mM or 5 mM of arginine for 2 h,

stained with Giemsa and the number of infected cells were counted visually. D. THP-1 cells

infected with L. donovani in RPMI medium containing 0.1 mM arginine for 48 h were treated

with 100 μM pentamidine (A), 500 μM canavanine (B), or 1 mM NMLAA (C) for 2 h. Infected

and untreated cells were used as control. The cells were then stained with Giemsa and the

number of infected cells were counted visually. The results are representative of three indepen-

dent experiments.

(TIF)

S3 Fig. The minimum concentration of pentamidine required for ADR inhibition in intra-

cellular amastigotes. THP-1 cells infected with L. donovani in RPMI medium containing 0.1

mM arginine for 48 h were treated with 0, 5 μM, 20 μM, 37.6 μM, 50 μM and 100 μM pentami-

dine for 2 h. The total RNA was extracted, and the resulting cDNA was subjected to real-time

PCR analysis using primers specific for LdAAP3. The results are expressed as fold-change of

control (2 h infected and untreated cells). Values are mean ± S.E.M. (n = 3). The results are

representative of three independent experiments performed in triplicates.

(TIF)

S4 Fig. Changes in cell viability do not affect the inhibition of ADR by arginine analogues

in intracellular amastigotes. A-C. THP-1 cells treated with 0, 0.1 mM, 0.5 mM or 1 mM
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pentamidine, or with 0, 1 mM, 2.5 mM, 5 mM or 10 mM of canavanine or NMLAA for 24 h

and 48 h were incubated with diluted MTT solution for 2 h. Thereafter, stopping solution con-

sisting of isopropanol containing 5% formic acid was added to the cells, and they were incu-

bated for 20 min. The absorbance was then measured at 570 nm, and the percentage cell

viability was calculated. The results are representative of three independent experiments per-

formed in triplicates.

(TIF)

Author Contributions

Conceptualization: Rentala Madhubala, Dan Zilberstein.

Funding acquisition: Rentala Madhubala, Dan Zilberstein.

Investigation: Harsh Pawar, Madhu Puri, Renana Fischer Weinberger.

Supervision: Rentala Madhubala, Dan Zilberstein.

Validation: Harsh Pawar, Madhu Puri.

Writing – original draft: Harsh Pawar, Madhu Puri, Rentala Madhubala, Dan Zilberstein.

Writing – review & editing: Rentala Madhubala, Dan Zilberstein.

References
1. Herwaldt BL (1999) Leishmaniasis. Lancet 354: 1191–1199. https://doi.org/10.1016/S0140-6736(98)

10178-2 PMID: 10513726

2. Chappuis F, Sundar S, Hailu A, Ghalib H, Rijal S, et al. (2007) Visceral leishmaniasis: what are the

needs for diagnosis, treatment and control? Nat Rev Microbiol 5: 873–882. https://doi.org/10.1038/

nrmicro1748 PMID: 17938629

3. Zilberstein D (2018) Nutrient Transport and Sensing as Pharmacological Targets for Leishmaniasis. In:

Rivas L, Carmen G., editor. Drug Discovery for Leishmaniasis. United Kingdom: The Royal Society of

Chemistry. pp. 282–296.

4. Wu G, Morris SM Jr. (1998) Arginine metabolism: nitric oxide and beyond. Biochem J 336 (Pt 1): 1–17.

5. Colotti G, Ilari A (2011) Polyamine metabolism in Leishmania: from arginine to trypanothione. Amino

Acids 40: 269–285. https://doi.org/10.1007/s00726-010-0630-3 PMID: 20512387

6. Mandal A, Das S, Roy S, Ghosh AK, Sardar AH, et al. (2016) Deprivation of L-Arginine Induces Oxida-

tive Stress Mediated Apoptosis in Leishmania donovani Promastigotes: Contribution of the Polyamine

Pathway. PLoS Negl Trop Dis 10: e0004373. https://doi.org/10.1371/journal.pntd.0004373 PMID:

26808657

7. Goldman-Pinkovich A, Balno C, Strasser R, Zeituni-Molad M, Bendelak K, et al. (2016) An Arginine

Deprivation Response Pathway Is Induced in Leishmania during Macrophage Invasion. PLoS Pathog

12: e1005494. https://doi.org/10.1371/journal.ppat.1005494 PMID: 27043018

8. Shaked-Mishan P, Suter-Grotemeyer M, Yoel-Almagor T, Holland N, Zilberstein D, et al. (2006) A novel

high-affinity arginine transporter from the human parasitic protozoan Leishmania donovani. Mol Micro-

biol 60: 30–38. https://doi.org/10.1111/j.1365-2958.2006.05060.x PMID: 16556218

9. Van Assche T, Deschacht M, da Luz RA, Maes L, Cos P (2011) Leishmania-macrophage interactions:

insights into the redox biology. Free Radic Biol Med 51: 337–351. https://doi.org/10.1016/j.

freeradbiomed.2011.05.011 PMID: 21620959

10. da Silva MF, Floeter-Winter LM (2014) Arginase in leishmania. Subcell Biochem 74: 103–117. https://

doi.org/10.1007/978-94-007-7305-9_4 PMID: 24264242

11. Fairlamb AH, Cerami A (1992) Metabolism and functions of trypanothione in the Kinetoplastida. Annu

Rev Microbiol 46: 695–729. https://doi.org/10.1146/annurev.mi.46.100192.003403 PMID: 1444271

12. Mandal A, Das S, Kumar A, Roy S, Verma S, et al. (2017) l-Arginine Uptake by Cationic Amino Acid

Transporter Promotes Intra-Macrophage Survival of Leishmania donovani by Enhancing Arginase-

Mediated Polyamine Synthesis. Front Immunol 8: 839. https://doi.org/10.3389/fimmu.2017.00839

PMID: 28798743

Arginine side chain activates sensing in Leishmania

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007304 April 24, 2019 20 / 22

https://doi.org/10.1016/S0140-6736(98)10178-2
https://doi.org/10.1016/S0140-6736(98)10178-2
http://www.ncbi.nlm.nih.gov/pubmed/10513726
https://doi.org/10.1038/nrmicro1748
https://doi.org/10.1038/nrmicro1748
http://www.ncbi.nlm.nih.gov/pubmed/17938629
https://doi.org/10.1007/s00726-010-0630-3
http://www.ncbi.nlm.nih.gov/pubmed/20512387
https://doi.org/10.1371/journal.pntd.0004373
http://www.ncbi.nlm.nih.gov/pubmed/26808657
https://doi.org/10.1371/journal.ppat.1005494
http://www.ncbi.nlm.nih.gov/pubmed/27043018
https://doi.org/10.1111/j.1365-2958.2006.05060.x
http://www.ncbi.nlm.nih.gov/pubmed/16556218
https://doi.org/10.1016/j.freeradbiomed.2011.05.011
https://doi.org/10.1016/j.freeradbiomed.2011.05.011
http://www.ncbi.nlm.nih.gov/pubmed/21620959
https://doi.org/10.1007/978-94-007-7305-9_4
https://doi.org/10.1007/978-94-007-7305-9_4
http://www.ncbi.nlm.nih.gov/pubmed/24264242
https://doi.org/10.1146/annurev.mi.46.100192.003403
http://www.ncbi.nlm.nih.gov/pubmed/1444271
https://doi.org/10.3389/fimmu.2017.00839
http://www.ncbi.nlm.nih.gov/pubmed/28798743
https://doi.org/10.1371/journal.pntd.0007304


13. Avruch J, Long X, Ortiz-Vega S, Rapley J, Papageorgiou A, et al. (2009) Amino acid regulation of TOR

complex 1. Am J Physiol Endocrinol Metab 296: E592–602. https://doi.org/10.1152/ajpendo.90645.

2008 PMID: 18765678

14. Kuehnel MP, Rybin V, Anand PK, Anes E, Griffiths G (2009) Lipids regulate P2X7-receptor-dependent

actin assembly by phagosomes via ADP translocation and ATP synthesis in the phagosome lumen. J

Cell Sci 122: 499–504. https://doi.org/10.1242/jcs.034199 PMID: 19174471

15. Fekkes D, van Dalen A, Edelman M, Voskuilen A (1995) Validation of the determination of amino acids

in plasma by high-performance liquid chromatography using automated pre-column derivatization with

o-phthaldialdehyde. J Chromatogr B Biomed Appl 669: 177–186. PMID: 7581894

16. Mazareb S, Fu ZY, Zilberstein D (1999) Developmental regulation of proline transport in Leishmania

donovani. Exp Parasitol 91: 341–348. https://doi.org/10.1006/expr.1998.4391 PMID: 10092478

17. Darlyuk I, Goldman A, Roberts SC, Ullman B, Rentsch D, et al. (2009) Arginine homeostasis and trans-

port in the human pathogen Leishmania donovani. J Biol Chem 284: 19800–19807. https://doi.org/10.

1074/jbc.M901066200 PMID: 19439418

18. Singh AK, Pandey RK, Shaha C, Madhubala R (2016) MicroRNA expression profiling of Leishmania

donovani-infected host cells uncovers the regulatory role of MIR30A-3p in host autophagy. Autophagy

12: 1817–1831. https://doi.org/10.1080/15548627.2016.1203500 PMID: 27459332

19. Rodgers MR, Popper SJ, Wirth DF (1990) Amplification of kinetoplast DNA as a tool in the detection

and diagnosis of Leishmania. Exp Parasitol 71: 267–275. PMID: 2170165

20. Pfaffl MW (2001) A new mathematical model for relative quantification in real-time RT-PCR. Nucleic

Acids Res 29: e45. PMID: 11328886

21. Luneburg N, Xanthakis V, Schwedhelm E, Sullivan LM, Maas R, et al. (2011) Reference

intervals for plasma L-arginine and the L-arginine:asymmetric dimethylarginine ratio in the Framing-

ham Offspring Cohort. J Nutr 141: 2186–2190. https://doi.org/10.3945/jn.111.148197 PMID:

22031661

22. Harms E, Gochman N, Schneider JA (1981) Lysosomal pool of free-amino acids. Biochem Biophys Res

Commun 99: 830–836. PMID: 7247944

23. Kitamoto K, Yoshizawa K, Ohsumi Y, Anraku Y (1988) Dynamic aspects of vacuolar and cytosolic

amino acid pools of Saccharomyces cerevisiae. J Bacteriol 170: 2683–2686. PMID: 3131304

24. Kandpal M, Fouce RB, Pal A, Guru PY, Tekwani BL (1995) Kinetics and molecular characteristics of

arginine transport by Leishmania donovani promastigotes. Mol Biochem Parasitol 71: 193–201. PMID:

7477101

25. Mathieu C, Macedo JP, Hurlimann D, Wirdnam C, Haindrich AC, et al. (2017) Arginine and Lysine

Transporters Are Essential for Trypanosoma brucei. PLoS One 12: e0168775. https://doi.org/10.1371/

journal.pone.0168775 PMID: 28045943

26. Boller T, Durr M, Wiemken A (1975) Characterization of a specific transport system for arginine in iso-

lated yeast vacuoles. Eur J Biochem 54: 81–91. PMID: 238849

27. Grenson M, Mousset M, Wiame JM, Bechet J (1966) Multiplicity of the amino acid permeases in Sac-

charomyces cerevisiae. I. Evidence for a specific arginine-transporting system. Biochim Biophys Acta

127: 325–338. PMID: 5964977

28. Kandpal M, Tekwani BL, Chauhan PM, Bhaduri AP (1996) Correlation between inhibition of growth and

arginine transport of Leishmania donovani promastigotes in vitro by diamidines. Life Sci 59: PL75–80.

PMID: 8761349

29. Okabe N, Ikeda K, Kohyama y (1994) Nq-Nitro-L-arginine Methyl Ester Hydrochloride. Acta Crystallo-

graphica C50: 2088–2089.

30. Fitch CA, Platzer G, Okon M, Garcia-Moreno BE, McIntosh LP (2015) Arginine: Its pKa value revisited.

Protein Sci 24: 752–761. https://doi.org/10.1002/pro.2647 PMID: 25808204

31. Srikrishnan T, De NC, Alam AS, Kapoor J (2004) Crystal and molecular structure of pentamidine dii-

sethionate: an anti-protozoal drug used in AIDS related pneumonia. Journal of Chemical Crystallogra-

phy 34: 813–818.

32. Song J, Baker N, Rothert M, Henke B, Jeacock L, et al. (2016) Pentamidine Is Not a Permeant but a

Nanomolar Inhibitor of the Trypanosoma brucei Aquaglyceroporin-2. PLoS Pathog 12: e1005436.

https://doi.org/10.1371/journal.ppat.1005436 PMID: 26828608

33. Soeiro MN, Werbovetz K, Boykin DW, Wilson WD, Wang MZ, et al. (2013) Novel amidines and ana-

logues as promising agents against intracellular parasites: a systematic review. Parasitology 140: 929–

951. https://doi.org/10.1017/S0031182013000292 PMID: 23561006

34. Li L, Li Z, Chen D, Lu X, Feng X, et al. (2008) Inactivation of microbial arginine deiminases by L-canava-

nine. J Am Chem Soc 130: 1918–1931. https://doi.org/10.1021/ja0760877 PMID: 18205354

Arginine side chain activates sensing in Leishmania

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007304 April 24, 2019 21 / 22

https://doi.org/10.1152/ajpendo.90645.2008
https://doi.org/10.1152/ajpendo.90645.2008
http://www.ncbi.nlm.nih.gov/pubmed/18765678
https://doi.org/10.1242/jcs.034199
http://www.ncbi.nlm.nih.gov/pubmed/19174471
http://www.ncbi.nlm.nih.gov/pubmed/7581894
https://doi.org/10.1006/expr.1998.4391
http://www.ncbi.nlm.nih.gov/pubmed/10092478
https://doi.org/10.1074/jbc.M901066200
https://doi.org/10.1074/jbc.M901066200
http://www.ncbi.nlm.nih.gov/pubmed/19439418
https://doi.org/10.1080/15548627.2016.1203500
http://www.ncbi.nlm.nih.gov/pubmed/27459332
http://www.ncbi.nlm.nih.gov/pubmed/2170165
http://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.3945/jn.111.148197
http://www.ncbi.nlm.nih.gov/pubmed/22031661
http://www.ncbi.nlm.nih.gov/pubmed/7247944
http://www.ncbi.nlm.nih.gov/pubmed/3131304
http://www.ncbi.nlm.nih.gov/pubmed/7477101
https://doi.org/10.1371/journal.pone.0168775
https://doi.org/10.1371/journal.pone.0168775
http://www.ncbi.nlm.nih.gov/pubmed/28045943
http://www.ncbi.nlm.nih.gov/pubmed/238849
http://www.ncbi.nlm.nih.gov/pubmed/5964977
http://www.ncbi.nlm.nih.gov/pubmed/8761349
https://doi.org/10.1002/pro.2647
http://www.ncbi.nlm.nih.gov/pubmed/25808204
https://doi.org/10.1371/journal.ppat.1005436
http://www.ncbi.nlm.nih.gov/pubmed/26828608
https://doi.org/10.1017/S0031182013000292
http://www.ncbi.nlm.nih.gov/pubmed/23561006
https://doi.org/10.1021/ja0760877
http://www.ncbi.nlm.nih.gov/pubmed/18205354
https://doi.org/10.1371/journal.pntd.0007304


35. Desjardins M, Huber LA, Parton RG, Griffiths G (1994) Biogenesis of phagolysosomes proceeds

through a sequential series of interactions with the endocytic apparatus. J Cell Biol 124: 677–688.

PMID: 8120091

36. Moradin N, Descoteaux A (2012) Leishmania promastigotes: building a safe niche within macrophages.

Front Cell Infect Microbiol 2: 121. https://doi.org/10.3389/fcimb.2012.00121 PMID: 23050244

37. Barak E, Amin-Spector S, Gerliak E, Goyard S, Holland N, et al. (2005) Differentiation of Leishmania

donovani in host-free system: analysis of signal perception and response. Mol Biochem Parasitol 141:

99–108. https://doi.org/10.1016/j.molbiopara.2005.02.004 PMID: 15811531

38. Zilberstein D (2018) Nutrient Transport and Sensing as Pharmacological Targets for Leishmaniasis. In

Drug Discovery for Leishmaniasis: 282–296.

39. Hundal HS, Taylor PM (2009) Amino acid transceptors: gate keepers of nutrient exchange and regula-

tors of nutrient signaling. Am J Physiol Endocrinol Metab 296: E603–613. https://doi.org/10.1152/

ajpendo.91002.2008 PMID: 19158318

40. Iraqui I, Vissers S, Bernard F, de Craene JO, Boles E, et al. (1999) Amino acid signaling in Saccharomy-

ces cerevisiae: a permease-like sensor of external amino acids and F-Box protein Grr1p are required

for transcriptional induction of the AGP1 gene, which encodes a broad-specificity amino acid permease.

Mol Cell Biol 19: 989–1001. PMID: 9891035

41. Andreasson C, Ljungdahl PO (2004) The N-terminal regulatory domain of Stp1p is modular and, fused

to an artificial transcription factor, confers full Ssy1p-Ptr3p-Ssy5p sensor control. Mol Cell Biol 24:

7503–7513. https://doi.org/10.1128/MCB.24.17.7503-7513.2004 PMID: 15314160

42. Ljungdahl PO (2009) Amino-acid-induced signalling via the SPS-sensing pathway in yeast. Biochem

Soc Trans 37: 242–247. https://doi.org/10.1042/BST0370242 PMID: 19143640

43. Hyde R, Cwiklinski EL, MacAulay K, Taylor PM, Hundal HS (2007) Distinct sensor pathways in the hier-

archical control of SNAT2, a putative amino acid transceptor, by amino acid availability. J Biol Chem

282: 19788–19798. https://doi.org/10.1074/jbc.M611520200 PMID: 17488712

44. Wyant GA, Abu-Remaileh M, Wolfson RL, Chen WW, Freinkman E, et al. (2017) mTORC1 Activator

SLC38A9 Is Required to Efflux Essential Amino Acids from Lysosomes and Use Protein as a Nutrient.

Cell 171: 642–654 e612. https://doi.org/10.1016/j.cell.2017.09.046 PMID: 29053970

45. Wang S, Tsun ZY, Wolfson RL, Shen K, Wyant GA, et al. (2015) Metabolism. Lysosomal amino acid

transporter SLC38A9 signals arginine sufficiency to mTORC1. Science 347: 188–194. https://doi.org/

10.1126/science.1257132 PMID: 25567906

46. Rodriguez-Contreras D, Aslan H, Feng X, Tran K, Yates PA, et al. (2015) Regulation and biological

function of a flagellar glucose transporter in Leishmania mexicana: a potential glucose sensor. FASEB J

29: 11–24. https://doi.org/10.1096/fj.14-251991 PMID: 25300620

47. Figarella K, Uzcategui NL, Zhou Y, LeFurgey A, Ouellette M, et al. (2007) Biochemical characterization

of Leishmania major aquaglyceroporin LmAQP1: possible role in volume regulation and osmotaxis. Mol

Microbiol 65: 1006–1017. https://doi.org/10.1111/j.1365-2958.2007.05845.x PMID: 17640270

48. Landfear SM, Zilberstein D (2019) Sensing What’s Out There—Kinetoplastid Parasites. Trends

Parasitol.

49. McConville MJ (2016) Metabolic Crosstalk between Leishmania and the Macrophage Host. Trends

Parasitol 32: 666–668. https://doi.org/10.1016/j.pt.2016.05.005 PMID: 27234812

Arginine side chain activates sensing in Leishmania

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007304 April 24, 2019 22 / 22

http://www.ncbi.nlm.nih.gov/pubmed/8120091
https://doi.org/10.3389/fcimb.2012.00121
http://www.ncbi.nlm.nih.gov/pubmed/23050244
https://doi.org/10.1016/j.molbiopara.2005.02.004
http://www.ncbi.nlm.nih.gov/pubmed/15811531
https://doi.org/10.1152/ajpendo.91002.2008
https://doi.org/10.1152/ajpendo.91002.2008
http://www.ncbi.nlm.nih.gov/pubmed/19158318
http://www.ncbi.nlm.nih.gov/pubmed/9891035
https://doi.org/10.1128/MCB.24.17.7503-7513.2004
http://www.ncbi.nlm.nih.gov/pubmed/15314160
https://doi.org/10.1042/BST0370242
http://www.ncbi.nlm.nih.gov/pubmed/19143640
https://doi.org/10.1074/jbc.M611520200
http://www.ncbi.nlm.nih.gov/pubmed/17488712
https://doi.org/10.1016/j.cell.2017.09.046
http://www.ncbi.nlm.nih.gov/pubmed/29053970
https://doi.org/10.1126/science.1257132
https://doi.org/10.1126/science.1257132
http://www.ncbi.nlm.nih.gov/pubmed/25567906
https://doi.org/10.1096/fj.14-251991
http://www.ncbi.nlm.nih.gov/pubmed/25300620
https://doi.org/10.1111/j.1365-2958.2007.05845.x
http://www.ncbi.nlm.nih.gov/pubmed/17640270
https://doi.org/10.1016/j.pt.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27234812
https://doi.org/10.1371/journal.pntd.0007304

