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Leishmania requires Rab7-mediated degradation
of endocytosed hemoglobin for their growth
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Leishmania is unable to synthesize heme and must acquire it from
exogenous source, the mechanism of which is not known. We have
shown that Leishmania endocytoses hemoglobin (Hb) and subse-
quently degrade it probably to generate heme. To understand how
internalized Hb is degraded, we have cloned and expressed Rab7
homolog from Leishmania donovani. Interestingly, Rab7 in Leish-
mania is found to be localized both on early and late endocytic
compartment and regulates both uptake and degradation of en-
docytosed Hb demonstrating that Rab7 in Leishmania play a very
unique role connecting both early and late events of Hb endocy-
tosis. Our data also indicate that overexpression of Rab7:WT in
Leishmania induces transport of Hb to lysosomes and rapidly
degrade internalized Hb. Whereas Hb transport to lysosomes and
its degradation is significantly inhibited in cells overexpressing
Rab7:T21N, a GDP locked mutant of Rab7. Moreover, cells overex-
pressing Rab7:T21N grow at a slower rate (<50%) compared with
control Leishmania. Addition of exogenous hemin recovers the
growth of Rab7:T21N mutant cells almost to the control level,
suggesting that intracellular heme generated by Rab7-mediated
Hb degradation is required for optimal growth of the parasites.
Thus, our results identify a potential target which might be
exploited to suppress the growth of Leishmania.

eishmania donovani, a pathogenic trypanosomatid, is the etio-

logical agent of the fatal form of human disease known as
visceral leishmniasis, which causes considerable morbidity and
mortality of people worldwide (1). Considering the toxicity of drugs
used in chemotherapy of Leishmaniasis (2) and the unavailability of
appropriate vaccine, a search is on to find newer targets to suppress
the parasite growth. Because Leishmania lack a complete heme
biosynthetic pathway (3), the exploitation of heme dependency of
parasites (4) is the key target for the drug development (5).
However, how this parasite meets the requirement of heme is not
known. The majority of the heme in the host is sequestered in
erythrocytes in the form of Hb. Thus, endocytosis of Hb from the
host cells by parasites and followed by its degradation might
generate intracellular heme. Our previous results show that Leish-
mania endocytosed Hb through a specific receptor located in the
flagellar pocket that rapidly internalizes Hb, which is subsequently
degraded (6, 7). However, how Hb is transported to the degradative
compartment to generate intracellular heme is not known.

It is evident from studies in mammalian cells that intracellular
trafficking of endocytic ligands are specifically regulated by small
GTP binding proteins of Rab family along with their effectors (8,
9). In the endocytic pathway, Rab5 is the early acting Rab and
regulates transport from plasma membrane to early compartment
(10, 11), whereas Rab7 mediates transport from early to late
compartment (12, 13). Although it is evident that Rab like proteins
are present in parasites, their role in the regulation of intracellular
trafficking in parasites remains to be characterized (14). Endocytic
Rabs like Rab4, Rab5, and Rab11 have been identified in Trypano-
soma brucei (15, 16). Among these Rabs, Rab4 and Rab11 appear
to be involved in recycling, whereas different isoforms of Rab5
regulate distinct steps of endocytosis in Trypanosoma (17, 18).
Similarly, Rab5 is found to regulate cholesterol acquisition from the
host cell in Toxoplasma gondii (19), and Rab4 is associated with the
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endocytic pathway in Dictyostelium discoideum (20). Interestingly,
only 11 Rab GTPases are present in Plasmodium (21), in contrast
to the ~60 different Rabs present in mammalian cells (8, 9).
Recently, we showed that Rab5 homologue in Leishmania localizes
in the early endocytic compartment and plays a major role in Hb
trafficking in this parasite (22). However, not much is known about
the regulation of late endocytic trafficking in parasites. Thus, it will
be interesting to determine the role of Rab7 in the regulation of Hb
transport to the late degradative compartment in Leishmania.

Here, we report the cloning, expression, and characterization of
Rab7 homologue from L. donovani. We have shown that overex-
pression of LdRab7 in Leishmania induces the transport of Hb to
the late compartment whereas Hb targeting to the lysosomes is
blocked in the cells expressing of GDP-locked mutants of LdRab7.
Moreover, cells expressing GDP-locked mutant do not grow opti-
mally as they fail to generate heme by intracellular degradation of
Hb in the late compartment.

Results

Cloning and Expression of Rab7 Homolog from L. donovani. To clone
a Rab7 homologue from L. donovani, a BLAST search was per-
formed by using mouse Rab7 sequence as a query, which identified
a putative Rab7-like sequence from L. major genome showing 65%
homology to mouse Rab7 sequence. Using appropriate forward and
reverse primers, we amplified a 672-bp fragment from L. donovani
cDNA by PCR. The PCR product was cloned, sequenced and
hypothetically translated into a 223-aa sequence. The sequence
analysis of the cloned protein (LdRab7) revealed the presence of
highly conserved motifs of Rab proteins (23), such as the guanine
nucleotide binding regions, effector loop, and C-terminal isopre-
nylation motif (Fig. 1). Comparison of LdRab7 sequence by
CLUSTAL W multiple sequence alignment demonstrated that
the cloned protein has similarities of ~96% with Leishmania
major Rab7, 76% with T. brucei Rab7, 61% with Drosophila
melanogaster Rab7, 61% with Plasmodium falciparum, and 65%
with mammalian Rab7 sequences.

To further characterize the role of LdRab7 in Hb trafficking in
Leishmania, three mutants were generated by site-directed mu-
tagenesis based on the previous knowledge of analogous mutations
in mammalian Rabs (24). The LdRab7:T21N mutant was generated
by substituting asparagine for threonine in the GKT/S region,
whereas leucine was substituted for glutamine in the WDTAGQE
region in LdRab7:Q66L mutant. LdRab7:AC mutant was gener-
ated by deletion of last cysteine residues from the C terminus.
Subsequently, GTP binding ability and GTPase activity of Rab7
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PM1 Gl PM2
L.donovani MSM-KRQLLKIIILGDSGVGKTSLMHQYVNHIFDNRYKATIGADFLSKDVEVNGRVVTLQ 59
L.major MSM-KRQLLKIIILGDSGVGKTSLMHQYVNRIFDNRYKATIGADFLSKDVEVNGCVVTLQ 59
T.brucei MSS-KRQLLKIIILGDSGVGKTSLMHQYVNKKFDSRYKATIGADFLTKDLELNGQLVTLQ 59
H.sapiens MTSRKKVLLKVIILGDSGVGKTSLMNQYVNKKFSNQYKATIGADFLTKEVMVDDRLVTMQ 60
M.musculus MTSRKKVLLKVIILGDSGVGKTSLMNQYVNKKFSNQYKATIGADFLTKEVMVDDRLVTMQ 60
R.norwegicus MTSRKKVLLKVIILGDSGVGKTSLMNQYVNKKFSNQYKATIGADFLTKEVMVDDRLVTMQ 60
D.melanogaster MSGRKKSLLKVIILGDSSVGKTSLMNQYVNKRFSNQYKATIGADFCTKEVVVNDRVVTMQ 60
P.falciparum MSNKKRTILKVIILGDSGVGKTSLMNQYVNKKFTNQYKATIGADFLTKETIVDNEQITMQ 60
PM3

L.donovani IWDTAGQERFQSLGSAFYRGADACILVFDATQQESFAHAGSWLEEFSIQAGRRDS----- 114
L.major IWDTAGQERFQSLGSAFYRGADACILVFDVTQQESFAHVGSWLEEFSIQAGRRDS - - 114
T.brucei IWDTAGQERFQSLGSAFYRGADACILVFDVTQQESFSHISSWLEEFNIQAGKRDS----- 114
H.sapiens IWDTAGQERFQSLGVAFYRGADCCVLVFDVTAPNTFKTLDSWRDEFLIQASPRDPENFPF 120
M.musculus IWDTAGQERFQSLGVAFYRGADCCVLVFDVTAPNTFKTLDSWRDEFLIQASPRDPENFPF 120
R.norwegicus IWDTAGQERFQSLGVAFYRGADCCVLVFDVTAPNTFKTLDSWRDEFLIQASPRDPENFPF 120
D.melanogaster IWDTAGQERFQSLGVAFYRGADCCVLVYDVTAPNSFKNLDSWRDEFLIQASPRDPDHFPF 120
P.falciparum IWDTAGQERFQSLGVAFYRGADCCVLVFDLTNYKTYESLESWKDEFLIQASPKDPENFPEF 120

G2 G3
L.donovani VLVGNKTDLEDRRQVASKTVQAWCAKQNAEAANVNNGACAGAGDSAAPEMKYFETSAKDN 174
L.major VLVGNKTDLEDRRQVASKTVQAWCAKQNAEAANAINGACAGAGDSAAPEMKYFETSAKDN 174
T.brucei VLIGNKTDLADRRQVASKTAQAWCAAQSGEAAAASGGSSITASGSGGCCMRYFETSAKEN 174
H.sapiens VVLGNKIDLEN-RQVATKRAQAWCYSKNN--------==-=---===--~ IPYFETSAKEA 159
M.musculus VVLGNKIDLEN-RQVATKRAQAWCYRKNN- - - - -~~~ ---IPYFETSAKEA 159
R.norwegicus VVLGNKIDLEN-RQVATKRAQAWCYSKNN-------- ---IPYFETSAKEA 159
D.melanogaster VVLGNKVDLDN-RQVSTRRAQQWCQSKND-------- ---IPYYETSAKEG 159
P.falciparum VIIGNKVDETNKRKVQSLKVLOWCKSNNN- - ---------------ooo IPYFETSAKNA 160

I
L.donovani AGVEEAFIAVVQLALARKATVEEATPMPQTENLSQAQHEQAPSSSACSC--- 226
L.major AGVEEAFIAVVQLALARKATVEEATPMPQTVNLSQAQHEQTPTSSACSC--- 223
T.brucei TGVEEAFIAIATAALAQRATVDEDVVLPQSVNLSQPAPREKKONCLC- - - - - 221
H.sapiens INVEQAFQTIARNALKQETEVELYNEFPEPIKLDKND-RAKASAESCSC--- 207
M.musculus INVEQAFQTIARNALKQETEVELYNEFPEPIKLDKND-RAKASAESCSC--- 207
R.norwegicus INVEQAFQTIARNALKQETEVELYNEFPEPIKLDKNE-RAKASAESCSC--- 207
D.melanogaster INVEMAFQVIAKNALELEAEAEVINDFPDQITLGSQN-NRPGNPDNCQC--- 207
P.falciparum INVDQAFDETARKAMKQEHQEEQT - YLPETFALNNQS -EQKMYKSRCC---- 206
AN L S B ¥ L . *

Fig. 1. Multiple alignment of amino acid sequence of LdRab7 with Rab7

sequences from different organisms, namely L. major (GenBank accession no.
CAJ03806.1), T. cruzi (AAD32707), H. sapiens (X93499.1), M. musculus
(X89650.1), R. norwegicus (BC072470.1), D. melanogaster (AM294823.1), and
P. falciparum (CAB92946.2). Our sequence data of LdRab7 is in the GenBank
database under accession no. EF507729. Residues implicated in guanine phos-
phate binding (PM1-3), GTP/GDP binding (G1-3), and isoprenylation motif (1)
are marked in bold face.

and its mutants were checked. Our results showed that
LdRab7:Q66L and LdRab7:AC mutants bind [a->?P]-GTP com-
parable to LdRab7:WT protein, whereas LdRab7:T21N fails to
bind GTP. Analysis of GTPase activity of these mutants revealed

Fig. 2. Overexpression and local-
ization of LdRab7 in Leishmania. (A)
LdRab7 and its mutants were over-
expressed in Leishmania promastig-
otes as described in Materials and
Methods. Confocal micrographs
showing the localization of LdRab7
and its mutants as GFP fusion pro-
teins. Nucleus (nu) and kinetoplast
(k) were stained with propidium io-
dide. (B) To characterize Rab7 pos-
itive compartment in Leishmania,
lysosomes (Top) and Golgi complex
(Middle) of the LdRab7-GFP overex-
pressed Leishmania were labeled
by incubating the cells with lyso-
tracker red (1 uM) or BODIPY-TR
ceramide (5 uM), respectively, at
23°Cfor 30 min in serum-free M199
medium. Similarly, early endosomal
compartment was visualized by an-
ti-Rab5 antibody subsequently
probed with goat anti-mouse Alexa
Fluor 488-labeled second antibody
after fixing the cells with formalde-
hyde (Lower). Yellow indicates the
colocalization of Ld Rab7 with indi-
cated compartment in one plane

LdRab7:WT

LdRab7:Q66L

LdRab7:T21N

LdRab7:_C4

that LdRab7:WT hydrolyze GTP to GDP like any other Rab
GTPases, whereas GTP hydrolysis is blocked in LdRab7:Q66L
mutant [supporting information (SI) Appendix, Fig. 1].

Overexpression and Localization of Rab7 and Its Mutants in Leishma-
nia. To determine the role of Rab7 in Hb trafficking in Leishmania,
cells were overexpressed with LdRab7 or its GDP or GTP locked
mutants as GFP fusion protein in Leishmania, using pXG vector,
and stable clones were selected in the presence of G418 antibiotic.
GFP was placed in the N terminus of the Rab7 or its mutants to
keep C terminus of Rab7 free for prenylation, which is required for
membrane attachment and functioning of Rab (8, 9). Cells over-
expressing Rab7:T21N mutant were grown in the antibiotic con-
taining medium supplemented with hemin. The overexpression of
different forms of LdRab7 as fusion proteins in Leishmania was
confirmed by Western blot analysis of the cell lysates, using specific
antibodies (SI Appendix, Fig. 2).

In addition, expression of different forms of LdRab7 as GFP
fusion proteins also indicated their localization in Leishmania by
confocal microscopy. GFP-LdRab7:W'T protein was found to be
predominantly localized in the perinuclear compartments with
additional labeling of punctuate structures near kinetoplast (Fig.
2A4). Overexpression of Rab7 as GFP fusion protein did not alter
their normal localization as evident by immuno-localization of
endogenous Rab7 in similar structures, using specific antibody (S
Appendix, Fig. 3). Further characterization demonstrated that
LdRab7 colocalizes with the Lysotraker-Red-labeled late/lysosomal
compartment (Fig. 2B). Interestingly, LdRab7 was also found to be
partially localized in the Rab5 positive early endocytic compart-
ment near kinetoplast (Fig. 2B). However, LdRab7 failed to
colocalize with Texas red-conjugated BODIPY-ceramide labeled
Golgi compartment (Fig. 2B). Furthermore, the expression of
LdRab7:Q66L mutant labeled larger structures restricted to the
perinuclear area, whereas the GFP-Rab7:T21N mutant showed
diffuse cytoplasmic staining (Fig. 24). Similarly, LdRab7:AC, a
prenylation defective mutant was also found to be distributed
through out cytoplasm (Fig. 24).

To determine whether the expression of Rab7:WT, Rab7:Q66L,
and Rab7:T21N mutants altered the morphology of the endocytic

B &AL

Rab7:WT-GFP | TR-BODIPY-
ceramide

Rab7:T21N

] , C Control

Rab7:WT Fp

Endocytc
vesicles

Rab7:AC4

Endocytic
Vesiles

- Rab7:Q66L Hug

after after Z-stack analysis by confocal microscopy. (C) Morphology of the endocytic compartments in LdRab7 and its various mutants overexpressed Leishmania were

determined by electron microscopic analysis as described in Materials and Methods.
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perinuclear late/lysosomal compartment by 60 min in control cells
(Fig. 3 Top). Moreover, internalized Hb was retained in this
compartment even after 60 min in control cells (data not shown).
In contrast, Hb was rapidly internalized into early endocytic com-
partment and targeted to Rab7 positive late compartments within

Rab7:WT 20 min in cells overexpressing Rab7:WT and Rab7:Q66L mutants
LdRab7:WT-GFP — LUy 7 34 (Fig. 3 Middle), and almost no Hb was found in these cells after 60
min. Interestingly, most of the internalized Hb was retained in the
early endosomes near the flagellar pocket even after 60 min of

Control —

Rab7;Q66L] Rab7:Q66L oL uptake in Rab7:T21N over'exprfessed cells (Fig. 3 Lower), indicating
that Rab7:T21N mutant inhibits the transport of Hb to the late
LdRab7:Q66L-GFP — X . compartment.

Rab7 Induce Transport of Hb to Late/Lysosomal Compartment in
Rab7:T21N Leishmania. To determine the Rab7 induced transport of Hb to the
lysosomal compartments, a ligand mixing assay was developed to
measure the kinetics of biotinylated-Hb (BHb) transport from the
early compartment to the avidin-HRP (AHRP) preloaded lyso-
somes in Leishmania expressing Rab7 and its mutants. The results
Fig. 3. To determine the kinetics of Hb transport in Rab7 and its mutants pr.esented in Fig. 44 show that the BHb SIgnlflca..nﬂy COIO?ahZGd
overexpressed Leishmania, cells were allowed to bind Alexa Fluor 594- with AHRP loaded late/lysosome compartments within 30 min, and
conjugated Hb at 4°C and subsequently chased for indicated times at 23°Cas ~ maximum fusion was observed within 60 min in the cells overex-
described in Materials and Methods. Finally, cells were fixed with parafor-  pressing Rab7:WT. The rate of transport of BHb to the lysosomes
maldehyde and visualized under confocal microscope. Results are the repre-  in LdRab7:WT overexpressed cells was found to be 2-fold higher
sentative of three independent observations. than that of control cells. The kinetics of Hb transport to the late
compartment in Rab7:Q66L-overexpressing cells was even higher

. . . . . . than the Rab7: WT expressing cells, at least in early time points,
vesicles, morphological analysis was carried out by using ultrathin probably because of faster transport of Hb to the lysosomes and

sections made from Leishmania promastigotes expressing different iy simultaneous degradation. In contrast, significant inhibition in
Rab7 proteins by electron microscopy (Fig. 2C). Expression of transport of BHb was observed in the cells overexpressing
Rab7:WT (Fig. 2B) did not alter the localization and size of  Rah7:T21N mutant compared with the control cells (Fig. 44). The
endocytic vesicles (130 + 12.6 nm) compared with untransfected  4pparent increase in the colocalization of the BHb with AHRP at
(Fig. 24) control cells (120 + 15.3 nm), whereas expression of  early time points in these cells was due to the mixing of both ligands
Rab7:Q66L (Fig. ZC) gener ated increased number of moderate.ly in the early compartments, because the transport of AHRP to the
enlarged endocytic vesicles (183 * 11.2 nm) concentrated in  Jate compartment was also blocked in Rab7:T21N mutant overex-
perinuclear region. In contrast, cells expressing Rab7:T2IN (Fig. pressing cells.
2D) showed large number of smaller vesicles (42 = 6.8 nm) Rab7-induced transport of Hb to the late/lysosomal compart-
scattered throughout the cell cytoplasm. ments and its subsequent clearance from these cells prompted us to
determine whether this effect is due to the enhanced degradation
Role of Rab7 in Hb Trafficking in Leishmania. To determine the role  of the Hb in the lysosomal compartments in these cells. Thus, we
of Rab7 in Hb transport in Leishmania promastigotes, we analyzed  measured the kinetics of uptake and degradation of 125I-Hb at 23°C
the trafficking of Alexa Fluor 594-conjugated Hb in the cells  in these cells. Our results demonstrated that Hb uptake reached a
overexpressing Rab7:WT or its mutants along with untransfected  steady state plateau after 3 h, whereas TCA-soluble radioactivity
control cells by confocal microscopy. The results presented in Fig.  continued to increase at a linear rate (Fig. 4 B and C), indicating
3 showed that bound Hb internalized into early endosomal com-  simultaneous uptake and degradation of '>I-Hb by Leishmania
partment by 10 min, which is supported by their colocalization with  promastigotes. Moreover, in correlation with our previous finding,
Rab5 (data not shown), and finally reached the Rab7 positive  we also observed ~2.25- and 2.75-fold higher degradation of Hb in

LdRab7:T21N-GFP —

4 «+—Hb

A 180 B C 1200
@ 1601 —@— Control 600
2 —— Rab7:WT 1000
£ 1401 _y— Rab7:T21N —~ 500 - —e— Control
8 —A— Rab7:Q66L 2 2 o0 | % Rab7:wT
g 120 = 400 5 —4A— Rab7:Q66L
2 100 g o —¥— Rab7:T21IN
2 ] T 600
5 3 300 g
] 80 5 2
T &0 2 200 —e— Control o 400
g —8— Rab7:WT T
2 40 —A— Rab7:Q66L
H 100
E —v— Rab7:T21N 200
0 0 ]
0 10 20 30 40 50 60 70 o 1 2 3 4 0 1 2 3 4
Time (Min) Time (Hrs) Time (Hrs)

Fig. 4. Rab7 induced the transport of Hb to the late compartment. (4) To determine the role of Rab7 in Hb transport to the lysosomes in Leishmania, B-Hb
transport to avidin-HRP preloaded lysosomes was measured in Rab7, and its mutants overexpressed cells as described in Materials and Methods. At respective
time points, cells were lysed and B- Hb-avidin-HRP complexes were immunoprecipated from the lysate by anti-Hb antibody. HRP activity associated with the
complex was measured as relative transport to the lysosomes. Transport observed at 60 min in untransfected control cells was taken as 100%, and results are
expressed as relative percentage of transport to the lysosomes from three independent experiments = SD. One hundred percent transport in untreated control
cells corresponds to 15.9 ng of HRP activity per milligram of protein. (B and C) Uptake (B) and degradation (C) of '2°I-Hb in LdRab7 or its mutant overexpressed
Leishmania. Uptake and degradation of 25-Hb by LdRab7 or its mutant overexpressed Leishmania along with untransfected control cells were determined as
described in Materials and Methods. At respective times, cell-associated radioactivity (B) and trichloroacetic acid-soluble noniodide radioactive products (C)
released in the medium were determined. Results are expressed as nanograms of Hb per milligram of cell protein from three independent determinations + SD.
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Fig. 5. Effect of Rab7 or its mutants on the growth of Leishmania. Growth of
the parasites overexpressing different mutants were measured by [3H]thymidine
incorporation over different periods of times as described in Materials and
Methods. At respective time points, cells were harvested and radioactivity incor-
porated by respective Leishmania was measured. Results are expressed as radio-
activity incorporated by the cells from three independent experiments =+ SD.

the cells overexpressing Rab7: WT and Rab7:Q66L proteins,
respectively, compared with the control cells (Fig. 4C). Most
importantly, degradation of '>I-Hb was severely impaired in cells
expressing Rab7:T2IN mutant, indicating that Rab7 plays an
important role in the transport of Hb to the late compartment in
Leishmania for intracellular degradation of Hb. Interestingly, our
results also demonstrated that overexpression of LdRab7 stimu-
lated a more significant uptake of Hb in Leishmania than control
cells (Fig. 4B).

Rab7-Mediated Hb Degradation Is Required for the Growth of Leish-
mania. Our initial hypothesis was that internalized Hb would be
targeted to the lysosome like compartment, where it would be
degraded to generate heme that Leishmania cells could use for their
growth and survival. To verify the above hypothesis, we measured
the growth of the cells overexpressing Rab7:T21N, where Hb
degradation is reduced. To measure the growth of Rab7 and its
mutant overexpressed cells, cells were incubated in the presence of
3H-thymidine for different periods of times and the amount of
radioactivity incorporated by cells was measured to determine the
cell proliferation. Under this experimental condition, we found that
untransfected control Leishmania promastigotes grow exponen-
tially with a doubling time of ~8 h (Fig. 5). Overexpression of
Rab7:WT did not alter the growth rate of Leishmania promastig-
otes. In contrast, ~50% inhibition of thymidine incorporation was
observed in the cells overexpressing Rab7:T21N mutant compared
with the control cells, demonstrating that Rab7:T21N mutant
overexpressing cells failed to grow to their optimal level (Fig. 5). To
determine whether the inhibition of the growth of Leishmania
overexpressing Rab7:T21IN is due to the inability of generating
heme from Hb degradation, these cells were grown in the presence
of exogenous hemin (10 pg/ml), a heme analogue that possibly
diffuse into the cells. Interestingly, addition of hemin in the culture
medium recovered the growth of Rab7:T21N mutant overexpress-
ing Leishmania to ~80% of the growth of control cells (Fig. 5),
suggesting that heme generated from Rab7-mediated Hb degra-
dation is required for the growth of Leishmania.

Discussion

Previously, we identified that endocytosis of Hb in Leishmania is
mediated through receptors located in the flagellar pocket (6, 7).
Because Leishmania lack a complete heme biosynthetic pathway (3)

Patel et al.

and depend on the exogenous supply of heme for their survival, this
receptor system appears to play a very significant role in the biology
of the parasites, probably by generating intracellular heme after
degradation of internalized Hb. Our recent studies have shown that
Rab5 in Leishmania is located in early endocytic compartment and
promotes the homotypic fusion between early endosomes to reg-
ulate early events in Hb endocytosis in Leishmania. Interestingly,
Hb-containing early endosomes were shown to fuse also with the
late endosomes through a signal transduced from the cytoplasmic
tail of Hb receptor (22). It appears that Leishmania has devised a
unique mechanism of Hb endocytosis, so Hb is targeted to lyso-
somes to generate intracellular heme for their use. One of the
possible signals to target Hb to the late compartment could be Rab7
homologue from Leishmania, because this GTPase is shown to
regulate transport to the late compartment in mammalian cells (12,
13). Thus, we have cloned and expressed Rab7 homologue from
Leishmania, 1L.dRab7, which specifically binds GTP. Sequence
comparison of the cloned protein along with Rab7 homologues
from different organisms reveals that LdRab7 contains Rab7
specific effector domain (YKATIGADF) as seen in Rab7 sequence
of other organisms (23). Moreover, LdRab7 also contains an
insertion of 20 amino acid residues (EAANVNNGACAGAGD-
SAAPE) preceding the G3 domain, which are present only in the
Rab7 sequences of other trypanosomatid parasites (25, 26). How-
ever, the functional relevance of this insertion sequence in trypano-
somatid parasite trafficking has not been determined.

It is well documented that mutations within highly conserved
regions of Rab proteins generally perturb nucleotide binding and
hydrolysis and thereby interfere with membrane traffic in a dom-
inant negative way (27-29). For example, replacing leucine for
glutamine in the WDTAGQE region or substitution of asparagine
for serine or threonine in the GKT/S region generates mutants that
are constitutively in the GTP or GDP-bound conformations, re-
spectively (30, 31). Subsequently, Rab:T to N mutant proteins have
been shown to have a dominant negative effect on transport,
whereas the Rab:Q to L mutant proteins have a stimulatory effect
on fusion assays. To characterize the role of LdRab7 in Hb
trafficking in Leishmania, we have generated similar mutants of
LdRab7, namely Rab7:Q66L, Rab7:T21N, and Rab7:AC. Subse-
quently, Rab7 and its mutant proteins are overexpressed in Leish-
mania as GFP fusion protein to determine their localization.
GFP-LdRab7 predominantly localizes in the perinulear late/
lysosomal compartment like endogenous Rab7 in Leishmania, in
contrast to the localization of Rab7 in the Golgi compartment in
Trypanosoma cruzi (26). Interestingly, GFP-LdRab7 also colocal-
izes with Rab5 positive early endosomal compartment in Leishma-
nia. Furthermore, LdRab7:Q66L localizes in some sort of larger
endocytic vesicles as revealed by morphological analysis possibly
because of enhanced fusion between early and late endosomes or
the homotypic fusion of Rab7 positive late compartments. In
addition, overexpression of dominant negative Rab7:T2IN disin-
tegrates endocytic vesicles and thereby possibly inhibits the trans-
port of Hb to the late compartment.

Because the localization of the endogenous Rab7 and GFP-
tagged LdRab7 are identical, Leishmania over-expressing LdRab7
or its mutants as GFP fusion protein are used to dissect out their
role in Hb trafficking in Leishmania. Kinetics of the Hb trafficking
in Leishmania reveal that overexpression of Rab7 or GTP-locked
mutant of Rab7 induce the transport of the Hb to the late
compartment compared with the untransfected control cells and
most of the internalized Hb is cleared out of the cells within 60 min.
This clearance of Hb in these cells is due to the rapid degradation
of internalized Hb in lysosomes. In contrast, overexpression of
dominant negative mutant of Rab7 in Leishmania inhibits the
transport of internalized Hb to the lysosomes, and most of the Hb
is localized in the early compartment even after 60 min. More than
50% inhibition of Hb degradation is observed in the cells overex-
pressing Rab7:T21N mutant compared with control Leishmania,
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further supporting this observation. Surprisingly, our results show
that overexpression of Rab7 or its GTP-locked mutant also stim-
ulates the uptake of Hb in Leishmania. Rab7 localizes in early
compartment and also triggers the uptake of Hb in Leishmania,
indicating that Rab7 in Leishmania is a dynamic endocytic Rab with
dual functions coupled to both ends of endocytic pathway.

The intracellular amastigote form of Leishmania resides in the
macrophages, which takes senescent RBC (32), and the promasti-
gote form resides in the insect gut where RBC are available from
blood meal (33, 37), indicating parasite has access to Hb from lysed
RBC. In addition, Leishmania can be grown in the culture medium
containing hemin (34) or Hb (395), strongly indicating the possibility
of generating heme from Hb degradation by the parasites emerging
from our studies. Thus, Hb endocytosis and Rab7-mediated tar-
geting of Hb to the lysosome to generate intracellular heme might
be crucial for the growth of the parasites. In this notion, it is
pertinent to determine the growth of the parasites that overexpress
the Rab7:T2IN mutant, where Hb degradation is significantly
inhibited. Thus, we have measured the proliferation of different
Rab7 overexpressed Leishmania by *H-thymidine incorporation as
a parameter to monitor their growth in the culture medium.
Interestingly, significant inhibition of growth of the Rab7:T21N-
overexpressing Leishmania is observed compared with the normal
cells, demonstrating that Rab7-mediated transport of some endo-
cytosed nutrients to the lysosomes is essential for parasites growth.
Although, overexpression of GDP-locked mutant of Rab7 in Leish-
mania is expected to inhibit targeting of all endocytosed ligands to
lysosomes, and cell growth might be compromised because of
unavailability of required product generated from lysosomal deg-
radation of internalized ligands. Nonetheless, our results show that
it is possible to restore the growth Rab7:T21N-overexpressing cells
almost to the control level by the addition of exogenous hemin in
the culture medium demonstrating Hb degradation is critical for the
growth of the parasites. However, overexpression of Rab7:-WT do
not alter the growth rate of Leishmania promastigotes, even though
these cells degrades ~2-fold more Hb than untransfected control
cells. This may be because cells need only optimal amount of heme
for their growth or possibly because of the limitation of the other
down stream factors required for functioning the LDRab7. Taken
together, our results indicate that impaired growth of Rab7:T21N-
overexpressing cells is due to the unavailability of heme from Hb
degradation, which unequivocally proves that Leishmania acquire
heme from Rab7-mediated degradation of the internalized Hb for
their growth.

Our results represent the first demonstration of Leishmania
acquiring heme from intracellular degradation of Hb in lysosome-
like compartment through a Rab7-dependent pathway for their
growth. Interestingly, our results also demonstrate that Rab7 in
Leishmania has a unique function by regulating both uptake and
transport of Hb to the lysosomes. Therefore, we have shown that
Leishmania has devised a novel Hb endocytic pathway to generate
heme from Hb degradation in lysosomes to compensate for their
inability to synthesize heme. Because Hb endocytosis and degra-
dation is a prerequisite for the growth of Leishmania, preventing Hb
endocytosis or its intracellular degradation could be a target that
might be exploited for inhibiting the growth of the parasite.

Materials and Methods

Materials. N-hydroxysuccinimido-biotin (NHS-biotin) and avidin horseradish per-
oxidase (avidin-HRP) were purchased from Vector Laboratories. All HRP-labeled
secondary antibodies were obtained from Santa Cruz Biotechnology. Alexa Fluor
594, SYTO dyes, Prolong antifade kit were obtained from Molecular Probes. pXG
vector used for over-expression of Ld-Rab in Leishmania was received as a gift
from S. M. Beverley (Washington University, St Louis, MO). Enhanced chemilu-
minescence (ECL) reagents were obtained from Amersham Biosciences. All other
reagents used were of analytical grade. Unless otherwise stated, all reagents
were obtained from Sigma. Antibodies against Hb and purified LdRab7 were
raised in mice by the standard technique described in ref. 22. Hb was biotinylated
by using NHS-biotin as described in ref. 36.
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Leishmania. L. donovani promastigotes (UR 6) were obtained from Indian Insti-
tute of Chemical Biology, Kolkata, India. Cells were routinely maintained on
blood agar slants containing glucose, peptone, sodium chloride, beef heart
extract, rabbit blood, and gentamycin (37). For experiments, cells were grown in
liquid medium M199 (pH 7.4) supplemented with 10% FCS and gentamicin (50
png/ml) at 23°C, and log-phase cells were harvested in phosphate-buffered (10
mM, pH 7.2) saline (0.15M).

Cloning and Expression of Rab7 from L. donovani (LdRab7). To clone Rab7 from
Leishmania, a putative Rab7-like sequence was identified from a Leishmania
major genome with substantial homology with T. brucei Rab7, using BLAST.
Accordingly, forward (5-'GGATCCATGTCGATGAAG-3') and reverse (5'- GAAT-
TCTTAGCAGCTGCAGGCGG-3') primers were designed against start and stop
codons of the putative L. major Rab7 sequences, respectively. RT-PCR was per-
formed by using these primers to amplify the ORF of the putative Rab7 sequence,
using L. donovani cDNA. mRNA isolated from Leishmania promastigotes, using
an Oligotex mRNA kit (Qiagen) was used for cDNA synthesis, using Thermo Script
RT-PCR kit (GibcoBRL) as per manufacturers’ instructions. Subsequently, PCR was
performed by using the above primers in a Perkin-Elmer thermocycler for 30
cycles as follows: denaturation for 1 min at 94°C; annealing at 65°C for 30's, and
extension at 72°C for 1 min. The PCR product was cloned into pGEM-T-easy vector
and sequenced by using m13 universal primers in an automated sequencer.
Finally, the PCR product was cloned into BamHI/EcoRl sites of pGEX-4T-2 vector
(Amersham Biosciences) and transformed into Escherichia coli.

Expression and Purification of LdRab7:WT and Mutant Proteins. To purify
recombinant proteins, E. coli were transformed with respective constructs. Cells
were grown in LB and induced with 0.2 mM IPTG for 3 h at 30°C for expression of
GST respective proteins. Cells were harvested and lysed, and fusion proteins were
purified from the supernatant, using reduced glutathione beads by standard
procedure.

Overexpression of Rab7 and Its Mutants in Leishmania Promastigotes. To
overexpress LdRab7 or its mutants in Leishmania promastigotes as GFP fusion
protein having GFP tag in the N terminus, the full-length LdRab7 or its mutants
gene was subcloned into pXG-GFP*2 vector (38). For subcloning, vector was first
linearized by digestion with BamHI and subsequently partially digested with
EcoRlI followed by ligation with BamHI-EcoRI-digested LdRab7 or its mutants.
Leishmania promastigotes were then transfected with respective constructs,
using standard protocol (7). Briefly, Leishmania cells were grown to the late log
phase (=1.0 X 107/ml) at 23°Cin M199 medium supplemented with 10% FCS. Cells
were resuspended at a density of 1.0 X 108/ml in Hepes-buffered saline [21 mM
Hepes, 137 mM Nacl, 5 mM KCl, 0.7 mM NaH,PO4, and 6 mM glucose (pH 7.4)].
Cells (0.4 ml) were transferred to precooled electroporation cuvette, and appro-
priate constructs of chilled DNA (40 ug) were added, followed by electroporation,
using a GenePulser (Bio-Rad) to facilitate DNA uptake by cells. Cells were then
incubated on ice for 10 min and transferred into drug-free medium for 30 h at
23°C. Subsequently, stable clones were selected in the presence of G418 antibiotic
(50 ug/ml). Overexpression of the respective protein was confirmed by Western
blot analysis, using indicated antibodies, and by confocal microscopy.

Determination of the Morphology of Endocytic Compartment in the LdRab7 or
Its Mutants Overexpressed Leishmania. To determine the effect of overexpres-
sion of LdRab7 and its various mutants on endosome morphology, cells (5 X 105)
overexpressing Rab7:WT, Rab7:Q66L, and Rab7:T21N were harvested from
freshly grown culture, washed three times with cold PBS, and fixed in 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.3). Fixed cells were
washed twice with cacodylate buffer and treated with 1% OsO4 in cacodylate
buffer (pH 7.3) for 2 h 4°C. Subsequently, the cells were rinsed and dehydrated in
ethanol and embedded in araldite (6). Thin sections were double stained with
uranyl acetate and lead citrate and examined on a Philips CM10 transmission
electron microscope.

Kinetics of Intracellular Trafficking of Hb in Rab7 and Its Mutants Overexpressed
Leishmania. To determine the kinetics of intracellular trafficking of Hb, Hb was
labeled with Alexa Fluor 594 (Alexa-Hb) according to the manufacturer’s proto-
col. Freshly grown respective Leishmania cells (107 cells per ml) expressing GFP-
Rab7 protein were harvested by centrifugation (2,000 X g for 5 min) and washed
twice with ice-cold PBS. Cells were resuspended in 0.5 ml of ice-cold serum free
M199 medium containing Alexa-Hb (120 pg/ml) and incubated for 30 min at 4°C
to allow the cell surface binding. Cells were washed three times with cold PBS to
remove unbound Alexa-Hb and resuspended in preworm (23°C) serum-free
medium for indicated periods of times. At respective times, cells were transferred
onto ice and washed twice with chilled PBS. Untransfected control cells were
stained with Syto 16 (10 uM) to mark the position of nucleus and kinetoplast.
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Finally, cells were fixed with 3% paraformaldehyde on ice for 20 min, washed
with PBS, and visualized under a Zeiss LSM 510 META confocal microscope.

Reconstitution of Endosome-Lysosme Transport to Determine the Effect of Rab7
or Its Mutant on Hb Trafficking in Leishmania. To determine the role of LdRab7
and its mutants in Hb transport to the lysosomes in Leishmania, we have devel-
oped a ligand mixing assay to measure the transport of biotinylated-Hb (B-Hb)
from early endocytic compartment to avidin-HRP-loaded late/lysosomal compart-
ments as described in refs. 39 and 40. Briefly, Leishmania promastigotes (106 cells
per ml) expressing LdRab7 or its mutants were incubated in internalization
medium (IM: MEM supplemented with 20 mM Hepes and 10 mM glucose)
containing avidin-HRP (500 pg/ml) for 10 min at 23°Cto allow the internalization
of B-Hb in early endocytic compartment. Cells were washed three times, and
avidin-HRP was chased for 60 min at 23°C to label the lysosomes. Cells were then
incubated with B-Hb (2 mg/ml) for 10 min at 23°Cto level the early compartment.
Cells were washed, and uninternalized surface-bound B-Hb was quenched by
free avidin (0.1 mg/ml). Subsequently, cells were washed twice and chased for
indicated times at 23°C. Cells were then solubilized in solubilization buffer (PBS
containing 0.5% Triton X-100, and 250 ug/ml avidin). Finally, cell lysates contain-
ing B-Hb-avidin-HRP complexes were immunoprecipitated by using anti-Hb
coated plates and the HRP activity associated with the B-Hb was measured as
relative transport unit to the lysosomes. Background value was determined by
the amount of HRP activity associate with B-Hb at the 0 min time point, which was
found to be very low and subtracted from all values to determine specific
transport.

Uptake and Degradation of '2I-Hb in LdRab7 or Its Mutant Overexpressed
Leishmania. To determine whether LdRab7 induced transport of Hb to the
lysosomes enhances the degradation of internalized Hb, we have measured the
uptake and degradation of '25I-Hb (6) by LdRab7 or its mutant overexpressed
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Leishmania along with untransfected control cells. Briefly, Hb was labeled with
Na'2%| by iodine monochloride-catalyzed reaction, and >99% of the radioactivity
was acid precipitable with specific activity of 196 cpm/ng of Hb. Cells (1 X 107)
were incubated with '2%-Hb (6 1g) in 1 ml of RPMI medium 1640 containing 1
mg/ml BSA for indicated periods of times at 23°C. At respective times, cells were
washed to remove the unbound radioactivity. The cell pellet was dissolved in 0.1
N NaOH, and an aliquot was used to determine the cell-associated radioactivity.
To determine the degradation of internalized Hb by Leishmania, aliquots of the
supernatant from the respective medium were processed for the determination
of trichloroacetic acid-soluble noniodide radioactivity after extraction with chlo-
roform. Results were expressed as nanograms of Hb per milligram of cell protein.

Effect of Rab7 or Its Mutants on the Growth of Leishmania. To determine
whether impairment of Hb degradation by overexpression of Rab7:T21N mutant
inhibits the growth of Leishmania, we have measured the growth of the parasites
overexpressing different mutants by [3H]-thymidine incorporation over different
periods of times (41). Briefly, promastigotes from overnight grown culture were
harvested, washed, and resuspended in M199 medium. Cell suspensions (106 cells)
were incubated in 200 ul of sterile M199 medium containing 3H-thymidine (0.6
uCiperwell) into flat-bottom tissue culture wells for different time points at 23°C.
At respective time points, cells were harvested and washed with a multiwell cell
harvester (Wallac). After harvesting, dry filters were processed to measure the
radioactivity incorporated by respective Leishmania, using a beta plate liquid
scintillation counter. The incorporation of radioactivity was directly proportional
to the growth of the parasite as evident from the untransfected control cells.
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