Eukaryortic CELL, Oct. 2007, p. 1745-1757
1535-9778/07/$08.00+0 doi:10.1128/EC.00123-07

Vol. 6, No. 10

Characterization of Metacaspases with Trypsin-Like Activity and Their

Putative Role in Programmed Cell Death in the Protozoan
Parasite Leishmania’

Nancy Lee, Sreenivas Gannavaram, Angamuthu Selvapandiyan, and Alain Debrabant*

Laboratory of Bacterial, Parasitic and Unconventional Agents, Division of Emerging and Transfusion Transmitted Diseases,

Center for Biologics Evaluation and Research, U.S. Food and Drug Administration, Bethesda, Maryland

Received 14 April 2007/Accepted 7 August 2007

In this report, we have characterized two metacaspases of Leishmania donovani, L. donovani metacaspase-1
(LdMC1) and LdMC2. These two proteins show 98% homology with each other, and both contain a charac-
teristic C-terminal proline-rich domain. Both genes are transcribed in promastigotes and axenic amastigotes
of L. donovani; however, LAMC1 shows increased mRNA levels in axenic amastigotes. An anti-LdAMC antibody
was obtained and showed reactivity with a single ~42-kDa protein band in both promastigote and axenic
amastigote parasite whole-cell lysates by Western blotting. Pulse-chase experiments suggest that LAMCs are
not synthesized as proenzymes, and immunofluorescence studies show that LdMCs are associated with the
acidocalcisome compartments of L. donovani. Enzymatic assays of immunoprecipitated LdAMCs show that
native LAMCs efficiently cleave trypsin substrates and are unable to cleave caspase-specific substrates.
Consistently, LAMC activity is insensitive to caspase inhibitors and is efficiently inhibited by trypsin inhibitors,
such as leupeptin, antipain, and N“-tosyl-L-lysine-chloromethyl ketone (TLCK). In addition, our results show
that LAMC activity was induced in parasites treated with hydrogen peroxide, a known trigger of programmed
cell death (PCD) in Leishmania and that parasites overexpressing metacaspases are more sensitive to hydrogen
peroxide-induced PCD. These findings suggest that Leishmania metacaspases are not responsible for the
caspase-like activities reported in this organism and suggest a possible role for LAMCs as effector molecules

in Leishmania PCD.

Metacaspases constitute a new family of caspase-related
proteins recently described by Uren et al. (39). They have been
identified by bioinformatic analysis and are found in plants,
fungi, and parasitic protozoa but are absent in mammals (39).
Metacaspases belong to the CD clan of cysteine peptidases
with six other families, including caspases and paracaspases
(29). Metacaspases are structurally related to caspases and
show conservation of cysteine and histidine amino acid resi-
dues involved in the Cys-His catalytic dyad of the active do-
mains of caspase (39). Caspases have been shown to play a
central role in programmed cell death of mammalian cells, also
called apoptosis (reviewed in reference 14). To date, no
caspase gene has been identified in plants, yeasts, or protozoan
parasites. However, since these organisms possess one or more
metacaspases, it is conceivable that like caspases in mamma-
lian cells, these caspase-related proteases could be involved in
the PCD pathways in these organisms. In that regard, the
Saccharomyces cerevisiae metacaspase YCA1 and the Norway
spruce metacaspase mcll-Pa have been shown recently to be
directly implicated in PCD in these organisms (4, 28). To date,
however, the possible role of metacaspases in PCD of proto-
zoan parasites remains to be demonstrated.

Little is known about the enzymatic properties of meta-
caspases. In contrast, the related caspase enzymes are well-
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characterized cysteine-dependent aspartate-specific proteases
that hydrolyze peptide bonds at the C-terminal side of an
aspartate (P1 residue). A number of specific synthetic sub-
strates and inhibitors have been developed and used to deter-
mine the enzymatic properties of most mammalian caspases.
Such synthetic substrates and inhibitors were also used to iden-
tify caspase-like activities in many organisms, including yeasts
(26, 27, 38), plants (3, 18, 23), and protozoa (1, 6, 19, 22, 24,
34-36). However, it was shown recently that metacaspases of
Arabidopsis thaliana expressed in Escherichia coli were unable
to cleave caspase-specific substrates but cleaved substrates
containing an arginine or lysine residues at the P1 position (40,
41). Further, these recombinant proteins were insensitive to
caspase-specific inhibitors, including the pancaspase inhibitor
Z-VAD-fmk. In contrast, the plant metacaspases expressed in
E. coli were highly sensitive to serine protease inhibitors, in-
cluding leupeptin and antipain (40). Similar substrate specific-
ity and sensitivity to protease inhibitors were also shown for
the yeast metacaspase YCA1l and the plant metacaspase
mclI-Pa expressed in E. coli (4, 41). Therefore, these reports
suggest that metacaspases are probably not responsible for the
caspase-like activities identified in plants and yeast.

Several species of the protozoan parasite Leishmania are
responsible for human diseases (leishmaniasis), varying from a
mild cutaneous form to fatal visceral leishmaniasis (17). These
parasites have a two-stage life cycle and reside as flagellated
extracellular promastigotes in the guts of the insect vectors and
as intracellular amastigote forms in the phagolysosomal com-
partments of mammalian macrophages. Many features of
metazoan apoptosis have been observed in both developmen-
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tal stages of Leishmania undergoing PCD (reviewed in refer-
ences 2, 10, and 30). It was also shown that caspase-like activ-
ities were associated with parasite PCD (6, 24, 34-36). We
have reported previously that a DEVDase activity was acti-
vated in live L. donovani parasites either in late stationary cells
or in parasites treated with the antileishmanial drug ampho-
tericin B (24). However, the gene encoding the DEVDase
activity in Leishmania donovani or genes encoding any of the
caspase-like activities reported thus far in Leishmania have yet
to be identified. Of significance, no caspase gene can be found
in two completed Leishmania genomes available so far (L.
major and L. infantum; www.genedb.org).

In this report, we have characterized two metacaspases of
Leishmania donovani. We assessed their expression in the two
developmental stages of the parasite and identified their intra-
cellular localization. Further, we have demonstrated for the
first time in any protozoan parasite that the endogenous L.
donovani metacaspases possess enzymatic activities and report
some of their properties with regard to substrate specificity
and inhibition profile. On the basis of their enzymatic prop-
erties, we concluded that metacaspases are not responsible
for the caspase-like activities previously reported in Leish-
mania. In addition, the increased metacaspase activity mea-
sured in cells undergoing PCD and the increased sensitivity
to hydrogen peroxide-induced PCD in parasites overex-
pressing metacaspases suggest that metacaspases are in-
volved in Leishmania PCD.

MATERIALS AND METHODS

Abbreviations. PCD, programmed cell death; YCAL, yeast metacaspase-1; Z,
benzyloxycarbonyl; fmk, fluoromethyl ketone; Z-VAD-fmk, Z-Val-Ala-Asp-fmk;
DEVD, Asp-Glu-Val-Asp; AMC, 7-amido-4-methylcoumarin; Boc-GRR-AMC,
t-butyloxycarbonyl-Gly-Arg-Arg-AMC; Boc-GKR-AMC, t-butyloxycarbonyl-
Gly-Lys-Arg-AMC; H-AFK-AMC, H-Ala-Phe-Lys-AMC; AFC, 7-amido-4-(tri-
fluoromethyl)coumarin; ~ Ac-DEVD-AMC,  acetyl-Asp-Glu-Val-Asp-AMC;
Ac-VEID-AMC, acetyl-Val-Glu-Ile-Asp-AMC; Ac-LEHD-AFC, acetyl-Leu-
Glu-His-Asp-AFC; Z-DEVD-fmk, Z-Asp-Glu-Val-Asp(O-methyl)-fmk; Z-FA-
fmk, Z-Phe-Ala-fmk; RT-PCR, reverse transcriptase PCR; LAMC1, Leishmania
donovani metacaspase-1; HA, hemagglutinin; SDS, sodium dodecyl sulfate; IFA,
indirect immunofluorescence assay; SDS-PAGE, SDS-polyacrylamide gel elec-
trophoresis; TcPPase, Trypanosoma cruzi pyrophosphatase; PBS, phosphate-
buffered saline; LAMC1-mut, mutant LdAMC1; NRS, normal rabbit serum; AB,
assay buffer; TUNEL, terminal deoxynucleotidyltransferase-mediated dUTP-bi-
otin nick end labeling; LmjMC, Leishmania major metacaspase protein; 5'UTR,
5" untranslated region; LAMClmut-HA, HA-tagged mutant LAMC1; LdMC1-
HA, HA-tagged LdAMC1; E64, L-trans-epoxysuccinyl-leucylamide-(4-guanido)-
butane; TLCK, N“-tosyl-L-lysine-chloromethyl ketone; TPCK, N*-tosyl-L-phe-
nylalanine-chloromethyl ketone; TOMC4, Trypanosoma brucei metacaspase-4.

Protease substrates and inhibitors. The fluorogenic substrates Boc-GRR-AMC,
Boc-GKR-AMC, and H-AFK-AMC were obtained from Bachem (Bubendorf,
Switzerland), and Ac-DEVD-AMC, Ac-VEID-AMC, and Ac-LEHD-AFC were
from Calbiochem (La Jolla, CA). The caspase inhibitor Z-VAD-fmk and Z-FA-
fmk were obtained from Calbiochem, and Z-DEVD-fmk was from Alexis Bio-
chemicals (San Diego, CA). All the other protease inhibitors were obtained from
Sigma (St. Louis, MO).

Parasite culture and transfection. L. donovani promastigotes (MHOM/S.D./
62/1S-CL2,) were grown as described previously (8). Axenic amastigotes of L.
donovani were derived from promastigotes and maintained in culture as de-
scribed previously (9). Promastigotes were transfected with plasmid constructs by
electroporation and selected for growth in medium containing Geneticin (G418)
up to 200 pwg/ml as described previously (7).

Molecular biology methodologies and expression plasmid constructs.
Genomic DNA and mRNA were purified from Leishmania cell pellets using the
Genome DNA kit (Bio 101, Carlsberg, CA) and pMACS mRNA isolation kit
(Miltenyi Biotec), respectively, and following the protocols of the manufacturer.
RT-PCR using the Superscript first strand synthesis system (Invitrogen) and
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TABLE 1. List of oligonucleotide primers

Oligonycleotide Nucleotide sequence”
primer
MIF1.... TGGGAATTCATGGCAGACCTTTTTGAT
MIRTI ... CCAGAATTCTTAGCCAGGCGGGAGTGG

MIF2.... GCATCTCCTCATTCTCTGTAG

.GAGAAGGTCAGAACGCTGGAAC

.TATCCCGGCGCTGGGTA
CCCACACCTCCCTGTCT
CCAACCTGGACTCTGTGGT
GGAGCTGTTCTGCCTTGAGC
GGTACATGAGGCAGCACGAC

M1F4 TGGACTAGTATGGCAGACCTTCTTGAT
ATTTTG

MIR4 ... CCAACTAGTCTACGCGTAGTCCGGCAC
GTCGTAGGGGTAGCCAGGCGGGAGT
GGGCTAAACGT

M2F3....oe TGGACTAGTATGGCAGACCTTTTTGAT
ATTTGG

M2R3 ... CCAACTAGTCTACGCGTAGTCCGGCAC
GTCGTAGGGGTAGCCAGGCGGGAGT
GGGCTGAACG

MI1F5 ATGGCAGACCTTTTTGATATT

GTCAAAGACGCACGTCATGCG

“ Nucleotide sequences are given in the 5'-to-3' orientation.

cloning of PCR-amplified products into PCRII cloning vector (Invitrogen) were
done according to the supplied protocols. LAMC1 and LdMC2 genes were
amplified by PCR using the primer pair M1F4 and M1R4 and primer pair M2F3
and M2R3 (Table 1), respectively. The two reverse primers contained a HA
epitope tag sequence preceding the stop codon. The resulting PCR products
were cloned into the Spel site of the pKS NEO Leishmania expression plasmid
(43) to generate the pKS NEO LdMCI1 and pKS NEO LdMC2 expression
plasmids. The point mutations (H147A) and (C202G) were introduced in
LdMC1 by PCR using standard techniques resulting in the pKS NEO LdMC1-
mut plasmid construct.

Expression of LAMC1 in E. coli and antibody production. A portion of the
LdMC1 gene corresponding to the first 200 amino acid residues was amplified by
PCR using the plasmid containing LAMCI as the template and the primer pair
MI1F5 and M1RS (Table 1) and subsequently cloned into the E. coli expression
plasmid pCRT7CT-Topo that contains a built-in Hiss sequence (Invitrogen). E.
coli BL21 host cells (Invitrogen) were transformed with this plasmid, and the
expressed, His-tagged LdMCI protein was affinity purified under denaturing
conditions using Ni-nitrilotriacetic acid-agarose according to the manufacturer’s
protocol (QIAGEN). The ~25-kDa His-tagged LdMCI1 protein was further
purified by electroelution from preparative SDS-polyacrylamide gels and used to
immunize a New Zealand White rabbit according to company protocol (Spring
Valley Laboratories). The resulting antiserum (anti-LdMC) was analyzed by
Western blotting, IFA, and immunoprecipitation as described below.

Metabolic labeling and immunoprecipitation. Log-phase promastigotes and
axenic amastigotes were metabolically labeled using [**S]methionine (100 p.Ci/
ml; NEN Life Science Product) for 10 min and chased in complete culture
medium for 60 min as previously described (11). Subsequent cell lysis, immuno-
precipitation with the anti-LAMC or preimmune serum, and analysis of immu-
noprecipitated proteins by SDS-PAGE and fluorography were done as described
previously (11).

SDS-PAGE, Western blotting, and immunofluorescence. L. donovani promas-
tigotes and axenic amastigotes were processed for SDS-PAGE, Western blotting,
and IFA as previously described (11). For IFA, fixed and permeabilized cells
were incubated with a mixture of anti-LAMC and monoclonal anti-TcPPase
(kindly provided by Roberto Docampo, University of Georgia, Athens) antibod-
ies (each diluted 1:50 in PBS containing 1% bovine serum albumin) and subse-
quently incubated with a mixture of rhodamine-conjugated goat anti-rabbit and
fluorescein-conjugated rabbit anti-mouse antibodies (1:200 in PBS containing
1% bovine serum albumin) (Vector Laboratories). Slides were examined with an
ECLIPSE TE2000-U microscope (Nikon) equipped with a digital camera
(Hamamatsu C4742-95; Hamamatsu Photonics K.K.) and processed with Open
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Lab software (Improvision, Inc.). The images were further processed using
Adobe Photoshop 5.5 (Adobe Systems).

Enzymatic assays. Wild-type and transfected L. donovani parasites expressing
HA-tagged LAMC1, LAMC2, or LdAMC1-mut were lysed (10® cells/ml) in lysis
buffer (50 mM Tris-HCI, pH 7.5, 1% [vol/vol] Triton X-100, 150 mM NaCl) for
30 min on ice, and the insoluble material was eliminated by centrifugation at
15,000 X g for 20 min at 4°C. For the immunoprecipitations, 5 pl of anti-LdAMC
antibody or its corresponding preimmune serum (NRS) or 2 ul of anti-HA
antibody (Sigma) or control goat anti-rabbit antibody (Vector) or no antibody
(blank) was added to 500 wl of the cleared lysates as appropriate. After 3 h of
incubation at 4°C on a rotating platform, 25 ul of PBS-washed protein A-
Sepharose CL-4B was added to each sample, and these samples were further
incubated for 1 h at 4°C. The samples were then centrifuged for 3 min at 2,000 X
g at 4°C to remove unbound proteins, and the beads were washed three times
with 0.5 ml of lysis buffer and once in 0.5 ml of a buffer without detergent (50 mM
Tris-HCI, pH 7.5, 150 mM NaCl). Subsequently, the beads were resuspended in
150 pl of AB (50 mM HEPES, pH 7.5, 100 mM NaCl, 10% [wt/vol] sucrose, 0.1%
(vol/vol) Triton X-100) supplemented with 10 mM dithiothreitol when caspase
substrates were used, and containing 50 to 75 uM of protease substrate. Follow-
ing 2 h of incubation at 37°C under gentle agitation, the samples were centri-
fuged at 2,000 X g for 3 min and the supernatants were transferred to a 96-well
microwell plate. Fluorescence of the cleaved substrates was read using a Spec-
tramax GeminiXS fluorometer (Molecular Devices Corporation, Sunnyvale, CA)
set at appropriate excitation and emission wavelength. Protease activity was
expressed in relative fluorescence units and using the no-antibody sample as
blank. In inhibition studies, washed bead samples were preincubated at room
temperature for 15 min in AB containing various protease inhibitors at the
concentrations indicated in Results. The Boc-GKR-AMC substrate was subse-
quently added to a final concentration of 50 uM, and the samples were further
processed for enzyme activity as described above. To measure LdMC activity in
Leishmania induced for PCD with hydrogen peroxide (H,O,), axenic amastigote
cultures were pelleted by centrifugation as described above, resuspended in fresh
culture medium containing 2 mM H,O, (Sigma), and incubated for 60 min at
26°C. Parasites were subsequently assayed for LAMC activity as described above.
To determine the pH optimum of LdMC activity using Boc-GKR-AMC as the
substrate, the AB described above was adjusted to either pH 7, 7.5, or 8. To
adjust to lower pHs, HEPES of the standard AB was replaced by 100 mM
morpholineethanesulfonic acid (Calbiochem) and the pH was adjusted to 6 or
HEPES was replaced with 100 mM glycine (Sigma) and the pH was adjusted to
either 5 or 4. To adjust to pH 9, HEPES was replaced by 100 mM Tris (Sigma).
HCI (5 N) or NaOH (5 N) was used to adjust the pH values of the various assay
buffers.

TUNEL labeling. Log-phase L. donovani axenic amastigotes were pelleted by
centrifugation, resuspended in culture medium containing 2 mM H,O,, and
incubated at 37°C for 60 min along with the untreated controls. The cells were
washed twice in cold PBS and fixed in 2% p-formaldehyde for 45 min followed
by permeabilization with 0.1% (vol/vol) Triton X-100 in 0.1% (wt/vol) sodium
citrate for 2 min on ice. The permeabilized cells were stained with the TUNEL
reaction mixture (in situ cell death detection kit fluorescein; Roche) for 60 min
at 37°C and analyzed using a FACSCalibur flow cytometer (Becton Dickinson).
FL1-H fluorescence was recorded on 10,000 events and analyzed using CellQuest
software. Data are expressed as a percentage of cells that were TUNEL positive.

Nucleotide sequence accession numbers. The nucleotide sequences for the
Leishmania donovani metacaspase genes LAMCI1 and LAMC2 have been depos-
ited in the GenBank database under GenBank accession numbers DQ367530
and DQ367531, respectively.

RESULTS

Identification and cloning of two L. donovani metacaspases.
We have previously reported the presence of a caspase-like
activity in L. donovani (24). The gene(s) encoding the pro-
tein(s) responsible for this activity remains to be identified.
Caspase genes are not present in the Leishmania genome da-
tabases available (www.genedb.org). However, analysis of the
L. major complete genome (20) (www.genedb.org) revealed
the presence of a single caspase-related gene (LmjF35.1580)
belonging to the metacaspase family of proteins initially de-
scribed by Uren et al. (39). The LmjMC possesses the typical
structural features of metacaspases, including the conservation
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of the histidine and cysteine amino acid residues involved in
the active sites of the caspase family (39). Based on these
structural characteristics and the high gene sequence homol-
ogy observed between species of Leishmania, oligonucleotide
primers were designed based on the L. major metacaspase to
amplify by PCR its homologue in L. donovani. The forward
primer started at the ATG, and the reverse primer started at
the stop codon of the L. major sequence (Table 1, M1F1 and
MI1R1). The cloned L. donovani gene (LdMC1) showed 98%
sequence homology with the LmjMC. The deduced LdMC1
protein showed 97% identity with LmjMC (Fig. 1). Both pro-
teins possess a carboxy-terminal proline-rich domain of ~115
amino acid residues. Within this domain, LAMC1 shows two
regions of repetitive sequences (PQGYYPPP and YPAP/QG)
that are not duplicated in LmjMC (Fig. 1).

In order to demonstrate that the LdAMCI1 gene was tran-
scribed in Leishmania, RT-PCR was performed using mRNA
isolated from stationary-phase promastigotes and a forward
primer based on the Leishmania conserved spliced leader se-
quence, which is present at the 5’ end of all mature mRNAs in
trypanosomatids (42), and a reverse primer 253 nucleotides
downstream of the LAMCI1 start codon (Fig. 2A, primers SLp
and M1Rv). The resulting PCR fragment was cloned and se-
quenced. This sequence contains the complete 5’ spliced
leader sequence followed by 151 nucleotides of 5'UTR up-
stream of the LAMCT1 start codon (not shown). The nucleotide
sequence between the ATG and the downstream reverse
primer in the RT-PCR fragment was identical to that of
the original LAMC1 sequence. This result demonstrated that
the LAMC1 gene was transcribed and spliced into a mature
mRNA, since it contained the conserved 5’ spliced leader
sequence. In order to confirm the nucleotide sequence of
LdMCI1 by an independent PCR and to analyze its 3’-end
region, a forward oligonucleotide primer based on the LAMC1
5'UTR sequence obtained above (Fig. 2A, M1F2) and a re-
verse oligonucleotide primer (110 nucleotides after the stop
codon) based on the downstream sequence of LmjMC avail-
able in the L. major genome database (www.genedb.org) were
made (Fig. 2A, M2R1). The PCR performed using these two
primers and L. donovani genomic DNA resulted in the ampli-
fication of a second putative L. donovani metacaspase gene,
LdMC2. The sequence alignment of LAMC1, LdAMC2, and the
protein deduced from the reference LmjMC gene is shown in
Fig. 1. LAMC2 shows 96% identity with LAMCI1, possesses a
single amino acid residue difference with LmjMC, and lacks
the two repetitive sequences found in the C terminus of
LdMCI. These results show that unlike L. major which con-
tains a single metacaspase gene, L. donovani possesses two
closely related metacaspase genes that probably also share high
sequence identity in their 5'UTRs, since the M1F2 primer,
based on the LAMC1 5’'-flanking sequence, hybridized to the
LdMC2 5'UTR.

Transcription of LAMC1 and LAMC2 in L. donovani. In
order to determine whether LAMC2 was also transcribed in
promastigotes as was observed for LAMC1 and to assess
whether the levels of LAMC1 and LdAMC2 mRNAs changed in
promastigotes during their growth in vitro, RT-PCR was per-
formed using RNA isolated from parasites in the log and
stationary phases of growth of the culture. In addition, since L.
donovani can be adapted to grow in vitro as axenic amastigotes,
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LdMC1
LdMC2
LmiMC

LdMC1
LdMC2
LmiMC

LdMC1
LdMC2
LmjMC

LdMC1
LdMc2
LmiMC

LdMc1
LdMC2
LmjMC

LdMC1
LdMC2
LmiMC

LdMC1
LdMC2
LmjMC

LdMC1
LdMC2
LmiMC

LdMC1
LdMC2
LmjiMC

1 *  *

MADLLDILGI
MADLFDIWGI
MADLFDIWGI

YRAPVEPYTGG
YRAPVPYTGG
YRAPVPYTGG

ECCILVDDPS
ECCILVDDPS
ECCILVDDPS

»*

TKATRDSEEK
AKATRDSEEK
AKATRDSEEK

_HSASMLDL
"HSASMLDL
"HSASMLDL

L]
GTSADVONGG
GTSADVQIGG
GTSADVQONGG

VPQLTSSKPI
VPQLTSSKPI
VPOLTSSKPI

* %
PAGYPVHVPP
ATGYPVHVPP
ATGYPVHVPP

ATLGVSRCPP
ATLGVSRCFPP
ATLGVSRCFP

GAVASLIPML
GAVASLIPML
GAVASLIPML

RVRALFIGIN
RVEALFIGIN
RVEALFIGIN

FPGFCGMPTR
FFGFCGMPTR
FFGFCGMPTR

YDQULIPLDH
YDOQCLIFPLDH
YDOQCLIFPLDH

PESYVAPRVG
PESYVAPRVG
PESYVAPRVG

HANGAATLAF
HANGAATLAF
HANGAAT LAF

DLYKPFSLEFG
DLYKPFSLFG
DLYKPFSLFG

ANGLLLVDRP
ANGLLLVDRP
ANGLLLVDRP

YTGMRNALRG
YTGMRNALRG
YTGMRNALRG

DNIIKHMLWL
DNIIKHMLWL
DNIIKHMLWL

VENGSILDDD
VENGSILDDD
VENGSILDDD

*
GGGAREYMQQ
GGGACEYMOQ
GGGACEYMOQ

*
TWSLLNTHGEF
TWSLLNTHGL
TWSLLNTHGL

MITVNASMMH
MITVNASMMH
MITVNASMMH

PPQGYYPPPP
PPOQGYYPPP.
PPOQGYYPPP.

SQYLPAFPPPA
SQYLPAPPPA
SQYLPAPPPA

*
QGYYPPPQRF

* * *
LYAPLPPGOH
VYAPPPPGQR
VYAPPPPGQR

KRVDINAGRR
KRVDINAGRR
KRVDINAGRR

CVNDVSSMLG
CVNDVSSMLG
CVNDVSSMLG

TGDVRPGDVL
TGDVRPGDVL
TGDVRPGDVL

LELMLVAPLP
LFLMLVAPLP
LFLMLVAPLP

VRRGNFSNGD
VRRGNFSNGD
VRRGNFSNGD

SYLNILLKTR
SYLNILLKTR
SYLNILLKTR

™
CVPQQYQQRP
CVPQOYQQORP
CVPQOYQQRFE
GWGLGYFPAPG
GWGLG.....
GWGLG. . ...
*
GEPQSPPAQY
GFPQPPPAQY
GFPRQPPPAQY

LIHTVRPIIP50
LIHTVRPIIP
LIHTVRPIIP

TLQQISFPIS 100
TLQQISFPIS
TLOQISFPIS

FFHFS
FEFHES
FFHES(

GGG 150
GGO
GGQ

SGVEMTCVED 200
SGVEMTCVFED
SGVEMTCVED

*
VVMESGCTDS 250
VVMFSGCTDR
VWVMFSGCTDR

EELRKKGRVQ300
EELRKKGRVQ
EELREKGRVQ

*
QSLPPOAMPP 350
QSLPPQVMPP
QSLPPQVMPP

——
YPAQGIFVQQ400

YPVQGIPVQQ
YPVQGIPVQQ

TFSPLPP= 448
TFSPLFPG 435
TFSPLEPPG 435
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FIG. 1. Amino acid sequences of L. donovani LAMC1 and LdMC2. (A) Clustal W sequence alignment of LAMC1 (GenBank accession no.
DQ367530), LAMC2 (GenBank accession no. DQ367531), and Leishmania major metacaspase (LmjMC) (GenBank accession no. AAZ14381)
amino acid sequences. Asterisks indicate the difference in amino acid residues between LAMC1 and LAMC2. The solid square indicates the single
amino acid residue difference between LdAMC2 and LmjMC. The putative catalytic His,; and Cys,, residues are boxed. Solid bars above the
sequences indicate the regions of repetitive sequences (PQGYYPPP and YPAP/QG) present in LAMCI1, and arrows indicate the proline-rich

domains. The gaps introduced to maximize alignment are indicated by dots.

a stage that closely resemble the amastigote stage of the par-
asite (9), RNA was also isolated from axenic amastigotes har-
vested in the log and stationary phases of culture. The RT-
PCR was performed using total RNA from both promastigotes
and axenic amastigotes as described above and with primers
specific to either LAMC1 or LdMC2. The forward primers
M1F3 and M2F2 were located in the 5’"UTRs of LAMC1 and
LdMC2 and the reverse primers M1R3 and M2R2 reflected
sequences located in the C-terminal repeat regions (Fig. 2A).
The specificity of the primers was verified in preliminary ex-
periments by digestion of the PCR products obtained with
each primer set with specific restriction enzymes (data not
shown). RT-PCR results showed that LAMC1 and LdMC2
mRNAs were present in both stages of the parasites and in
both log and stationary phases of their growth in vitro (Fig. 2B,
top and middle gels). No PCR products were detected in the
control reactions without RT in these experiments (Fig. 2B).
However, L. donovani axenic amastigotes had significantly
higher levels of LAMC1 mRNA than promastigotes did. In
contrast, LAMC2 mRNA levels were similar in both parasite

developmental stages (Fig. 2B, middle gel), and no differences
in LdAMC1 or LdAMC2 mRNA levels were observed between
log-phase and stationary-phase promastigotes or axenic amas-
tigotes. For a control, a 896-bp fragment from L. major alpha-
tubulin gene was amplified using TubF and TubR primers
(Table 1) under identical PCR conditions. Tubulin mRNA
levels were similar in promastigotes and axenic amastigotes
in these experiments (Fig. 2B, bottom gel). Taken together,
these results show that LAMC1 and LdMC2 genes are tran-
scribed in both stages of the parasites and that LAMC1 has
increased mRNA levels in axenic amastigotes compared to
promastigotes.

Expression of LAMCs in promastigotes and axenic amasti-
gotes. In order to assess whether LAMC proteins were ex-
pressed in the parasite and determine their localization in the
cell, an anti-LdMC antibody was generated. Initial experiments
showed that the expression of the full-length histidine-tagged
LdMCl1 protein in E. coli resulted in poor bacterial growth and
limited LdMC1 expression (not shown). In contrast, a trun-
cated LAMCI protein, including the first 200 amino acid resi-



VoL. 6, 2007

A

15 ATG TAA
| wies wiEr | JMCH wis|
SLQ _— s
MiF2 M1Rv M1R3
=
Gk ATG TAA
m2F2 | LdMC2 |
= S
M2rz  M2R1
B +RT -RT
Pro Ax Pro Ax
k) | "sLsLSLS
2.0 =
1.6 =
o - LdMC1
0.5 ==

-«LdMC2

- Tubulin

FIG. 2. RT-PCR of LdMC1 and LdMC2. (A) Map of the LdMC1
and LdMC?2 genes and flanking sequences. The start (ATG) and stop
(TAA) codons of each open reading frame (open boxes) are indicated.
The two regions of repetitive sequences (PQGYYPPP and YPAP/QG)
present in LAMC1 are indicated by solid boxes. Vertical arrows indi-
cate the location of the spliced leader acceptor site at position —151.
Splice leader (SL) sequence is illustrated as a hatched box. Horizontal
arrows (black, gray, and white) indicate the locations of the PCR
primers (Table 1). (B) Ethidium bromide-stained agarose gel of the
RT-PCR products obtained with LAMC1 (top gel) LAMC2 (middle
gel), and tubulin (bottom gel) gene-specific primer sets (Table 1). The
reverse transcription reaction was done using mRNA isolated from
either log-phase (L) or stationary-phase (S) promastigotes (Pro) or
axenic amastigotes (Ax) and with reverse transcriptase (+ RT) or
without reverse transcriptase (—RT). The molecular sizes (in kilo-
bases) of protein standards are shown to the left of the gel.

dues, which are highly conserved between LAMC1 and LAMC2
(98.5% identity), was successfully expressed in E. coli and used
to generate an anti-LAMC antiserum in rabbits. The reactivity
of the anti-LdMC antibody in Western blots with parasite cell
lysates is shown in Fig. 3. The anti-LdMC antibody reacted
with a ~42-kDa protein in lysates of promastigotes and axenic
amastigotes (Fig. 3A, lanes 1 and 2, respectively). The preim-
mune rabbit serum had no reactivity with either cell lysates,
showing the specificity of the anti-LdMC antibody for LdAMCs
(Fig. 3A, lanes 3 and 4). The calculated masses of LAMC1 and
LdMC2 are 53,760 Da and 52, 200 Da, respectively; therefore,
the ~42-kDa band in these Western blots could represent
antibody reactivity with LAMC1, LdMC2, or both (LdMCs).
The difference in masses between these two proteins (1,560
Da) is probably too small for these proteins to be resolved
under the SDS-PAGE conditions used in these experiments.
The difference between the calculated masses and their appar-
ent molecular masses on SDS-polyacrylamide gels could cor-
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respond to their aberrant migration on SDS-polyacrylamide
gels due to the presence of a proline-rich domain in these two
molecules. The presence of an additional carboxy-terminal HA
tag could affect the electrophoretic mobilities of LAMC1 and
LdMC?2 differently, resulting in a larger than expected differ-
ence in their apparent molecular mass by SDS-PAGE. These
Western blot results also show that the intensity of the LAMC
band in axenic amastigote lysates (Fig. 3A, lane 2) is approx-
imately twofold more intense than that obtained with promas-
tigote lysates (Fig. 3A, lane 1), suggesting that the steady-state
level of LAMCs in log-phase axenic amastigotes is approxi-
mately twice that of log-phase promastigotes. No difference
was observed in the steady-state levels of tubulin proteins be-
tween these two parasite stages (Fig. 3A, bottom gel).

To confirm that the anti-LdMC antibody is able to react with
LdMC1 and LdAMC2, these two proteins were expressed as
HA-tagged proteins in Leishmania. Lysates of these trans-
fected cells were reacted with either the anti-LdMC antibody
or an anti-HA antibody after SDS-PAGE and Western blot-
ting. Results showed that the anti-LdMC antibody reacted with
the endogenous ~42-kDa LdMC proteins in lysates of either
the control (parasites transfected with the pKS NEO plasmid
alone) or in LAMC1- or LdMC2-transfected cells (Fig. 3B,
lanes 1 to 3, respectively). This antibody also reacted with a
~49-kDa protein in lysates of LdAMCl-transfected cells (Fig.
3B, lane 2) and with a ~47-kDa protein in lysates of LAMC2
transfectants (Fig. 3B, lane 3). The ~49-kDa and ~47-kDa
proteins also reacted with an anti-HA antibody (Fig. 3B, lanes
5 and 6, respectively), showing that these proteins correspond
to the HA-tagged LdMC1 and LdMC2 episomally expressed
proteins. The anti-LdMC antibody reacted with a minor pro-
tein band of ~32 kDa in these Western blots, probably repre-
senting a degradation fragment of the LAMC proteins. Taken
together, these Western blot results show that the anti-LdMC
antibody can react with both LAMC1 and LdMC2 proteins and
that LAMC1, LdMC2, or both are expressed in both stages of
the parasites.

Processing of LAMCs in L. donovani. Metacaspases consti-
tute a new family of caspase-related proteins (39). Among this
family, virtually all mammalian caspases and more recently
yeast and some plant metacaspases have been shown to be
proteolytically processed in cells undergoing PCD (14, 26, 40,
41). To assess whether LAMCs undergo proteolytic processing,
L. donovani promastigotes and axenic amastigotes were pulse-
labeled with [**S]methionine for 10 min and chased for 60 min
in normal culture medium supplemented either with or with-
out amphotericin B, a drug that triggers PCD in Leishmania
(24). Results showed that after 10 min of pulse-labeling, the
radiolabeled ~45-kDa LdMC proteins were immunoprecipi-
tated from the cell lysates of both promastigotes and axenic
amastigotes (Fig. 4, lanes 2 and 6). No radiolabeled proteins
were immunoprecipitated from these cell lysates with the pre-
immune serum, showing the specificity of the anti-LdAMC an-
tibody for LAMC:s (Fig. 4, lanes 1 and 5). The LAMCs were also
immunoprecipitated from lysates of parasites collected after 60
min of chase without amphotericin B (Fig. 4, lanes 3 and 7).
The intensity of the ~45-kDa LdMC protein band did not
decrease significantly after 60 min of chase, indicating a slow
turnover of these proteins, and no labeled proteins with mo-
lecular masses of <45 kDa were immunoprecipitated at this
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FIG. 4. Processing of the LAMCs in L. donovani. Autoradiogram
showing the radiolabeled LdMCs immunoprecipitated with the anti-
LdMC antibody (anti-LdMC) or preimmune serum (NRS) from ly-
sates of radiolabeled promastigotes (Pro) and axenic amastigotes
(AxAm). Parasites were pulse-labeled with [**S]methionine for 10 min
and chased for 0 and 60 min in culture medium supplemented with
amphotericin B (1 pg/ml) (+) or not supplemented with amphotericin
B (—). The molecular masses (in kilodaltons) of protein standards are
shown to the left of the gel.

time point, suggesting that the LAMCs do not undergo proteo-
lytic processing in normal culture conditions. Similar results
were obtained where the chase was done in the presence of 1
pg/ml of amphotericin B (Fig. 4, lanes 4 and 8), conditions that
trigger cell death in >50% of the cells in L. donovani (24).
Similar lack of LAMC processing has been observed when PCD
was induced using hydrogen peroxide, another inducer of PCD
in Leishmania (6) (not shown). Taken together, these results
show that newly synthesized LAMC proteins by promastigotes
or axenic amastigotes do not undergo proteolytic degradation
in the presence of PCD inducers, suggesting that Leishmania
metacaspases are probably not synthesized as precursor pro-
teins.

Localization of LdMCs in Leishmania promastigotes and
axenic amastigotes. Most mammalian caspases exist as inactive
precursors in the cell cytoplasm (14). In order to determine the
localization of LdMCs in Leishmania, L. donovani promasti-
gotes and axenic amastigotes were subjected to IFAs using the
anti-LAMC antibody. Initial results showed that the immuno-
fluorescence was localized in multiple intracellular vesicles de-
tected throughout the cell body with the exclusion of the nu-
cleus and flagellum. Such vesicular staining obtained in the
anti-LdMC antibody was reminiscent of acidocalcisome com-
partments observed in Trypanosoma cruzi and Leishmania (12,
13). Therefore, L. donovani promastigotes and axenic amasti-
gotes were reacted simultaneously with the anti-LdMC anti-
body and a monoclonal antibody specific to TcPPase, a protein
associated with acidocalcisomes of 7. cruzi and Leishmania (32,
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FIG. 5. Immunolocalization of LAMCs in L. donovani. L. donovani promastigotes (Pro) and axenic amastigotes (AxAm) were processed for
immunofluorescence and reacted with both anti-LdMC and anti-TcPPase antibodies. The reactivity with the anti-LdMC is shown in the red channel
(panels A and E), and that of the anti-TcPPase antibody is shown in the green channel (panels B and F). Merging of the red and green channels
(yellow) is shown in panels C and G. The corresponding phase-contrast images are shown in panels D and H. Bars in panels C and G, 10 wm. Panel
K shows the reactivity of the anti-TcPPase antibody with lysates of L. donovani promastigotes (Ld) in Western blots. The molecular masses (in

kilodaltons) of protein standards are shown to the left of the blot.

33). Cells were subsequently incubated with a mixture of rho-
damine-labeled anti-rabbit and fluorescein-labeled anti-mouse
antibodies and observed with a UV microscope. The images of
the red (anti-LdMC) and green (anti-TcPPase) channels are
shown in Fig. 5A and E and Fig. 5B and F, respectively. The
images of the green and red channels were merged into a single
image shown in Fig. 5C and G, where yellow represents colo-
calization of red and green fluorescence signals. The phase-
contrast images of the same fields are shown in Fig. 5D and H.
No fluorescence was detected in similar preparations reacted
with the preimmune serum (Fig. 5T and J). The reactivity of the
anti-TcPPase antibody with L. donovani was also assessed by
Western blotting. This monoclonal antibody reacted with a
single ~82-kDa protein in a promastigote cell lysate (Fig. SK).
The apparent molecular mass of the ~82-kDa reactive protein
on SDS-polyacrylamide gels is in good agreement with the
calculated 83,200 Da of the TcPPase putative ortholog in L.
infantum (LinJ31_V3:1240). Further, the two proteins show
only one amino acid difference within the 27 residues that were
used to generate the anti-TcPPase monoclonal antibody (25).
An antibody isotype control showed no reactivity with L. do-
novani proteins in these Western blots (not shown). Taken
together, these results show that LdAMCs are associated with
the acidocalcisome compartments in L. donovani.

Enzymatic activity of L. donovani metacaspases. As men-
tioned above, the full-length LAMC1 was very poorly expressed
in E. coli, and therefore, the amount of protein obtained in
these conditions was insufficient to perform any enzymatic
assay. However, results described above also showed that the
anti-LdMC antibody could specifically immunoprecipitate
LdMC proteins from Leishmania cell lysates (cf. Fig. 4). There-
fore, enzymatic assays were performed by incubating anti-
LdMC-immunoprecipitated material with various synthetic
fluorogenic substrates. The enzyme activity was determined by
measuring the amount of fluorescence generated in these as-
says. The detailed assay is described in Materials and Methods.
Results showed that Boc-GKR-AMC, Boc-GRR-AMC, and
H-AFK-AMC were cleaved by LdAMC proteins immunopre-

cipitated with the anti-LAMC antibody from axenic amastigote
lysates and that only background activity was measured in
these assays when immunoprecipitation was done with the
preimmune serum from the same lysates (Fig. 6A). Such back-
ground activity probably corresponds to nonspecific adsorption
of LAMC proteins to antibody-bound protein A-Sepharose
beads, since similar levels of ]background fluorescence were
obtained with other control rabbit sera (not shown). These
results demonstrate that the immunoprecipitated LAMC pro-
teins efficiently cleave substrates containing a basic amino acid
residue, arginine or lysine, at the P1 position. To determine
whether LAMCs were able to cleave substrates containing an
aspartic acid residue in the P1 position, three caspase-specific
substrates, Ac-DEVD-AMC, Ac-VEID-AMC, and Ac-LEHD-
AFC, were tested in these assays. None of these caspase sub-
strates were cleaved by LAMCs in these assays (Fig. 6A). In
order to verify that the assay conditions were correct to detect
caspase activities, anti-LdMC-immunoprecipitated samples as-
sayed with the three caspase substrates were spiked with ~1
unit of recombinant human caspase-3 (Calbiochem). Results
showed that the three caspase substrates were cleaved by re-
combinant caspase-3 under our experimental conditions (Fig.
6A). As expected, Ac-DEVD-AMC, which is a preferred sub-
strate for caspase-3, was cleaved more efficiently in these assays
than Ac-VEID-AMC and Ac-LEHD-AFC, preferred sub-
strates for capsase-6 and caspase-4, respectively. These results
demonstrate that L. donovani metacaspases efficiently cleave
trypsin-specific substrates and are unable to cleave caspase-
specific substrates.

In order to determine whether LAMC1, LAMC2, or both had
“trypsin-like” activity, enzymatic assays were done from lysates
of transfected parasites expressing either LAMC1 or LAMC2 as
HA-tagged proteins and using an anti-HA antibody. Results
showed that Boc-GRR-AMC was efficiently cleaved by both
LdMCI1-HA and LdMC2-HA proteins immunoprecipitated
with the anti-HA antibody (Fig. 6B). Only background pro-
tease activity was detected in assays done from lysates of con-
trol parasites transfected with the pKS NEO plasmid (Fig. 6B,
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FIG. 6. Substrate specificity of LAMC enzyme activity. (A) LdMCs were immunoprecipitated from axenic amastigote lysates using the
anti-LdMC antibody and incubated with either trypsin substrates (GKR, GRR, and AFK) or caspase substrates (DEVD, VEID, and LEHD) under
appropriate reaction conditions (see Materials and Methods for details). The LAMC enzymatic activity is expressed in relative fluorescence units
(RFU) (black bars). Control enzymatic assays were done using the preimmune serum during the immunoprecipitation step (white bars). Human
recombinant caspase-3 was spiked into parallel assays containing the caspase substrates (gray bars). (B) Metacaspase activities of HA-tagged
proteins (MC1, MC1-mut, and MC2) immunoprecipitated using the anti-HA antibody from axenic amastigote lysates of transfected parasites, and
using Boc-GRR-AMC as the substrate (black bars). Parasites transfected with the pKS NEO expression plasmid was used as control (KS). Control
enzymatic assays were done using the rabbit anti-mouse antibodies during the immunoprecipitation step (white bars). Results in panels A and B
represent the averages of three independent assays. Standard deviations (error bars) are shown. (C) Parasites used in panel B were radiolabeled
with [**S]methionine, radiolabeled HA-tagged proteins were immunoprecipitated with an anti-HA antibody or control rabbit anti-mouse anti-
bodies (RAM), and material was analyzed by SDS-PAGE and fluorography. The molecular masses (in kilodaltons) of protein standards are shown
to the left of the gel.

KS). Similar protease activity was detected in these assays
when Boc-GKR-AMC and H-AFK-AMC were used as sub-
strates, and no detectable activity was measured when Ac-
DEVD-AMC, Ac-VEID-AMC, or Ac-LEHD-AFC was used
as a substrate (not shown). To assess whether the His,,, and
Cys,, of LAMC1, shown to be conserved with the Cys-His
catalytic dyad of the active domains of caspase (39), were
required for its protease activity, parasites were transfected

with an expression plasmid encoding LAMC1-HA in which the
His and Cys residues were substituted by Ala and Gly, respec-
tively. The expression levels of the LdMClmut-HA and
LdMCI1-HA proteins by transfected parasites were similar
when analyzed by Western blotting (not shown). Results of
enzymatic assays showed that Boc-GRR-AMC was efficiently
cleaved by the immunoprecipitated LAMCIlmut-HA (Fig. 6B,
MC1-mut), although the Boc-GRR-AMC cleavage activity of
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FIG. 7. Sensitivity of LAMC enzyme activity to protease inhibitors.
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LdMClmut-HA was approximately twofold less than that of
LdMCI1-HA in these experiments. No detectable activity was
measured in these assays when immunoprecipitations were
done with the control rabbit anti-mouse antibody (Fig. 6B). To
verify the specificity of the anti-HA antibody and control that
similar amounts of HA-tagged proteins were immunoprecipi-
tated in these assays, radiolabeled lysates were also used in
parallel immunoprecipitation experiments. The resulting flu-
orograms showed that similar amounts of HA-tagged protein
were immunoprecipitated in these assays (Fig. 6C, lanes 3 to 5)
and that the episomally expressed HA-tagged proteins were
the only proteins immunoprecipitated from the radiolabeled
Leishmania lysates.

Taken together, the enzyme assays above show that L. do-
novani metacaspases LAMC1 and LdMC2 cleave efficiently
trypsin substrates (i.e., cleavage after Lys or Arg residues) and
are unable to cleave caspase substrates (i.e., cleavage after an
Asp residue) and that His,,, and Cys,y, of LdAMCI1 are not
essential for its “trypsin-like” activity.

Effects of protease inhibitors on LAMC activity. We tested
the effects of various protease inhibitors on the LAMC activity
(using Boc-GKR-AMC as the substrate) immunoprecipitated
by the anti-LdMC antibody from axenic amastigote cell lysates
(Fig. 7). Results showed that the caspase inhibitors Z-VAD-
fmk and Z-DEVD-fmk did not block LAMC activity at con-
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centrations up to 100 puM. The cathepsin B inhibitor Z-FA-
fmk, often used as a negative-control inhibitor in caspase
assays, similarly had no effect on LAMC activity. Inhibitors of
metalloproteases, 10-phenanthroline (100 wM), aspartic pro-
teases, and pepstatin (100 wM) and inhibitors of cysteine pro-
teases E64 (100 pM), iodoacetamide (1 mM), and calpain
inhibitor-I (100 wM) showed no inhibition of LAMC activity. In
contrast, two inhibitors of trypsin and trypsin-like serine pro-
teases, i.e., antipain and TLCK showed nearly complete (an-
tipain) to complete (TLCK) inhibition of the LdAMC activity at
1 uM concentration. Other inhibitors of serine protease had
either moderate (leupeptin, Pefabloc, and chymostatin) or no
inhibition (benzamidine, aprotinin, and TPCK) on LdMC ac-
tivity in these assays. A similar inhibition profile was obtained
for LAMCI1-HA activity immunoprecipitated with the anti-HA
antibody (not shown). Taken together, these results show that
Leishmania metacaspases are insensitive to commonly used
inhibitors of caspases and cysteine proteases and are highly
sensitive to several serine protease inhibitors. Further, these
results are in agreement with the substrate specificity results
above and strongly suggest that the Leishmania metacaspases
are not “caspase-like” proteases.

LdAMC activity in L. donovani promastigotes and axenic
amastigotes. In order to compare the level of LAMC activity in
the two parasite stages, enzyme assays were done with lysates
of promastigotes and axenic amastigotes harvested in mid-log
growth and using Boc-GKR-AMC as the substrate. Results
showed that axenic amastigote cell lysates contained approxi-
mately sixfold-higher GKRase enzyme activity than lysates of
promastigotes (Fig. 8A, anti-LdMC). Similar levels of back-
ground activity from both cell types were measured in these
assays when immunoprecipitation was done with the preim-
mune serum (Fig. 8A, NRS). These LAMC activity results are
consistent with higher levels of LAMC mRNAs and higher
steady-state levels of LAMC proteins observed in axenic amas-
tigotes compared to promastigotes. In these enzymatic assays,
the optimal buffer pH to detect LAMC activity was 7.5 (Fig.
8B). This activity was stable over a broad range of pH values,
since >50% of the activity measured at the optimum pH was
still measured between pH 6.5 and 9. However, LAMCs had
limited enzyme activity below pH 6 and no detectable activity
at pH 4 (Fig. 8B).

Roles of LAMCs in H,0, induced Leishmania PCD. Leish-
mania treated with H,O, show features of PCD, including
DNA damage that can be measured by TUNEL labeling (6). In
order to determine whether metacaspases were involved in
H,O,-induced PCD in Leishmania, wild-type L. donovani axe-
nic amastigotes were treated with H,O,, assayed for LAMC
activity, and compared to untreated cells. The level of PCD
induction in these cell cultures was assessed by TUNEL label-
ing of parasites and quantitated by flow cytometry. As observed
in previous reports, the percent of TUNEL-positive cells in-
creased by ~2.6-fold in cells treated by H,O, compared to
untreated cells, rising from a background level of 4.9% in
untreated cells to 13% in H,O,-treated cells (Fig. 9A). In
addition, our results showed a similar ~2.7-fold increase of
LdMC activity in parasites treated with H,O, compared to
untreated controls (Fig. 9B). Similar background levels of
LdMC activity were measured when the preimmune serum was
used as control in these assays (Fig. 9B). The concomitant
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are shown.

increases in metacaspase activity and in the percentage of
TUNEL-positive cells in parasites treated with H,O, suggest a
possible involvement of LAMCs in H,O,-induced Leishmania
PCD. To further support the potential role of LAMCs in such
pathway, parasites overexpressing either LAMC1-HA, LdAMCl1-
mut-HA, or control KS were also treated with H,O,. Results
showed 69% TUNEL-positive cells in H,O,-treated Leishma-
nia overexpressing LAMC1-HA compared to 26% in treated
KS controls and 31% in treated LdAMC1-mut-HA-expressing
parasites (Fig. 9C). Similar background levels of TUNEL-pos-
itive cells (4 to 5%) were detected in the three untreated
transfectants (Fig. 9C). Taken together, these results show that
when PCD is induced in Leishmania using H,O,, these para-
sites show a concomitant increase of metacaspase activity, and
Leishmania overexpressing metacaspases are more sensitive to
H,O,-induced PCD. Therefore, these results suggest a possi-
ble role for LAMCs in Leishmania PCD.

DISCUSSION

In this report, we cloned and characterized two metacaspase
genes in L. donovani (LAMC1 and LAMC2). One characteristic
feature of the Leishmania metacaspases is the presence of a
carboxy-terminal proline-rich domain. Such a domain has been
reported only in 7. cruzi (T. cruzi metacaspase-5) (22) among
the trypanosomatid family of parasites. Similar domains are
also present in the yeast metacaspase YCAL and in type I
metacaspases of A. thaliana, but they are located in the amino
termini of these proteins (26, 40). The role of this proline-rich
domain is unknown; however, its presence in some meta-
caspases, including LdMCs, suggests that it may be involved in
protein-protein interactions (21, 31). The major difference be-
tween the two L. donovani metacaspases is the presence of two
amino acid repeats in the C terminus of LAMCI that results in
a slightly larger proline-rich domain in LdMCI1 than in

LdMC2. Two putative metacaspase genes can also be identi-
fied in the genome of L. infantum, another Leishmania species
responsible for visceral leishmaniasis. In contrast, L. major, the
species responsible for cutaneous leishmaniasis, for which the
complete genome is known possesses only a single meta-
caspase gene (www.genedb.org). Among the trypanosomatids
with completely sequenced genomes, Leishmania meta-
caspases show the most identity with Trypanosoma brucei meta-
caspase-5 (52%) and Trypanosoma cruzi metacaspase-5 (61%),
organisms that possess 5 and 17 metacaspase genes, respec-
tively. The significance of this range in metacaspase gene copy
number within the trypanosomatid family is not known.

Our data showed that LAMC1 and LdMC2 genes were tran-
scribed in promastigotes and axenic amastigotes of L. dono-
vani; however, the level of LAMC1 mRNA was significantly
higher in axenic amastigotes. RNA stability is likely the mech-
anism involved in the increased LdMCl mRNA levels
observed in axenic amastigotes, since gene expression is con-
trolled exclusively at the posttranscriptional level in Leishma-
nia (5), but this remains to be demonstrated for LAMCI. Such
increased LdAMC1 mRNA levels observed in axenic amasti-
gotes could explain the significant higher levels of metacaspase
activity measured in this form of the parasite. Since the anti-
LdMC antibody reacts with both LAMC1 and LdMC2 and does
not discriminate between LAMC1 and LAMC2 proteins, the re-
spective contributions of LAMC1 and LAMC2 to the LdMC ac-
tivity measured in our current assays are not known. Further, the
increased levels of LAMC activity in axenic amastigotes also
suggests that metacaspases may play a more important role in
the mammalian stage of this parasite than in the insect stage.
Further studies will be needed to define such a role(s).

To date, none of the native trypanosomatid metacaspases
(i.e., purified from parasite lysates) have been characterized
with regard to their enzymatic activity and substrate specificity.
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FIG. 9. Sensitivity of L. donovani wild type and LAMC transfectants to H,O,. (A) Percentages of TUNEL-positive cells in L. donovani axenic
amastigotes either treated with 2 mM H,O, (+ H,0,) for 60 min or untreated (— H,0,) and analyzed by flow cytometry. (B) LAMC enzyme
activity in parasites treated as described above for panel A, using Boc-GRR-AMC as the substrate and expressed in relative fluorescence units
(RFU) (black bars). Control enzymatic assays were done using the preimmune serum during the immunoprecipitation step (white bars).
(C) Percentages of TUNEL-positive cells in L. donovani axenic amastigote transfectants (KS, MC1, and MC1-mut [Mut]) either treated with 2 mM
H,0, (black bars) for 60 min or untreated (white bars) and analyzed by flow cytometry. Significant differences (P < 0.05) (*) and nonsignificant
differences (P > 0.05) (**) are indicated. Results in panels A, B, and C represent the averages of three independent assays. Standard deviations

(error bars) are shown.

In this report, using a specific anti-LdMC antibody, we have
been able to specifically immunoprecipitate the native L. do-
novani metacaspases from parasite cell lysates and assess their
enzymatic properties. These native L. donovani metacaspases
were unable to cleave any of the caspase-specific substrates
tested and were insensitive to caspase-specific inhibitors, such
as Z-VAD-fmk and Z-DEVD-fmk, up to 100 uM concentra-
tion. Similar substrates and inhibitors have been used in sev-
eral reports to characterize caspase-like activities in Leishma-
nia (6, 24, 34-36). In contrast, native L. donovani metacaspases
efficiently cleaved substrates with either a lysine or arginine
amino acid residue at their P1 position and were efficiently
inhibited by leupeptin and antipain, two arginine inhibitors,
and by the Pl-lysine inhibitor TLCK, confirming the lysine/
arginine specificity of LAMCs. Therefore, our results strongly
suggest that Leishmania metacaspases are not responsible for
the caspase-like activities reported in these organisms. The
substrate specificity of LdMCs agrees with previous reports
showing that plants (4. thaliana type I and II), yeast (YCA-1),
and more recently L. major (LmjMCA) metacaspases when

expressed in bacteria or yeast also have lysine/arginine sub-
strate specificity and do not cleave caspase substrates (15, 40,
41). In contrast to these recombinant metacaspases which lose
enzymatic activity when their predicted catalytic cysteine is
mutated to an alanine residue, the LAMC1(H147A, C202G)
mutant retains significant enzyme activity when purified from
parasite lysates. This suggests that His, ., and Cys,, of LAMCl1
are not absolutely required for its trypsin-like activity and that
parasite-specific posttranslational modifications of LdMCI1
(H147A, C202G) mutant may be involved in its activity, since
the LmjMCA(C202A) mutant expressed in yeast or E. coli
does not have enzyme activity (15). Further studies are needed
to identify the catalytic amino acid residue(s) of the L. dono-
vani metacaspases. This will help clarify the nature of these
proteases.

Most mammalian caspases are synthesized as catalytically
inactive zymogens that are processed into active proteases
upon activation of the cell death pathway (14). Similarly, the
yeast metacaspase YCA-1 has been shown to follow such a
caspase-like processing in cells undergoing PCD (26). A. thali-
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ana and more recently L. major metacaspases were also shown
to be proteolytically processed when expressed in bacteria or
yeast, and mutation of the conserved catalytic cysteine residue
to alanine prevented their proteolytic processing and suggests
autocatalytic processing (15, 40, 41). In contrast, our results
show that L. donovani metacaspases do not appear to be pro-
cessed by the parasites under normal growth conditions or
upon treatment with inducers of PCD. This suggests that
LdMCs could be synthesized in active forms and that the
parasites must have a mechanism(s) to control/isolate meta-
caspase activity inside the cell. Since our results show that
LdMCs are associated with acidocalcisomes, one such mecha-
nism could be sequestration of LdMCs in these acidic com-
partments. Further, we also showed that LdMCs are poorly
active in acidic pH in vitro, which strongly suggests that they
would be poorly active in acidocalcisomes, which are acidic
compartments in Leishmania (12). To our knowledge, LdAMCs
represent the first proteases to be associated with acidocalci-
somes in any protozoan parasite. Whether LAMCs are released
from acidocalcisomes during PCD and/or whether they play an
active role in the physiology of these cellular compartments
remains to be elucidated.

As in yeast and plants, the role of metacaspases in protozoan
parasites is still poorly understood. Since none of the few
metacaspases characterized thus far are able to cleave caspase
substrates, they are probably not directly responsible for the
caspase-like activities reported in these organisms. However,
there is some evidence that the yeast metacaspase YCA1 could
be involved in the cell death pathway of this organism by acting
upstream of a caspase-like enzyme (41). Recently, a meta-
caspase of Norway spruce (mclII-Pa) was shown to accumulate
in the nuclei of the embryo suspensor cells during embryogen-
esis, resulting in nuclear disassembly and cell death, therefore
showing the direct involvement of metacaspases in plant PCD
(4). In protozoan parasites, the heterologous expression of
TbMC4 in yeast leads to growth inhibition, mitochondrial dys-
function, and cell death, suggesting a possible role of ToMC4
in control of cell proliferation coupled to mitochondrial func-
tion (37). Whether TbMC4 exhibits a similar function in 7.
brucei itself remains to be demonstrated. Recently, a triple null
T. brucei mutant, deficient in 7. brucei metacaspase-2, -3, and
-5 genes, was shown to have no difference compared to the wild
type in its cell death kinetics after treatment with the PCD
inducer prostaglandin D,, suggesting that these metacaspases
are not required as effector molecules in prostaglandin D,-
induced cell death of 7. brucei (16). In the related trypanoso-
matid parasite 7. cruzi, the overexpression of T. cruzi meta-
caspase-5 in the insect stage of T. cruzi renders these parasites
more susceptible to fresh human serum-induced cell death,
suggesting that 7. cruzi metacaspase-5 has a role in 7. cruzi
PCD (22). Gonzalez et al. (15) reported recently that the L.
major metacaspase was able to complement the function of its
homologue (YCAL) in the ycal-deficient yeast mutant, sug-
gesting conservation of function between yeast and Leishmania
metacaspases. However, the role of L. major metacaspase in L.
major PCD remains to be demonstrated. Our results above
strongly suggest a role of the LAMCs in the L. donovani PCD
pathway, since metacaspase activity is significantly increased
(~2.7-fold) in parasites undergoing PCD and parasites over-
expressing LAMCI1 are more sensitive to H,O,-induced PCD.

EUKARYOT. CELL

Approaches such as dominant-negative expression and gene
knockout as a means to alter or delete the functions of LAMCs
in the parasite should help to confirm the involvement of
metacaspases in Leishmania PCD. Such approaches will also
be helpful to assess other potential functions of these new
“trypsin-like” proteases in Leishmania.

In summary, this represents the first report of the enzymatic
properties of native metacaspases purified from a protozoan
parasite. Leishmania metacaspases share some similarities with
yeast and plant homologues, such as the conservation of the
cysteine and histidine residues shown to be involved in the
Cys-His catalytic dyad of related caspases. Similar to yeast and
plant homologues, Leishmania metacaspases do not have
caspase-like activity but show enzymatic characteristics of tryp-
sin-like proteases. However, Leishmania metacaspases have
some unique characteristics. They possess a distinct C-terminal
proline-rich domain, and L. donovani enzymes do not appear
to have autocatalytic activities or to be subjected to a caspase-
like processing. In contrast to plants where metacaspases have
been found in the cytoplasm or associated with the nucleus (4),
LdMC:s are localized in unique acidocalcisome compartments,
which could represent a form of sequestration of inactive en-
zymes in the cell. Finally, our results suggest the involvement
of LdMCs in the L. donovani PCD pathway representing a
significant step forward in the molecular characterization of
this pathway in protozoan parasites.
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