
Leishmania donovani, the causative agent of human

visceral leishmaniasis, is a digenetic parasitic protozoon

that cycles between phagolysosomes of mammalian

macrophages and the alimentary tract of sand flies [1]. In

the vector, they grow as extracellular flagellated pro�

mastigotes, in the host they are phagocytized by

macrophages and proliferate as intracellular non�flagel�

lated amastigotes. Both forms are adapted to live in hos�

tile hydrolytic environments, and it is believed that spe�

cific molecules expressed on the parasite cell surface

membrane play a key protective role [2].

During transition through these different extra� and

intracellular environments, Leishmania is exposed to

many changes in their living conditions. These changes

include the elevated temperature of the mammalian host,

toxic oxidants produced during phagocytosis by

macrophages, acidic pH and proteases encountered in

the macrophage phagolysosome, variations in the avail�

ability and types of nutrients, as well as the availability of

oxygen. The mechanism that allows parasites to with�

stand these noxious stimuli is probably critical for their

survival [3].

The drugs for the treatment of visceral leishmaniasis

are pentavalent antimony (SbV)�containing drug, ampho�

tericin B, and chalcone derivatives. Evidences showed that

the intracellular amastigote form of Leishmania was more
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Abstract—Energy metabolism of Leishmania donovani parasite has been investigated under conditions imitating intralysoso�

mal�like environment in the host organism. Trans�plasma membrane electron transport and oxygen uptake were inhibited

progressively when promastigote cells were exposed to pH 5.5 and 37°C. A special feature of the respiratory chain in amastig�

ote was the absence of complex I, II, and IV. When L. donovani was grown at pH 5.5 and 37°C, the acid excretory product

succinate was increased in comparison to cells grown at pH 7.5 and 24°C. The findings of this study showed that the amastig�

ote form catabolized fatty acid to excrete succinic acid when oxidative phosphorylation was impaired. Amastigote mitochon�

dria failed to generate membrane potential by oxidizable substrates. On the other hand, the amastigote cell showed

absorbance change of safranine O when fatty acid was the oxidizable substrate. The safranine signal was completely reversed

by valinomycin, carbonyl cyanide 4�(trifluromethoxy)phenylhydrazone, malonate, and oxaloacetate. Our data suggest that

the generation of metabolic energy from succinate/H+ efflux will contribute to energy requiring process of amastigote signif�

icantly. On the basis of these results, we conclude that due to absence of oxidative phosphorylation in amastigotes, energy

linked functions in amastigotes might occur through fumarate reduction leading to ∆pH generation by succinate excretion.
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susceptible than promastigote to pentavalent antimony�

containing drugs [4], amphotericin B [5], and chalcone

derivatives [6]. Differential sensitivities of these drugs

with respect to amastigotes and host cells clearly indicate

the presence of distinguishable cell biological and bio�

chemical processes in the amastigote. Therefore, charac�

terization of stage�specific metabolic steps is an impor�

tant step in development of new therapeutic agents

against the intracellular stage, which is responsible for the

maintenance of leishmaniasis in mammals.

Studies during the last decade indicated that shifting

promastigotes to an intralysosomal�like environment

(e.g. 37°C and pH 5.5 at 5% CO2 environment for viscer�

al species) induced differentiation into amastigotes in

host�free culture [7, 8]. Acidic pH and heat induced

growth arrest in promastigotes route the heat�adapted

promastigotes to differentiate into amastigotes [9]. Such

an experimental system has already been used by several

laboratories to investigate various stage�regulated func�

tions in L. donovani [4, 10] and has also been developed

in our laboratory to investigate various stage�regulated

functions in L. donovani. Characterization of axenic

amastigotes of the Leishmania species has demonstrated

that they resemble animal�derived amastigotes [8].

Axenic amastigotes are virulent as they infect hamsters

and macrophage cell lines. Moreover, differentiation in

host�free culture resumes virulence of long�term attenu�

ated promastigotes [8].

The leishmaniae and other trypanosomatids are

unique in that they contain a single mitochondrion per

cell which convolutes and ramifies in situ and occupies

around 12% of the cell volume, and it is associated with

the kinetoplast to form a kinetoplast–mitochondrial

complex [11]. Quantitative morphometry of electron

micrographs of Leishmania spp. demonstrated that after

3 h of heat treatment there was no change in mitochondr�

ial morphology, but after 6 h of heat treatment the mito�

chondria have lost their cristae and no longer possess a

clearly defined mitochondrial double membrane [12].

Studies on these aspects have been greatly hampered by

difficulties in isolation of intact mitochondria from try�

panosomatids. Isolation of this organelle is difficult

because of the large size and ramification of the single

mitochondrion and the presence of microtubule arrays

adhering to the inner side of the cell membrane of the try�

panosomatids [13]. As a consequence, greater force is

required to break the cells than the force necessary to dis�

rupt the mitochondrial membrane [13, 14]. To overcome

these difficulties, digitonized cells have been useful as an

experimental model.

Martin and Mukkada [14] reported evidence for the

presence of complex I, II, III, and IV in the respiratory

chain of L. tropica promastigote. In contrast, Santhamma

and Bhaduri claimed [15] that complex I is absent from

the respiratory chain of L. donovani promastigote. No

data are available on electron transport chain, energy

coupling, and oxidative phosphorylation in the amastig�

ote form of Leishmania.

Recent reports have indicated that the plasma mem�

brane of L. donovani promastigotes can carry out plasma

membrane electron transport [16, 17]. The finding that

heat transformed, acidic pH stabilized L. donovani cells

down�regulate plasma membrane and mitochondrial

electron transport as well as oxygen uptake prompted us

to investigate the nature of energy metabolism in L. dono�

vani amastigotes. Many lower eukaryotes can survive

hypoxic or anaerobic conditions via a fermentative path�

way that involves the use of the reduction of endogenous�

ly produced fumarate as an electron sink. They are high�

ly adapted for prolonged survival or even continuous

functioning in the absence of oxygen, whereas many of

them are adapted to alternating periods in the presence

and absence of oxygen [18]. Some anaerobically func�

tioning eukaryotes, such as yeast and certain fishes, can

survive without mitochondrial energy metabolism via

cytosolic fermentations in which the NADH produced

during glycolysis is consumed during the reduction of

pyruvate to lactate or fumarate to succinate, which are

subsequently excreted as end�products [19]. The present

communication deals with the differentiation of L. dono�

vani promastigote and amastigote electron transport

chains and the developmental changes. This study was

also undertaken to elucidate whether the fumarate reduc�

tion leading to succinate excretion is a fundamental

process to generate proton motive force that might be a

drug target [20].

MATERIALS AND METHODS

Materials. All chemicals unless otherwise mentioned

were from Sigma (USA). 5,5′�Dithiobis(2�nitroaniline�

N�sulfonic acid) (DTNS) was synthesized in our labora�

tory [16].

Promastigote culture method. Leishmania donovani

promastigote clonal strain MHOM/IN/1978/UR6, a

clinical isolate from a confirmed Indian kala�azar patient

[21], was grown at 24°C on blood agar medium, pH 7.5

[22]. Cells were harvested after 3 days growth in late log

phase by centrifugation at 500g for 10 min at 4°C twice in

cold Tris�sucrose�salt solution (250 mM sucrose, 50 mM

NaCl, 20 mM KCl, 1 mM EDTA, 20 mM Tris, pH 7.2).

Viability of the harvested cells was monitored microscop�

ically by the trypan blue exclusion method [23].

Generation of axenic amastigotes. Leishmania dono�

vani amastigote strain MHOM/IN/1978/UR6 were

grown and maintained as described by Debrabant et al.

[8]. Axenically grown amastigotes of L. donovani were

maintained at 37°C with 5% CO2 by weekly sub�passages

in MAA/20 (medium for axenically grown amastigotes)

at pH 5.5 in 177 cm2 Petri dishes [24]. Under these con�

ditions, promastigotes differentiated to amastigotes with�
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in 120 h. Cultures were maintained by 1 : 3 dilutions once

in a week. The axenic amastigotes remained stable in cul�

ture for a long time. Axenic amastigotes were routinely

recycled every 10 weeks by differentiation back to pro�

mastigotes, and in parallel, initiating a new line of pro�

mastigotes. Amastigotes were transformed to promastig�

otes by centrifugation of amastigotes (1000g at room tem�

perature for 10 min), suspension in promastigote medium

[25], and incubation at 24°C. Under these conditions

amastigotes differentiated to promastigotes within 72 h.

In all of the experiments in this paper where established

amastigotes were required, only 4�8�week�old amastig�

otes were used.

Cell fractionation and isolation of kinetoplast mito�
chondria. Mitochondria were isolated under hypotonic

conditions by a modification of the method as described

by Hauser et al. [26]. Kinetoplast mitochondria were pre�

pared from L. donovani promastigotes in late logarithmic

phase of growth. All operations were performed at 4°C.

The cells were washed twice with buffer A (140 mM

NaCl, 20 mM KCl, 20 mM Tris, 1 mM EDTA, pH 7.5)

and suspended in hypo�osmotic buffer (5 mM Hepes,

pH 7.7, 1 mM EDTA) to a concentration of approxi�

mately 5 mg cells/ml. Clumping of cells was prevented by

agitating the cell suspension with a magnetic stirrer. After

15 min of swelling, the cell suspension was homogenized

in a Potter–Elvehjem homogenizer with a Teflon pestle at

2000 rpm. This preparation was monitored microscopi�

cally for cell breakage. The resulting homogenate, adjust�

ed to pH 7.5 with 1 N KOH, was centrifuged at 700g for

7 min. The supernatant was centrifuged again as above.

The precipitates from the two centrifugations were dis�

carded, and supernatants were centrifuged at 8000g for

15 min. The fraction rich in nuclei, flagella, and large cell

fragments was collected in the 700g pellet and mitochon�

drial fraction in the 8000g pellet. After removing the

supernatant by aspiration, each pellet was resuspended in

DNase buffer (20 mM Mops�NaOH, 350 mM sucrose,

0.3% bovine serum albumin (BSA), 5 mM magnesium

acetate, 1 mM EGTA, 100 µg/ml DNase I, pH 7.7) for

30 min. After DNase I digestion, the lysate was loaded on

20�35% (w/v) Percoll gradients. The final fraction of

mitochondria was resuspended at high protein concentra�

tion (30�50 mg/ml) in isolation buffer (20 mM Mops�

NaOH, 350 mM sucrose, 20 mg/ml fatty acid and pro�

tease�free BSA, 20 mM potassium acetate, 5 mM magne�

sium acetate, and 1 mM EGTA, pH 7.0) with 0.15 mg/ml

soybean trypsin inhibitor and 0.02 mg/ml leupeptin.

Amastigote mitochondria were isolated under iso�

tonic condition by modifying the procedure described by

Hauser et al [26]. Cells were lysed by intracytoplasmic

cavitation with nitrogen gas in isolation buffer at a con�

centration of 5 mg cells/ml. Two subsequent low speed

spins (500g) were performed to remove the remaining

intact cells. After a DNase I digestion, the lysate was

applied to 20�35% (w/v) Percoll gradients. The final frac�

tion of mitochondria was resuspended at high protein

concentration (30�50 mg/ml) in isolation buffer contain�

ing 0.15 mg/ml soybean trypsin inhibitor and 0.02 mg/ml

leupeptin.

Mitochondria and submitochondrial particles were

also prepared from L. donovani promastigote, amastigote,

and rat liver according to an established method [27].

Digitonin permeabilization of cell. Leishmania dono�

vani promastigote and/or amastigote cells were collected,

washed once by buffer A, and resuspended in isolation

buffer (20 mM Mops�NaOH, 0.3% BSA, 350 mM

sucrose, 20 mM potassium acetate, 5 mM magnesium

acetate, and 1 mM EGTA, pH 7.0). Cells were permeabi�

lized with various amounts of digitonin (25�300 µg/mg

protein) and incubated on ice for 10 min. After incuba�

tion, the cells were centrifuged at 6000g for 7 min. The

enzymatic activities that were released from the cells were

assayed in the supernatant. Pellets were resuspended in

assay buffer.

Respiratory measurements. Rates of oxygen con�

sumption were measured in buffer B (100 mM Mops�

NaOH, 20 mg/ml BSA, 300 mM sucrose, 7 mM dipotas�

sium hydrogen phosphate, 5 mM magnesium acetate,

and 1 mM EGTA, pH 7.0) at 25°C in a water�jacketed

DW1 Hansatech oxygraph with 1�ml glass chamber

(Hansatech Instruments Ltd., UK) containing a Clark

type polarographic oxygen electrode. The solubility of

oxygen in air�saturated temperature�equilibrated medi�

um was taken to be 480 ng�atoms/ml at 25°C and 760 mm

Hg [28].

Determination of enzyme activity. Measurement of

ferricyanide reduction by L. donovani cells. Ferrocyanide

was quantified by a published procedure [16, 17] using

1,10�phenanthroline complex as described by Avron and

Shavit [29]. The incubation was carried out at 24°C for L.

donovani promastigotes and at 37°C for L. donovani

amastigotes.

α�Lipoic acid (ALA), DTNS, and 1,2�naphtho�

quinone�4�sulfonic acid (NQSA) reduction assay. ALA,

DTNS, and NQSA reduction by L. donovani promastig�

ote cells were assayed as described earlier [16] as the for�

mation of ferrocyanide as a result of the reduction of fer�

ricyanide by dihydrolipoic acid, 5�mercapto�2�nitroani�

line�N�sulfonic acid, and hydroquinone of NQSA.

Ferrocyanide was estimated according to the method of

Avron and Shavit [29]. The reaction mixtures were incu�

bated for 10 min at 24°C for L. donovani promastigotes

and at 37°C for L. donovani amastigotes.

Measurement of 2,6�dichlorophenolindophenol sodium

salt (DCPIP) reduction by L. donovani cells. Leishmania

donovani cells (LDC) (5 mg protein/ml) were incubated

at 24°C for L. donovani promastigotes and at 37°C for L.

donovani amastigotes in phosphate buffered saline (PBS),

pH 7.0, along with 5 mM D�glucose. The reaction was

started by the addition of 60 µM DCPIP. The rate of

DCPIP reduction was followed by the decrease in
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absorbance at 600 nm during 1 min in a double beam

Shimadzu UV�visible spectrophotometer, model UV�

2450. The control cuvette contained either L. donovani

promastigotes or L. donovani amastigotes in phosphate

buffered saline (PBS), pH 7.0, along with 5 mM D�glu�

cose minus DCPIP and was monitored simultaneously.

The extinction coefficient for DCPIP at 600 nm was

taken as 21.2 mM–1·cm–1 at pH 7.0.

NADH:duroquinone oxidoreductase activity. This

enzyme activity was determined using 0.06 mg/ml of

mitochondrial protein in 20 mM K2HPO4, 2 mM KCN,

0.1 mM EDTA, 0.3 mM duroquinone, 0.13 mM NADH,

pH 7.2 [30, 31]. The decrease in absorbance at 340 nm

was recorded. Rotenone at 30 µM was used as a specific

inhibitor of complex I.

Succinate dehydrogenase activity. Succinate dehydro�

genase activity was measured spectrophotometrically at

600 nm (ε = 21.2 mM–1·cm–1) using enzyme preparation

from either promastigote or amastigote, 5 mM succinate,

60 µM DCPIP in assay buffer (20 mM Mops, 200 mM

sucrose, 70 mM potassium acetate, 1 mM EGTA,

pH 7.0) with 5 mM magnesium acetate. The enzymatic

reaction was carried out in 1 ml reaction volume.

CoQ2H2�cytochrome c oxidoreductase activity.

Reduced coenzyme Q2 (CoQ2H2) was prepared according

to the method of Rieske [32]. CoQ2H2�cytochrome c oxi�

doreductase activity was determined at 550 nm (ε =

18.9 mM–1·cm–1) using enzyme preparation from either

promastigote or amastigote, 20 µM cytochrome c, and

30 µM CoQ2H2 with 5 mM magnesium acetate in assay

buffer, pH 7.0. For promastigote, 2 mM KCN was added

in the reaction mixture. For amastigote, the reaction mix�

ture was bubbled with oxygen�free N2 for 2 min before the

enzyme was added and kept anaerobic by adding silicone

oil at the top of the cuvette. The reaction was initiated by

the addition of 20 µM cytochrome c through the silicone

oil.

Identification and quantification of acid end product.
Succinate in spent medium derived from stationary�phase

cultures of L. donovani promastigotes and amastigotes

was identified and quantified using the procedure of Bril

[33] and finally by HPLC. The spent medium was depro�

teinized by adding 1/5 of its volume of 5% metaphos�

phoric acid solution and centrifugation. The protein�free

medium was extracted with diethyl ether. The ether was

evaporated under vacuum. The residue was dissolved in

HPLC grade water. Samples were filtered through 0.2 µm

pore membrane filter (Sartorius Biotech, Germany). The

injection and elution were carried out with a Rheodyne

injector (Rohnert Park, USA) with a 20 µl loop and a

pump (model 1150; GBC, Australia). The column

(Supelcogel C�610H, 250 × 7.8 mm) and the pre�column

(Supelcogel C�610H, 50 × 7.8 mm) were purchased from

Supelco (Bellefonte, USA) and maintained at 40°C. The

flow rate was 0.4 ml/min and the solvent system was

H3PO4–H2O (1 : 99 v/v). For detection, the HPLC sys�

tem consisted of a variable UV detector (model 480C, set

at 210 nm) (Instrumentos CG, Brazil) and a data�han�

dling system CBM�101 (Shimadzu, Japan). Analytical

grade succinic acid purchased from Sigma was used as

standard. To produce calibration curves, aliquots (7, 5,

2.5, and 1 ml) of the stock solution (10 mg/7 ml), corre�

sponding to 10, 7.14, 3.57, and 1.42 mg, respectively,

were diluted to 10 ml with HPLC grade water and 20 µl of

each of these solutions corresponding to 20, 14.28, 7.14,

and 2.84 µg were analyzed by HPLC. The calibration

curves (quantity injected versus area under the peak) and

the r value (correlation coefficient) were generated by the

software for the calibration curve.

Estimation of mitochondrial membrane potential.
Mitochondrial membrane potential of L. donovani pro�

mastigotes and amastigotes in situ were estimated spec�

trophotometrically using the indicating dye safranine O at

28°C [34]. Cells were incubated in medium containing

200 mM sucrose, 70 mM KCl, 10 mM Hepes, pH 7.0,

1 mM Mg�acetate, 0.4 mM EGTA, and digitonin

(50 µg/mg LDC). Absorbance changes were monitored

by a diode array spectrophotometer at the wavelength pair

500�533 nm. Each experiment was repeated at least three

times.

Measurement of spectral changes in safranine O in
the presence of L. donovani promastigote or amastigote
cells. Safranine O uptake in L. donovani promastigotes

and amastigotes were measured according to the proce�

dure described by Akerman and Jarvisalo [35] for hepato�

cyte cells. Promastigote cells were suspended at a final

concentration of 2.5 mg/ml in buffer containing 140 mM

NaCl, 5 mM Mg�acetate, 0.4 mM EGTA, 10 mM Hepes,

pH 7.0, along with oxidizable substrates and 10 µg/ml

oligomycin for 10 min before addition of 20 µM safranine

O. Amastigote cells were suspended at a final concentra�

tion of 2.5 mg/ml in buffer containing 130 mM KCl,

10 mM Na�acetate, pH 4.5, 5 mM Mg�acetate, 0.4 mM

EGTA along with 0.5 mM palmitate, 10 mM sodium

bicarbonate, and 10 µg/ml oligomycin for 10 min before

addition of 20 µM safranine O. The addition of 10 mM

sodium bicarbonate to buffer of pH 4.5 resulted in final

pH of buffer of 5.5. Observations were made at the wave�

length pair 525�485 nm. Each experiment was repeated at

least three times.

Protein estimation. LDC protein was determined by

the biuret method in the presence of 0.2% deoxycholate

[36]. One milligram of promastigote protein corresponds

to 1.75·108 cells and 1 mg of amastigote protein corre�

sponds to 1.14·108 cells. Cytosolic, mitochondrial, and

plasma membrane proteins were determined by a modi�

fied Lowry method [37].

Statistical analysis. All experiments were performed

in triplicate, with similar results obtained in at least three

separate experiments. Statistical significance was deter�

mined by Student’s t�test. Significance was considered as

P < 0.05. 
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RESULTS AND DISCUSSION

Respiratory properties of L. donovani cells during
promastigote to amastigote differentiation. Upon tran�

sient exposure of L. donovani promastigote cells to pH 5.5

and 37°C (conditions which mimic intracellular growth

of Leishmania), the rate of glucose stimulated oxygen

uptake of cells progressively decreased with increase of

incubation time (Figs. 1 and 2). Figure 1 represents the

effect of pH and heat shock on the reversal of O2 uptake

during incubation at pH 7.5 and 24°C. Complete regain

of O2 uptake for 23�min pH� and heat�shocked pro�

mastigote was achieved after 48 h, whereas 180�min pH�

and heat�shocked promastigote showed complete O2

uptake regain after 18 days. From the observations (Figs.

1 and 2) we can conclude that prolonged pH and heat

shock on promastigotes required longer incubation at

pH 7.5 and 24°C for complete recovery of O2 uptake.

Amastigote cells derived from a 1�month�old cell line also

showed very little endogenous O2 uptake (Table 1).

Figure 2 illustrates change in trans�plasma mem�

brane electron transport (transPMET) activity of L.

donovani promastigotes as a function of time after the

cells were exposed to differentiation signal (pH 5.5 and

37°C). Evidence to support the existence of a trans�plas�

ma membrane redox system in L. donovani promastigote

arises from the reduction of the four non�permeable elec�

tron acceptors ALA, DTNS, NQSA, and ferricyanide by

whole cells [16, 38, 39]. The transPMET activity as

judged by the rate of reduction of non�permeable elec�

tron acceptors (ALA, DTNS, NQSA, ferricyanide, and

DCPIP) and oxygen uptake were progressively dimin�

ished with increase of incubation time. Maximum fall of

transPMET was observed with DCPIP followed by oxy�

gen uptake and other non�permeable electron acceptors.

Complete loss of transPMET activity was observed after

72 h of incubation. Only 4% residual oxygen uptake was

retained even after 72 h of incubation. Incubation of pro�

mastigotes to pH 5.5 and 37°C induced biochemical dif�

ferentiation. No change of morphology was observed dur�

ing the first hour. Between 2 to 4 h cells aggregated and

started to round, and almost 50% of the cell population

lost their flagella. After 6 h 75% of the parasites rounded

and lost their flagella, a process that completed at 24 h.

Transferring axenic amastigotes to pH 7.5 and 24°C

induced differentiation back to promastigotes as depicted

in Fig. 1.

Respiratory activities of mitochondria in digitonin�
permeabilized cell of L. donovani promastigotes and
amastigotes and isolated mitochondria of liver and L.
donovani promastigotes and amastigotes. Data reported in

Table 1 demonstrate that L. donovani promastigotes and

Fig. 1. Reversibility of down�regulated oxygen uptake in pH� and

heat�shocked L. donovani promastigotes. Promastigote cells were

incubated at pH 5.5 and 37°C in MAA/20 medium with 5% CO2

for 23 (1), 45 (2), 90 (3), and 180 min (4) followed by removal of

cells by centrifugation. These cells were again incubated in pro�

mastigote liquid media at pH 7.5 and 24°C. Cells were removed at

different time intervals from the medium by centrifugation.

Oxygen uptake of pH� and heat�shocked and shock�recovered

cells was measured in the presence of 5 mM D�glucose as

described in “Materials and Methods”. Each point represents the

average value of three experiments.
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Fig. 2. Effect of duration of incubation at pH 5.5 and 37°C on oxy�

gen uptake and trans�plasma membrane electron transport activi�

ties of L. donovani promastigote cells. Cells were incubated at 5%

CO2 + 95% air in MAA/20 medium. Relative rate 100 was consid�

ered for DCPIP, ALA, DTNS, NQSA, and K3Fe(CN)6 as well as

for oxygen uptake by L. donovani promastigote cells to be 19.32,
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DCPIP reduction; 3) ALA reduction; 4) DTNS reduction; 5)

NQSA reduction; 6) ferricyanide reduction. Each point represents

the average value of three experiments.
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amastigotes could be selectively permeabilized by using

digitonin at 30 µg/mg cell protein. Very little stimulation

of oxygen consumption was achieved by the addition of

NADH�dependent substrate glutamate to digitonin�per�

meabilized promastigotes in the presence of ADP (Table

1). Phosphorylation efficiency of complex I in promastig�

ote appears to be 4 times less compared to complex I of

liver mitochondria (Table 2). Even at very high concen�

tration of rotenone, glutamate stimulated oxygen uptake

was not completely inhibited (Table 1). Thus, results of

Tables 1 and 2 suggest partial activity of complex I.

Addition of antimycin A or cyanide completely blocked

glutamate�stimulated oxygen uptake in digitonin perme�

abilized promastigotes (Table 1). These inhibitors suggest

the presence of complexes III and IV in the pathway of

electron transport from glutamate to oxygen. Malate/glu�

tamate, a combination of substrates commonly used to

demonstrate the presence of NADH�ubiquinone oxi�

doreductase (complex I) activity in mitochondrial prepa�

rations, was also unable to stimulate ADP phosphoryla�

tion in isolated promastigote mitochondria (Table 2). In

contrast, under the same conditions isolated liver mito�

chondria showed profound stimulation in the presence of

ADP. Other potential NADH�dependent substrates, such

as 3�oxoglutarate, lactate, and pyruvate, were also unable

to stimulate ADP phosphorylation in isolated promastig�

ote mitochondria (Table 2). In addition, potential flavo�

protein�linked substrates like sn�glycerol�3�phosphate

and dihydroorotate failed to stimulate phosphorylation in

digitonin permeabilized promastigotes (Table 1).

The inclusion of the respiratory substrate system

N,N,N′,N′�tetramethyl�p�phenylenediamine (TMPD)/

ascorbate, which reduces respiratory complex IV, reiniti�

ated respiration in digitonin permeabilized promastigotes

and isolated promastigote mitochondria. Addition of

ADP to this preparation resulted in no stimulation of res�

piration. Inclusion of cyanide into this system resulted in

complete inhibition. Thus we can conclude that site IV of

Substrate

No substrate

Succinate (10 mM)

Succinate (10 mM) + 

oxaloacetate (0.3 mM)

Succinate (10 mM) + malonate 

(3 mM)

L�Glutamate (10 mM)

L�Malate (10 mM)

L�Glutamate (5 mM) +

L�malate (5 mM)

3�Oxoglutarate (10 mM)

DL�Lactate (10 mM)

Pyruvate (10 mM)

sn�Glycerol�3�phosphate 

(10 mM)

Ascorbate (10 mM) + TMPD 

(0.4 mM)

Table 2. Substrate oxidation by isolated L. donovani promastigotes and amastigotes and liver mitochondria*

RCR***

1.10

1.80

1.81

1.62

1.33

1.25

1.16

1.16

1.00

1.00

1.00

0.98

State 3

(+ADP)

1.57 ± 0.16

80.06 ± 14.65

76.98 ± 13.86

0.86 ± 0.08

12.42 ± 1.12

6.25 ± 0.88

9.56 ± 1.43

2.98 ± 0.39

1.65 ± 0.18

1.69 ± 0.21

10.01 ± 1.47

36.92 ± 6.46

State 4

(−ADP)

1.44 ± 0.15

44.48 ± 8.45

42.56 ± 7.43

0.53 ± 0.06

9.34 ± 1.29

5.01 ± 0.70

8.24 ± 1.25

2.57 ± 0.31

1.64 ± 0.17

1.68 ± 0.18

9.36 ± 1.01

37.84 ± 6.81

promastigotes

RCR***

1.00

1.11

1.17

1.12

1.13

1.10

1.15

1.10

0.66

0.77

1.07

1.00

State 3

(+ADP)

0.11 ± 0.01

0.21 ± 0.04

0.21 ± 0.04

0.09 ±  0.01

0.17 ± 0.03

0.13 ± 0.02

0.15 ± 0.03

0.13 ± 0.02

0.65 ± 0.13

0.71 ± 0.13

0.15 ± 0.03

0.86 ± 0.16

State 4

(−ADP)

0.10 ± 0.01

0.19 ± 0.03

0.18 ± 0.03

0.08 ± 0.01

0.15 ± 0.03

0.12 ± 0.01

0.13 ± 0.02

0.12 ± 0.01

0.98 ± 0.18

0.92 ± 0.15

0.14 ± 0.02

0.86 ± 0.16

amastigotes

RCR***

3.19

5.70

5.69

1.06

5.61

12.08

4.44

2.53

2.61

1.03

1.35

State 3

(+ADP)

5.65 ± 0.58

42.75 ± 6.84

40.37 ± 5.98

0.87 ± 0.02

23.56 ± 3.46

44.32 ± 6.95

21.10 ± 2.81

166.2 ± 31.58

119.8 ± 1.87

16.41 ± 2.07

9.14 ±  1.02

State 4

(−ADP)

1.77 ± 0.18

7.50 ± 1.2

7.10 ± 1.1

0.82 ± 0.01

4.20 ± 0.55

3.67 ± 0.44

4.75 ± 0.56

65.8 ± 12.5

45.9 ± 8.26

15.94 ± 2.71

6.76 ± 0.95

liver

Rate of respiration, nmol/min per mg protein**

* L. donovani promastigotes and amastigotes and liver mitochondria were isolated as described in “Materials and Methods”. Concentrations of

mitochondrial protein for promastigotes, amastigotes, and liver cells were 2, 10, and 5 mg/ml, respectively.

** Rate values represent mean ± SD values of three experiments. Oxygen uptake was recorded polarographically as described in “Materials and

Methods”.

*** RCR, respiratory control ratio.
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the mitochondrial electron transport chain of promastig�

otes is non�phosphorylating. Partial inhibition (21%) of

TMPD/ascorbate�stimulated respiration in digitonin�

permeabilized promastigote by rotenone suggests an

alternative site of the cytochrome c�dependent electron

transport pathway in promastigotes. Antimycin A had no

effect on TMPD/ascorbate stimulated respiration in digi�

tonin�permeabilized promastigotes (Table 1).

The failure of NADH�dependent substrates and

TMPD/ascorbate to support increase of sufficient oxygen

consumption in the presence of ADP in digitonin perme�

abilized promastigotes and isolated promastigote mito�

chondria suggests that the NADH dehydrogenase�

ubiquinone (complex I) and cytochrome c oxidase seg�

ment (complex IV) are not functioning properly in L.

donovani promastigotes. Addition of succinate to digi�

tonin�permeabilized cells and isolated mitochondria of

promastigotes resulted in profound stimulation of oxygen

uptake. The subsequent addition of ADP induced the

transition from resting (State 4) to phosphorylating (State

3) respiration. A respiratory control (State 3/State 4) of

1.8 was estimated in both digitonin�permeabilized pro�

mastigotes and isolated promastigote mitochondria

(Tables 1 and 2). Addition of rotenone at 40 µM concen�

tration partially inhibited (54%) State 3 respiration of

succinate in digitonin�permeabilized promastigotes,

which was then completely inhibited by antimycin A and

cyanide (Table 1). Partial inhibition of succinate respira�

tion by rotenone in digitonin�permeabilized promastig�

otes suggests the presence of an alternative succinate oxi�

dation pathway in L. donovani promastigotes (Table 1).

Experiments using intact amastigote cells indicated

loss of 96% of oxygen uptake when compared with the

oxygen uptake of promastigote cells (Table 1). The addi�

tion of 30 µg digitonin/mg amastigote protein to a sus�

pension of amastigotes incubated in buffer B containing

flavoprotein�linked substrates such as succinate or sn�

glycerol�3�phosphate or dihydroorotate was not able to

stimulate respiration, whereas addition of DL�lactate

resulted in moderate oxygen uptake stimulation in

amastigotes (Table 1). The inability of L. donovani

amastigote mitochondria to carry out energy linked func�

tions such as respiration coupled with phosphorylation

suggests that the amastigote form of Leishmania is less

dependent on respiratory energy (Table 1). This might be

the reason for the survival of amastigote cells within the

phagolysosomes where apparent hypoxic conditions per�

sist [40, 41]. Studies from Table 1 revealed that amastig�

otes were devoid of complex IV activity and failed to con�

sume oxygen. Assays of complex I, II, and III suggest the

presence of complex III in both promastigotes and

amastigotes, whereas amastigotes failed to retain the

activities of complex I and II (Table 3).

Effect of differentiation signal on the production of
acid end product. Anaerobic metabolism of amastigotes

suggested that fumarate might serve as electron sink of the

reducing equivalents liberated during metabolism. This

was evident from the amount of succinate formed during

the growth of amastigotes (Table 4).

Safranine O uptake by promastigote and amastigote
mitochondria and cells energized by respiratory substrates.
Table 5 represents the rate of spectral shift change of

safranine O due to the presence of oxidizable substrates in

normal and digitonin�permeabilized promastigote and

amastigote cells. In the absence of electron transport,

mitochondrial energization can be supported by reverse

operation of the F1F0�ATPase if ATP is available. Since

Mitochondrial
preparation*

Intact mitochon�
dria (Pro)

Intact mitochon�
dria (Am)

Submitochondrial
particle (Pro)

Submitochondrial
particle (Am)

NADH�
duroquinone

oxido�
reductase

(complex I)

24.55 ± 2.34

1.00 ± 0.36

CoQ2H2�
cytochrome c

oxido�
reductase

(complex III)

30 ± 3.50

30 ± 3.60

succinate�
DCPIP
oxido�

reductase
(complex II)

80 ± 13.60

1 ± 0.1

Table 3. Characterization of NADH�duroquinone, suc�

cinate�DCPIP, and CoQ2H2�cytochrome c oxidoreduc�

tase in L. donovani promastigote and amastigote mito�

chondria and submitochondrial particles

Enzyme activity, nmol/min per mg protein**

* Mitochondria and submitochondrial particles were prepared as 

described in “Materials and Methods”.

** NADH�duroquinone, succinate�DCPIP, and CoQ2H2�cytochrome

c oxidoreductase activities were assayed according to the procedures

as given in “Materials and Methods”. Rates were calculated from 

slopes of linear absorbance changes. The values represent the average

of three experiments.

Promastigote culture medium

Amastigote culture medium

Succinate excretion**,
nmol/mg cell protein

4.75 ± 0.48

85.26 ± 12.79

Table 4. Concentration of succinate in spent medium

obtained from stationary�phase cultures of L. donovani

promastigotes and amastigotes*

* Recovery of succinate from the spent medium of L. donovani pro�

mastigotes and amastigotes is described in “Materials and Methods”.

** Succinate was quantified by HPLC according to the procedure

described in “Materials and Methods”. The values represent average

of three experiments ± SD.
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the promastigote respiration is insensitive to rotenone

[15], de�energization of these mitochondria was achieved

by the addition of oligomycin and re�energization by the

addition of oxidizable substrates. In the measurements

using safranine O, uptake was maximally supported in

promastigote and amastigote mitochondria by succinate

and palmitate, respectively. Energization in promastigote

and amastigote whole cells was maximally supported by

D�glucose and palmitate in the presence of bicarbonate,

respectively. Figure 3 shows the spectral responses of

safranine O in amastigote cells energized by palmitate

plus bicarbonate and their de�energization by FCCP

(carbonyl cyanide 4�(trifluromethoxy)phenylhydrazone),

valinomycin, malonate, and oxaloacetate.

The safranine method has previously been used for

determination of membrane potentials in bacterial vesi�

cles [42] and mitochondria [43] as well as in Ehrlich

ascites tumor cells [44] indicating that the spectrum of

safranine in cells with de�energized mitochondria differs

from that in the external medium. A CO2 requirement for

amastigote growth (Table 5) often reflects the involve�

ment of phosphoenolpyruvate carboxylase or pyruvate

carboxylase in the synthesis of succinate. Martin et al.

[45] demonstrated that in amastigotes pyruvate carboxy�

lase is the principal enzyme catalyzing heterotrophic CO2

fixation to produce oxaloacetate from phosphoenolpyru�

vate. Evidence also suggests that the activities of these

enzymes are comparatively higher in the glycosomes of

amastigotes [46]. Such a pathway can provide dicar�

boxylic acids for biosynthetic processes and also con�

tributes to NAD+ recycling and maintenance of the pro�

ton�motive force. Addition of protonophore FCCP with

an external pH of 5.5 resulted in influx of H+ and efflux

of safranine O, which caused a decrease in the

absorbance of the dye at the respective wavelength pair

(Fig. 3). Valinomycin in the presence of 130 mM K+

resulted in influx of K+ in exchange with efflux of cation�

ic dye safranine O. Receptor�mediated efflux of succi�

nate was antagonized by malonate and oxaloacetate,

which resulted in de�energization and efflux of safranine

O. Generation of membrane potential as judged by safra�

nine uptake in amastigote cells was not inhibited by the

ATPase inhibitor dicyclohexylcarbodiimide (DCCD),

and hence proton�translocating ATPase was not involved

in generation of membrane potential (Table 5). The same

observation was observed in the amastigote form of

promastigote

0.0023

0.0003

0.0002

amastigote

0

0

0.0010

amastigote

0.0010

0.0010

0.0010

0.0010

0.0010

0.0010

0.0040

0.0070

0.0067

promastigote

0.0080

n.d.

n.d.

n.d.

n.d.

n.d.

0.0005

0.0010

0.0005

Incubation*

DPC + oligomycin (5 µg/ml) + safranine (10 µM) + succinate (10 mM)

DPC + oligomycin (5 µg/ml) + safranine (10 µM) + 
ascorbate (10 mM) + TMPD (0.4 mM)

DPC + oligomycin (5 µg/ml) + safranine (10 µM) + palmitate (0.5 mM)

LDC + oligomycin (10 µg/ml) + safranine (20 µM) + glucose (5 mM)

LDC + oligomycin (10 µg/ml) + safranine (20 µM) + lactate (10 mM)

LDC + oligomycin (10 µg/ml) + safranine (20 µM) + succinate (10 mM)

LDC + oligomycin (10 µg/ml) + safranine (20 µM) + glutamate (10 mM)

LDC + oligomycin (10 µg/ml) + safranine (20 µM) + pyruvate (10 mM)

LDC + oligomycin (10 µg/ml) + safranine (20 µM) + malate (10 mM)

LDC + oligomycin (10 µg/ml) + safranine (20 µM) + palmitate (0.5 mM)

LDC + oligomycin (10 µg/ml) + safranine (20 µM) + 
palmitate (0.5 mM) + bicarbonate (10 mM)

LDC + oligomycin (10 µg/ml) + DCCD (20 µM) + 
safranine (20 µM) + palmitate (0.5 mM) + bicarbonate (10 mM)

Table 5. Comparison of the uptake of safranine O in L. donovani promastigote and amastigote mitochondria and cells

by oxidizable substrates

∆A525�485/min per mg protein

Note: DPC, digitonin�permeabilized cell; LDC, Leishmania donovani cell; n.d., not determined.

* Safranine O uptake in digitonin permeabilized cell and normal cell was carried out as described in “Materials and Methods”. Oxidizable sub�

strates were preincubated with LDC for 10 min before addition of safranine O.

∆A500�533/min per mg protein
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MHOM/IN/1983/AG83 strain of Leishmania (data not

presented).

The life cycle of Leishmania is highly complex; the

parasites at every step are morphologically and metaboli�

cally well adapted to a distinct compartment of their spe�

cific hosts. The recent development of a host�free differ�

entiation system for Leishmania has enabled better insight

into the early differentiation processes in this parasite.

The major observations were: (i) temperature and pH

shifts triggered oxygen uptake inhibition by as much as

96%, (ii) succinate failed to donate electrons in amastig�

ote mitochondria, whereas DL�lactate was capable of

donating electrons, (iii) amastigote mitochondria failed

to display oxidative phosphorylation, (iv) excretion of

protons coupled with succinate was a mechanism for the

generation of a proton�motive force in amastigotes.

Amastigote cells continuously excrete relatively large

quantities of succinic acid and other organic acids into

their environment [46]. Michels et al. [20] in their “ener�

gy recycling model” proposed that electrogenic efflux of

these organic end products via ion symport systems can

lead to the generation of an electrochemical ion gradient

across the cytoplasmic membrane, thus providing meta�

bolic energy to the cell. Amastigote cells might be able to

utilize succinate excretion as a metabolic energy source.

It appears that dysfunctional mitochondria of amastigotes

cause these cells to produce an inordinate amount of suc�

cinic acid (Table 4). An analogous observation for cancer

cells is the inactive cytochrome c oxidase that leads to

preferential utilization of glycolysis over aerobic respira�

tion to produce ATP [47]. Leishmania amastigotes have

been shown to contain greater activities than promastig�

otes of the enzymes that catalyze the β�oxidation of fatty

acids, but lower activities of several glycolytic enzymes

[48]. Energization of amastigote cells by palmitate plus

bicarbonate suggests the β�oxidation of fatty acids, which

is relatively more important to Leishmania amastigotes

than promastigotes.

The differences between parasite and host energy

metabolism described in this paper hold great promise as

targets for chemotherapy. For example, most of the active

anti�leishmanial compounds tested on promastigotes

failed to inhibit amastigotes [49, 50]. If an agent that can

specifically inhibit the amastigote fumarate reductase is

found, it is expected to be extremely effective and selec�

tive as an anti�leishmanial agent.

This work was supported by Indian Council of

Medical Research (ICMR), Government of India, Grant

5/8�7(61)2001�ECD�II.
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