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Globin and adenylate cyclase play individually numerous crucial
roles in eukaryotic organisms. Comparison of the amino acid
sequences of globins and adenylate cyclase from prokaryotic to
eukaryotic organisms suggests that they share an early common
ancestor, even though these proteins execute different functions
in these two kingdoms. The latest studies of biological signaling
molecules in both prokaryotic and eukaryotic organisms have
discovered a new class of heme-containing proteins that act as
sensors. The protein of the globin family is still unknown in the
trypanosomatid parasites, Trypanosome and Leishmania. In addi-
tion, globin-coupled heme containing adenylate cyclase is unde-
scribed in the literature. Here we report a globin-coupled heme
containing adenylate cyclase (HemAC-Lm) in the unicellular eukary-
otic organism Leishmania. The protein exhibits spectral properties
similar to neuroglobin and cytoglobin. Localization studies and ac-
tivity measurements demonstrate that the protein is present in
cytosol and oxygen directly stimulates adenylate cyclase activity
in vivo and in vitro. Gene knockdown and overexpression studies
suggest that O2-dependent cAMP signaling via protein kinase A
plays a fundamental role in cell survival through suppression of
oxidative stress under hypoxia. In addition, the enzyme-dependent
cAMP generation shows a stimulatory as well as inhibitory role in
cell proliferation of Leishmania promastigotes during normoxia.
Our work begins to clarify how O2-dependent cAMP generation
by adenylate cyclase is likely to function in cellular adaptability
under various O2 tensions.

Human pathogen Leishmania promastigotes inhabit the
midgut of a sandfly, where they are densely packed together

and the environment of these promastigotes is then likely to
become hypoxic or even anoxic (1). Although biologists have
long known that Leishmania species can survive under limited
oxygen (2), the underlying mechanism remains unclear.
O2, CO, and NO are physiologically indispensable but some-

times toxic to living organisms (3). Hence, the machinery for
sensing these molecules and responding to them is vital for
survival. Recently, a new class of the heme-containing sensor
proteins has been discovered (4). These are different from well-
known heme proteins, such as O2 carriers (hemoglobin/myo-
globin), oxygen activators (cytochrome P450/peroxidases), and
mediators of electron transfer (cytochrome c/cytochrome b5) (5,
6). Heme-based sensor proteins usually consist of an N-terminal
heme-containing sensor domain and a C-terminal effector do-
main (7). The structures of heme-based sensor proteins are
changed upon binding of O2, CO, or NO gases with the heme
domain. This structural change influences the effector domain
for proper functioning.
Cyclic AMP (cAMP) is a vital signaling molecule that controls

diverse biological functions in many organisms, including viru-
lence factors from a range of pathogens (8, 9). The second
messenger cAMP is universally generated by adenylate cyclase
(AC), which catalyzes the cyclization of ATP to cAMP. AC is
regulated by various molecules including bicarbonate (10), cal-
cium (11), and hormones (12). Although cAMP is found in the

trypanosomatid parasite Leishmania, little is known about its
function (13, 14).
In this paper we report the heme containing AC from Leish-

mania major (HemAC-Lm). To understand the biochemical
functions of this protein, we cloned, expressed, and characterized
the HemAC-Lm protein. Evidence has been presented to show
that a globin domain present at the N terminus of HemAC-Lm
plays an important role in O2 binding and controls the catalytic
activity of the C-terminal AC domain. Our results provide evi-
dence for the existence of an O2-dependent cAMP regulation that
is a prerequisite for decreasing oxidative stress under hypoxia.

Results and Discussion
Primary Structure of HemAC-Lm Protein. Eleven ACs were pre-
dicted in the L. major genome-sequencing project. One of the
predicted 11 ACs (systematic name: LmjF.28.0090), comprising
616 residues, exhibits two striking features: first, its N terminus
(residues 85–209) displays limited homology to globin (Fig. S1)
and second, the C terminus (residues 360–616) bears 27% ho-
mology with the class III adenylate/guanylate cyclase (Fig. S1).
The absolutely conserved residues of all globins are the proximal
His in the F helix, Pro in C helix, and Phe in the CD1 region (15).
All three residues, Pro115, Phe121, and His161, are conserved in
this protein (Fig. S1). The C terminus of this gene carries an
AC characteristic lysine (Lys-427) and aspartic acid (Asp-508)
residues (16). These features suggested to us that this AC might
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be a globin-coupled heme containing an AC protein (HemAC-
Lm) that generates signals in response to binding of oxygen.

Biochemical and Spectral Characteristics of HemAC-Lm. To identify
the biochemical characteristics of HemAC-Lm, both the full-
length protein and truncated catalytic domain (Δ360 HemAC-
Lm, 360 amino acid deleted from the N terminus) were
expressed in E. coli. Purified HemAC-Lm and Δ360 HemAC-Lm
migrated to positions as expected from the theoretical relative
molecular mass of 72 kDa (Fig. 1A, lane 4) and 30 kDa protein
(Fig. 1A, lane 9), respectively. Fig. 1B showed that both HemAC-
Lm and Δ360 HemAC-Lm proteins were dimeric, indicating that
the N-terminal 360 amino acids were not responsible for di-
merization. Antiglobin domain of HemAC-Lm (1-209 aa) anti-
sera detected the 68-kDa mature form of HemAC-Lm in
cytosolic fraction of Leishmania lysate (Fig. 1C). HemAC-Lm
displayed absorption spectra characteristic of oxygen-bound
heme proteins (Fig. 2D). Absorption maxima were observed at
414 (Soret), 575 (α-band), and 538 nm (β-band) for HemAC-Lm
proteins, compared with corresponding maxima of 414, 576, and
538 nm for oxyhemoglobin (Fig. 2D) (17). The deoxygenated
form of the HemAC-Lm protein shifted the Soret band from 414
to 423 nm, and simultaneously, the αβ-band appeared at 560 and
532 nm (Fig. 1D). This behavior is consistent with the formation
of ferrous six-coordinate low-spin heme and is also seen with
deoxyneuroglobin/deoxycytoglobin (18). HemAC-Lm binds with
CO, and new peaks appear at 419 (Soret), 573 (α-band), and 535
nm (β-band) (Fig. 1D), indicating that the native form of
HemAC-Lm is in the ferrous state. HemAC-Lm catalyzed only
the conversion of ATP to cAMP (Fig. 1E). The activity was in-
sensitive to transmembrane AC activator (forskolin) and soluble
AC inhibitor (KH7), suggesting that HemAC-Lm is unlikely to
be transmembrane AC or bicarbonate-stimulated soluble AC
(Fig. 1E). We measured AC activity in the presence or absence
of common gaseous sensor (O2 and CO) molecules under an-
aerobic condition (Fig. 1E). The O2- or CO-bound protein
showed AC activity, indicating that activation was due to binding
of the molecule with heme. The Km value for ATP of this enzyme
is ∼1.9 mM (Fig. 1F). O2-dependent spectral shift and AC ac-
tivity (Fig. 1 G and H) suggest that AC activity is directly pro-
portional to the conversion of the oxy form of enzyme.

Characteristics of Overexpressing, Control, Heterozygous Knockout,
and Tetracycline Inducible Knockdown Cells During Normoxia. To
investigate the physiological role of HemAC-Lm, we constructed
tetracycline inducible knockdown (IKO), heterozygous knockout
(HKO), and overexpressing (OE) cell strains. The null mutant
cell line was unable to proliferate in culture media under nor-
moxia. HemAC-Lm protein was 85% and 50% lower in IKO and
HKO cells, respectively, and expressed ∼2.3 times higher in OE
cells compared with control (CT) cells (Fig. 2A). Like HemAC-
Lm expression, the order of intracellular cAMP accumulation
was OE > CT > HKO > IKO cells (Fig. 2B). The protein kinase
A (PKA) activity was higher in OE cells and lower in HKO or
IKO cells compared with CT cells (Fig. 2C), indicating that el-
evated cAMP activates PKA activity. To investigate whether the
O2 consumption rate is changed with the changing cAMP level in
OE, CT, HKO, or IKO cells, we measured O2 consumption rate
in all types of cells. Fig. 2D shows that the O2 consumption rates
are directly proportional to the intracellular cAMP concentra-
tion. Like our results, earlier researchers showed that the O2
consumption rate increased in response to increasing cAMP
level (19). OE, IKO, or HKO populations had slower growth
rates compared with CT cells (Fig. 2E), revealing dual, bidirec-
tional effects of cAMP on Leishmania growth. To strengthen the
above results, we measured the growth rate of HKO cells in the
presence of different concentrations of 8-bromocAMP (Fig. 2F).
The data confirmed that the effect of cAMP on cell proliferation

was bidirectional. A similar type of bidirectional response of
cAMP is also observed in other types of cells (20, 21). To further
substantiate the growth arrest in the HKO, IKO, or OE cells
compared with CT cells, cellular DNA content was estimated in
parallel by flow cytometry (Fig. 2G and Fig. S2); the results
clearly confirmed the data obtained from the growth curve (Fig.
2E). The progression of the cell cycle was significantly delayed in
OE, IKO, or HKO cells where the generation time was greater
than 12 h, compared with CT cells having generation time of 8 h

Fig. 1. Biochemical characteristics of HemAC-Lm. (A) SDS/PAGE. Lanes:
1, −isopropyl β-D-1-thiogalactopyranoside (IPTG) (full length); 2, +IPTG (full
length); 3, lysate flow through (full length); 4, purified full-length protein; 5,
molecular weight marker; 6, −IPTG (Δ360); 7, +IPTG (Δ360); 8, lysate flow
through (Δ360); and 9, purified (Δ360). (B) The size exclusion chromatog-
raphy of purified full-length and truncated proteins by using Superdex 200
Columns of ÄKTAprime plus system (GE Healthcare). (C) Subcellular locali-
zation was performed using rabbit anti–HemAC-Lm primary antibody. Lanes:
1, whole cells; 2, cytosolic fraction; 3, endoplasmic reticulum (ER) fraction;
and 4, mitochondrial fraction. Marker proteins Leishmania donovani aden-
osine kinase, T. brucei Bip, and L. major ascorbate peroxidase were used in
the subcellular fractions as cytosolic, ER, and mitochondrial markers, re-
spectively. (D) Electronic absorption spectra of 1.6 μM HemAC-Lm in 50 mM
Tris·HCl buffer, pH 7.4. The solid line, dashed line, and dotted line represent
the spectra of the native, +dithionite, and +CO, respectively. (E) AC activity
in the presence of activator and inhibitor. The concentrations of ATP, GTP,
full-length HemAC-Lm (E), Δ360HemAC-Lm (Δ360), KH7, and foskolin used
were 5 mM, 5 mM, 100 μg, 150 μg, 50 μg, and 100 μg, respectively. (F) ATP-
dependent cAMP production. (G) O2-dependent spectral shift of deoxy
enzyme by sequential addition of 1.4, 2.8, 7, 14, and 56 μM O2. (H) O2-
dependent AC activity.
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(Fig. 2G and Fig. S2). These results strongly indicated that the
normal level of cAMP plays a positive role, whereas an excess of
cAMP plays a negative role in the initiation of cell proliferation
under normoxia. The IKO and HKO populations had a distinct
type of cell morphology compared with OE cells; that is, the OE
population had more cells that are slender and elongated in
shape, whereas the IKO or HKO cells are mostly round shaped
(Fig. 2H). Because the morphology of infectious metacyclic stage
of cells is slender (22, 23), we quantitated metacyclic promasti-
gotes by negative agglutination with peanut agglutinin (PNA).
Flow cytometry results showed that OE culture had ∼1.5-fold
excess metacyclic (PNA−) parasites compared with CT, HKO, or
IKO cells (Fig. 2I). These results suggest that the excessive cAMP
accumulation in OE cells causes growth arrest, and subsequently,
the cell differentiates from procyclic to metacyclic stage. A similar
type of result has been reported in Trypanosoma brucei (24), where
they have shown that excessive cAMP causes a growth arrest and
cell differentiation from procyclic to infective stage. Because
the typical apoptotic morphology of a cell is round, we suspected
that HKO or IKO culture might have higher levels of apoptotic
cells. However, the HKO or IKO culture had greater than 98%
viable cells [annexin V- and propidium iodide (PI)-negative
cells], which was similar to CT cell (Fig. 2J), indicating that the
round-shaped cells were not apoptotic cells.

Characteristics of OE, CT, HKO, and IKO Cells During Hypoxia. To in-
vestigate the implication of O2 dependence in AC activity, cells
were incubated under hypoxia. The cAMP accumulation in
hypoxic CT cells (Fig. 3A) was lower than normoxic CT cells
(Fig. 2B), indicating that suppressing cAMP level during hypoxia

might be an essential factor for cell survival. Like aerobic
organisms, oxygen depletion for 12 h resulted in a 70% decrease
of ATP levels (Fig. 3B) in comparison with normoxia (25). As
shown in Fig. 3B, the ATP levels of all types of cells are similar
during hypoxia, irrespective of their different levels of intracellular
HemAC-Lm. Flow cytometry (Fig. 3C) and microscopic (Fig. 3D)
studies suggest that HKO, IKO, and OE cells had ∼30–40% cell
death (PI- or annexin V-positive cells), whereas control cells had
10% cell death. For authentication of the above results, we
measured the percentage of cell death in the presence or absence
of different concentrations of CPT-cAMP and PKA inhibitors
(H89 and PKI) (Fig. 3 E–G). During hypoxia, HKO or IKO
results suggest that HemAC-Lm is an essential gene, but OE
results suggest that excessive cAMP is toxic to the cell.
The question immediately arises of what mechanism is ap-

parently involved in cell death during hypoxia. One possibility is
that the lower ATP generation might be the cause of cell death
(26); another option is that the generation of reactive oxygen
species (ROS) can lead to mitochondrial dysfunctions, which are
implicated in cell death (23). The first option behind accelerated
cell death in OE, HKO, or IKO cells during hypoxia can be ruled
out (Fig. 3B). Earlier results in other cells (27) and the present
results show that decreased O2 concentration results in an ap-
pearance of oxidative stress (Fig. 3H). Our data demonstrate
that ROS generation increases further in OE, HKO, and IKO
cells compared with CT cells during hypoxia (Fig. 3H). This
excessive ROS generation in OE, HKO, and IKO cells may be
responsible for a higher percentage of cell death during hypoxia.
The addition of antioxidants (such as reduced glutathione and
N-acetyl-L-cysteine) attenuated this ROS and also abolished the

Fig. 2. Functional characterization of HemAC-Lm during normoxia. (A) Western blot results using anti–HemAC-Lm and anti–α-tubulin antibody. Fifty
micrograms of L. major lysate were used for Western blotting. All of the data are representative of at least three independent experiments. (B) Intracellular
cAMP content in CT, OE, HKO, and IKO cells. (C) Intracellular PKA activity in CT, OE, HKO, and IKO cells. The concentration of H89 (PKA inhibitor) used is 100
μM. UV-illuminated 0.8% agarose gels after electrophoresis are shown at the top. Upper and lower bands are denoted phosphorylated and non-
phosphorylated PepTag peptides, respectively. (D) The O2 consumption rate in CT, OE, HKO, and IKO cell lines. (E) The growth curves of CT, OE, HKO, and IKO
cells. (F) The growth curve of HKO cells in the presence of different concentrations of Br-cAMP. (G) The cell cycle distribution of CT, OE, HKO, and IKO cell lines
after removing the hydroxyurea block. (H) The changing morphology of log-phase Leishmania promastigotes with the changing levels of endogenous
HemAC-Lm gene. (I) The PNA negative log-phase Leishmania promastigotes in CT, OE, HKO, and IKO cell lines. (J) The viable cell (propidium iodide- and
annexin V-negative cell) analyzed by flow cytometer in CT, OE, HKO, and IKO cell lines. All values shown are means ± SD of three independent experiments.
Asterisks indicate statistically significant values of less than 0.05.
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acceleration of cell death seen during hypoxia (Fig. 3I). Overall
results suggest that O2-dependent cAMP generation in control
cells protects cells against the accelerated rates of cell death by
suppressing excessive generation of cellular oxidative stress. Then
what is the reason behind increased ROS production in OE,
HKO, and IKO cells during hypoxia? The factors that control the
rate of ROS generation by OE, HKO, and IKO cells are com-
pletely unknown but likely include the reduction of the antioxidant
protein production. The cAMP-dependent activated PKA can
phosphorylate a variety of substrates, thus explaining the
broad range of cAMP effects. It is well known that the anti-
oxidant gene transcription during oxidative stress condition varies
because cAMP plays a dual role: intracellular cAMP induces the
transcription of superoxide dismutase (28, 29) and represses the
transcription of thioredoxin mRNA (30). To investigate the rela-
tive quantities of antioxidant genes in CT, OE, HKO, and IKO
cells, we performed quantitative real-time PCR to measure non-
selenium glutathione peroxidase (LmjF.26.0810), iron superoxide
dismutaseA (LmjF08.0290), peroxidoxin peroxidase (LmjF23.0040),
superoxide dismutase (LmjF30.2770), and tryparedoxin peroxidase

(LmjF.15.1120). Although quantitative real-time PCR results
demonstrated approximately similar mRNA expression of anti-
oxidant genes in all type of cells during normoxia (Fig. 3J), the
level of mRNA expression of antioxidant genes was altered in
different cell types during hypoxia (Fig. 3K). The higher level of
cAMP containing OE cell showed increased levels of mRNA ex-
pression of iron superoxide dismutase A, superoxide dismutase,
and non-selenium glutathione peroxidase. In contrast, the lower
level of cAMP containing HKO or IKO cells revealed higher
levels of mRNA expression of peroxidoxin peroxidase and try-
paredoxin peroxidase. Thus, these results strongly suggest that the
transcription of antioxidant genes is tightly regulated by HemAC-
generated cAMP during hypoxia. Hence, O2-dependent cAMP
generation in control cells is an essential factor for keeping opti-
mum levels of antioxidant gene transcription.

Conclusion. These data unequivocally demonstrate that AC ac-
tivity can be regulated by the binding of O2 to heme iron. HemAC
proteins constitute a previously undescribed class of sensors that
differ significantly from the known heme-containing O2 sensors
FixL (31), AxPDEA1 (32), NPAS2 (33), EcDOS (3), DosC (34),

Fig. 3. Functional characterization of HemAC-Lm during hypoxia. (A) Intracellular cAMP content in CT, OE, HKO, and IKO cells after incubation of 12 h at
hypoxic condition. Hp, hypoxic cell. (B) Intracellular ATP content in CT, OE, HKO, and IKO cells after incubation of 12 h at hypoxic condition. (C) The viable cell
(propidium iodide- and annexin V-negative) analyzed by flow cytometer in CT, OE, HKO, and IKO cell lines after incubation for 12 h at hypoxic condition. Cells
were double stained with annexin V and propidium iodide. Dot plots are divided into four quadrants. The lower left quadrant represents viable cells (annexin
V- and PI-negative cell). All of the data are representative of three independent transfection experiments (three different clones). (D) Fluorescence micro-
scopic picture of the same cells as in C. (E) The number of viable cells after incubation of 12 h at hypoxic condition in presence of different concentrations of 8-
(4-Chlorophenylthio)adenosine-3′, 5′-cyclic monophosphate (CPT-cAMP). (F) The number of viable cells after incubation of 12 h at hypoxic condition in
presence of different concentrations of PKA inhibitor (H89). (G) The number of viable cells after incubation for 12 h at hypoxic condition in presence of
different concentrations of protein kinase inhibitor (PKI). (H) Intracellular ROS analyzed by using fluorometer in CT, OE, HKO, and IKO cells after incubation of
12 h under normoxic and hypoxic condition. (I) The effect of antioxidants on cell survival during hypoxia. GSH, reduced glutathione; NAC, N-acetyl-L-cysteine.
(J) The mRNA expression in CT, OE, HKO, and IKO cells after incubation of 12 h under normoxia. GPX, FeSOD, PXN, SOD, and TPX denote non-selenium
glutathione peroxidase (LmjF.26.0810), iron superoxide dismutase A (LmjF08.0290), peroxidoxin peroxidase (LmjF23.0040), superoxide dismutase (LmjF30.2770),
and tryparedoxin peroxidase (LmjF.15.1120), respectively. (K ) The mRNA expression in CT, OE, HKO, and IKO cells after incubation of 12 h under hypoxia.
Asterisks indicate statistically significant values of less than 0.05.
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and HemAT-Bs (7). The heme-binding domain of FixL, AxPDEA1,
NPAS2, and EcDOS belongs to the PAS domain superfamily, but
HemAC-Lm contains no PAS domain. In addition, HemAC-Lm
regulates cAMP synthesis, whereas HemAT-Bs and DosC par-
ticipate in aerotaxis and c-di-GMP generation, respectively.
Therefore, HemAC differs from all oxygen sensor genes on the
basis of physiological function. Our results suggest that the
N-terminal domains of HemAC act as sensors by binding diatomic
oxygen at their ferrous heme. The oxygen binding presumably
triggers a conformational change in the sensor domain that, in
turn, stimulates the activity of the C-terminal catalytic AC domain,
resulting in the synthesis of the second messenger cAMP, which
then associates with the gene transcription and cell survival
under hypoxia.

Methods
Parasite Culture. Promastigote forms of L. major (strain 5ASKH) were grown
at 26 °C in M199 medium supplemented with 40 mM Hepes (pH 7.4), 200 μM
adenine, 1% penicillin–streptomycin (vol/vol), 50 μg/mL gentamycin, and
10% (vol/vol) heat-inactivated FBS.

Cloning, Expression, Purification, and Characterization of HemAC-Lm and
Δ360HemAC-Lm. The coding region of full-length HemAC-Lm was PCR am-
plified from L. major genomic DNA, using primers 1 and 2 (Table S1). For the
Δ360HemAC-Lm, the PCR amplification was carried out by using primers 3
and 4 (Table S1). The PCR products from two separate reactions were puri-
fied and cloned into the BamHI and XhoI sites of pTrcHisA (Invitrogen) for
full-length HemAC-Lm and the BamHI and HindIII sites of pET16B (Novagen)
for Δ360HemAC-Lm. A detailed description of the method for expression,
purification, enzymatic assay, preparation of deoxy protein, subcellular
fractionation, and Western blotting is provided in SI Methods. The concen-
tration of protein was determined using Bio-Rad reagent with BSA as the
standard. The heme was identified and quantified by the pyridine-hemo-
chrome method (35). The molar extinction coefficient of full-length HemAC-
Lm at 414 nm was 79,300 M−1·cm−1.

UV-Vis Spectral Analysis. All spectral studies were performed at 25 ± 1 °C in
a Shimadzu UV-2550 computerized spectrophotometer using quartz cells of
1 cm light path. Each set of experiments was done using freshly purified
enzymes to avoid any spin state change due to freeze–thaw and storage
of enzymes.

HemAC-Lm–Overexpressing Promastigotes. HemAC-Lm ORF was amplified
using primers 5 and 6 (Table S1) and cloned into the SmaI- and BamHI-
digested pXG-B2863 vector in the correct orientation to construct pXG:
HemAC-Lm. pXG:HemAC-Lm was transfected in L. major promastigotes by
electroporation as described earlier (36).

Generation of Stable Knockout Strain for HemAC-Lm Alleles. To generate the
constructs pXG-NEO HemAC-Lm and pXG-HYG HemAC-Lm, 1.007 kb from the
5′ region and 1 kb from the 3′ region of HemAC-Lm gene were inserted into
the modified pXG-NEO and pXG-HYG vectors (35), respectively. A detailed
description of this method is provided in SI Methods. Although the het-
erozygous mutants grew slowly in culture medium containing 200 μg/mL
neomycin, the double-knockout strain was unable to grow in growth me-
dium containing 60 μg/mL neomycin and 100 μg/mL hygromycin drug.

Construction of Inducible Gene Expression Strain (LmT7.TR) and Inducible
Knockdown Cell Line for HemAC-Lm. A detailed description of the method
for the construction of inducible gene expression strain (LmT7.TR) and in-
ducible knockdown cell line for HemAC-Lm is provided in SI Methods.

In Vitro Promastigote Growth Profile Analysis. The 106 mid–log-phase IKO, CT,
OE, and HKO promastigotes were seeded in 10 mL of M199 media and 10%
FCS. Growth rates were measured by counting cell number in an improved
Neubauer chamber (hemocytometer) at a 24-h interval. Experiments were
done in triplicate for each cell type.

Oxygen Consumption Measurement. Oxygen consumption rates were mea-
sured using an Oxytherm system (Hansatech Instruments) and Oxygraph plus
software at 25 °C, using 0.5 mL of mid–log-phase promastigote suspension

(108 cells per mL) in PBS solution. All experiments were done in triplicate to
minimize the experimental error.

Metacyclic Purification Assay. A detailed description of the method for meta-
cyclic purification by PNA is provided in SI Methods.

Parasite Culture Under Hypoxic Environment. Cell viability under hypoxic con-
dition was studied with CT, IKO, HKO, and OE cells using BD Falcon 24-well
plates. The 5 × 107 log-phase promastigotes of all cells were centrifuged and
washed twice with PBS and were seeded to each well containing 1.0 mL
serum-free M199 medium. To achieve hypoxia, a preanalyzed air mixture
(95% N2/5%CO2; Praxair) was infused into an air chamber (Billups-Rothen-
berg) constructed with inflow and outflow valves, at a flow rate of 5 L/min
for 30 min. The chamber was then sealed and incubated at 22 °C for 12 h (37,
38). The O2 concentration of sample in hypoxic chamber was measured by
Clark-type electrode (Hansatech Instruments). An oxygen electrode demon-
strated that the chamber O2 concentration was less than 12 μM.

Detection of Intracellular cAMP and Measurement of PKA Activity in L. major
Cells. Intracellular concentration of cAMP in CT, IKO, HKO, and OE cells, in-
cubated at either normoxic or hypoxic condition, were determined by cAMP
complete ELISA kit (Enzo Life Sciences). PKA activity was assayed in L. major
lysates as described by Malki-Feldman and Jaffe (39) by phosphorylation of
the specific fluorescent PKA substrate kemptide using the PepTag Non-
Radio-active PKA Assay (Promega) kit. A detailed description of these methods
is provided in SI Methods.

Measurement of Intracellular H2O2. For measurement of intracellular H2O2

consumption, fluorescence spectrophotometer was used with 2′,7′-dichlor-
odihydrofluorescein diacetate (DCFDA) as the probe. Cells were washed
twice with PBS at 1,200 × g (4 °C) for 5 min and incubated with 6 μM DCFDA
for 30 min at 26 °C in the dark with mild shaking. The fluorescence intensity
was recorded immediately in a fluorescence spectrophotometer at 502 nm
for excitation and 529 nm for emission.

Cell Death Assessment by PI and Annexin V Staining. FITC-conjugated annexin
V and PI-labeled cells were analyzed by flow cytometer and OlympusIX81
fluorescence microscope. A detailed description of this method is provided in
SI Methods.

Cell Cycle Analysis. A detailed description of cell cycle analysis by flow
cytometer is provided in SI Methods.

Measurement of Cellular ATP Content. Intracellular ATP content was measured
by a luciferin–luciferase bioluminescence assay using an ATP determination
kit (Molecular Probes) according to manufacturer’s protocol. ATP concen-
trations were calculated from the ATP standard curve.

Quantitative Real-Time PCR.Oxidative stress response of CT, HKO, IKO, and OE
was analyzed by relative quantification of transcript levels of five impor-
tant antioxidant genes in Leishmania: non-selenium glutathione peroxidase
(LmjF.26.0810), iron superoxide dismutaseA (LmjF08.0290), peroxidoxin try-
paredoxin peroxidase (LmjF23.0040), superoxide dismutase (LmjF30.2770),
and tryparedoxin peroxidase (LmjF.15.1120). A detailed description of this
method is provided in SI Methods.

Statistical Analysis. All data were expressed as the means ± SD from at least
three independent experiments. Statistical analyses for all data were calcu-
lated using Student t test or analysis of variance wherever applicable using
Origin 6.0 software (Microcal Software). The ANOVA was followed by post
hoc analysis (multiple-comparison t test) for the evaluation of the difference
between individual groups. A P value of less than 0.05 was considered
statistically significant.
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