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Abstract
Leishmaniasis is a tropical disease caused by Leishmania, eukaryotic parasites transmitted to humans
by sand flies. Towards the development of new chemotherapeutic targets for this disease, biochemical
and in vivo expression studies were performed on one of two M32 carboxypeptidases present within
the Leishmania major (LmaCP1) genome. Enzymatic studies reveal that like previously studied M32
carboxypeptidases, LmaCP1 cleaves substrates with a variety of C-terminal amino acids - the primary
exception being those having C-terminal acidic residues. Cleavage assays with a series of FRET-
based peptides suggest that LmaCP1 exhibits a substrate length restriction, preferring peptides shorter
than 9–12 amino acids. The in vivo expression of LmaCP1 was analyzed for each major stage of the
L. major life cycle. These studies reveal that LmaCP1 expression occurs only in procyclic
promastigotes – the stage of life where the organism resides in the abdominal midgut of the insect.
The implications of these results are discussed.
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INTRODUCTION
M32 carboxypeptidases are metalloproteases that exhibit a distinct overall fold and sequence
– the most notable being a conserved HEXXH metal binding motif [1–3]. The first M32
member identified was isolated from thermophilic bacteria Thermus aquaticus (TaqCP) and
was demonstrated to be a carboxypeptidase by steady state assays on a variety of peptide
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substrates [1]. Subsequent BLAST [4] searches have identified more than 300 M32 family
members in species spanning all three kingdoms of life.

One of these other members is the M32 carboxypeptidase from the hyperthermophilic archaeon
Pyrococcus furiosus (PfuCP). Among PfuCP’s notable features is an unusually high Topt
(~100°C), and requirement for cobalt as its active site metal [2]. We recently determined the
crystal structure of PfuCP providing the first picture for how M32 carboxypeptidases might
cleave their peptide substrates [3]. The most striking feature of the PfuCP structure was the
presence of a deep substrate groove spanning the length of one subunit. The presence of this
unusual groove led us to hypothesize that M32 carboxypeptidases might exhibit a substrate
length restriction - a property would have novel functional and mechanistic implications.

The M32 member we chose for our initially study of this issue was the Leishmania major M32
carboxypeptidase (LmaCP1) - one of two M32 carboxypeptidase genes in the L. major genome.
Our hope was that in addition to helping us to address whether M32 carboxypeptidases exhibit
a length restriction, the characterization of this enzyme would allow us explore the potential
for M32 carboxypeptidases as targets for antiparasitic and antibacterial chemotherapies.
LmaCP1 was also attractive as being the only eukaryotic M32 member identified at the time
of our study. Recently, Trypanosoma cruzi (associated with Chagas disease) has also been
shown to encode two M32 carboxypeptidases [9]. Both Leishmania and Trypanosoma are
members of trypanosomatidae; a family of protozoan blood parasites transmitted by insects.

Human infection by Leishmania leads to leishmaniasis, a tropical disease afflicting over 12
million people worldwide (http://www.who.int/leishmaniasis/en/). Leishmaniasis has various
forms depending on the tissues targeted: cutaneous (skin), mucosal (internal mucosal tissues),
and visceral (internal organs) [10]. Leishmania are transmitted to humans by sand flies. In the
sand fly, Leishmania live as promastigotes, an extracellular motile stage in which the cell
adopts an elongated shape with a flagellar tail. When an infected sand fly takes a bloodmeal,
the promastigotes are passed to the host’s bloodstream where they are eventually phagocytized
by the host’s macrophages. Once in a macrophage, the Leishmania promastigotes transform
into a distinct intracellular non-motile form called an amastigote - a form that is presumably
better suited for survival in the macrophage. The amastigotes multiply in the macrophage, and
when a different sand fly bites the now infected host, the amastigote-containing macrophages
are taken up into the insect’s midgut together with the rest of the blood mass. Digestion of the
macrophage releases the Leishmania amastigotes, at which point, the parasite begins its slow
transformation back to a promastigote - ready to renew the life cycle again [11,12].

Herein, we describe our progress on the characterization of the biochemical and functional
properties of LmaCP1 in vivo and in vitro. We demonstrate that LmaCP1 exhibits a substrate
length restriction and that it exhibits broad substrate specificity similar to previously
characterized M32 carboxypeptidases. We also discuss LmaCP1’s potential limitations as a
target of antibacterial chemotherapies based on its stage specific expression, and suggest a
potential functional role for LmaCP1 and other M32 carboxypeptidases in pathogens.

MATERIAL AND METHODS
Cloning, Expression and Purification

The gene for one of the two M32 carboxypeptidases from L. major (GeneID:5650034) was
amplified by PCR from the PAC clone P1046 (a generous gift from Prof. A. Ivens’s, Sanger
Institute, United Kingdom). The gene was cloned into pET-28b(+) vector with an N-terminal
His tag and overexpressed in E. Coli BL21 (DE3)-RP. In a typical preparation, 1 L of LB media
containing 1% glucose, 17 µg/ml chloramphenicol, and 30 µg/ml kanamycin was inoculated
with 20 mL of overnight culture and shaken at 30°C. Expression was induced by adding 0.1
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mM IPTG when the absorbance reached 0.6 O.D (600 nm). The cells were harvested after 7
hours yielding ~2.2 g of cells that were stored at −80°C.

As the first step of the protein purification, the frozen cells were thawed on ice and resuspended
in 20 mL of lysis buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 10 µM APMSF [(4-
amidinophenyl)-methanesulfonyl fluoride]. To aid in breaking the cell wall, 20 mg of lysozyme
was added and the solution was incubated on ice for 30 minutes. The cell suspension was then
sonicated and cell debris removed by centrifugation at 15,000×g for 35 min at 4 °C. The
supernatant was loaded onto a Ni-NTA column with loading buffer (50 mM Tris-HCl pH 8.0,
300 mM NaCl), and washed extensively with washing buffer (50 mM Tris-HCl pH 8.0, 300
mM NaCl, 25 mM imidazole). The His-tagged protein was collected with 40 ml of eluting
buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 250 mM imidazole), and then concentrated
and buffer exchanged with 50 mM Tris-HCl pH 8.0 buffer by ultrafiltration using a YM10
membrane. Aliquots of LmaCP1 were frozen with liquid nitrogen and stored at −80°C.

Amino acid specificity of LmaCP1 towards ZAX substrates
The activity of LmaCP1 was measured for a series of ZAX substrates (where ZA =
benzyloxycarbonyl-protected alanine and X = one of the following amino acids: K, R, H, W,
Y, F, I, V, A, M, S, N, or E). The reactions were carried out at 37°C by mixing 100 µL of
substrate (in 0.1 M HEPES-NaOH pH 7.5) at concentrations ranging from 0 to 15 mM, with
4 µL of 2 µM LmaCP1 solution. Different time point readings were taken from 0 to 15 minutes.
To determine the rate of cleavage, the amount of new amino groups formed was calculated
using a ninhydrin assay [13]. The concentration of new amino groups formed was obtained by
comparing the absorbance of the quenched reaction solutions with calibration curves prepared
for the corresponding free amino acid. The cleavage rates at different substrate concentrations
were used to obtain the Lineweaver-Burke plots from which the Vmax and KM were calculated.

FRET peptide length dependence assay
The amino acid N-3-(2,4-dinitrophenyl)-L-2,3-diamino propionyl (Dpa) was synthesized
according to literature procedures [14]. Three FRET-based peptides of different lengths [8-
mer (ASGK-Dpa-AAW), 12-mer (ASGKASGK-Dpa-AAW), and 16-mer
(ASGKASGKASGK-Dpa-AAW)] were prepared by the batchwise Fmoc-polyamide method
on a PS3 peptide synthesizer using pre-loaded Wang resin. After synthesis, the peptides were
deprotected and cleaved from the resin by stirring with a mixture of 10 mL TFA, 0.75 g phenol,
0.5 ml thioanisol, 0.5 mL water and 0.25 mL ethanedithiol at rt for 1–2 hours and precipitated
with methyl t-butyl ether at 2000×g for 10 minutes three times and dried in vacuo. The resulting
white powder was purified by reverse-phase HPLC using a Vydac C18 column (10 mm × 250
mm) and acetonitrile-water mixtures containing 0.1% TFA (v/v). The final products were
analyzed by positive ion-electrospray mass spectroscopy and then stored at −20°C.

Because the Dpa group quenches the inherent fluorescence of the C-terminal Trp, the cleavage
of each peptide could be monitored by measuring the increase in the Trp fluorescence
(λexcitation = 290 nm, λemission = 370 nm). The cleavage assays were performed with 150 µL
of 0.3 mM substrate in 0.1M HEPES-NaOH pH 7.5 buffer and 1.2 µL of 0.17 mM enzyme
solution at 37°C. The substrate length preferences of LmaCP1 could be determined by
comparing the relative rate of cleavage of each peptide.

Preparation and isolation of L. major amastigotes
Following a procedure adapted from Chakrabarti et al. [15], two popliteal lymph nodes from
mice with footpad lesions were used (6 to 8 weeks after infection with 2*106 L. major (LV39)
promastigotes). To release the amastigotes, the mouse tissue was gently macerated in phosphate
buffer solution (10 mM KH2PO4/K2HPO4 pH 7.0, 150 mM NaCl, 2 mM EDTA, and 5.5 mM
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glucose). The mixture was initially centrifuged at 200×g for 10 minutes at 20°C to remove
unwanted larger aggregates, and then the supernatant was spun down at 3000×g for 10 min at
20°C to yield the pellet containing the L. major parasites. The desired amastigote cells were
further purified via a density gradient. This involved reconstituting and dissolving the pellet
in 4 mL of 45% Percoll solution. The density gradient was created by first adding 1.5 mL of
70% Percoll to the bottom of a centrifuge tube, layering the 4 mL of parasite solution followed
by 4.5 mL of 25% Percoll solution on top, and then centrifuging the resulting sealed tube at
2500×g at 4°C for one hour. After centrifugation, three distinct layers were observed. Most of
the Leishmania amastigotes were confined to the bottom layer (more than 90% of the cells
present being amastigotes). This bottom layer was separated, and then diluted with 5 volumes
of PBS buffer (0.9% NaCl, 10 mM sodium phosphate buffer pH 7.2) per volume of Percoll
solution and centrifuged at 2450×g at 4°C for 10 min. The resulting pellet of amastigote cells
was used for the subsequent protein extractions.

To obtain the soluble amastigote proteins, the pellet was washed by resuspension in PBS buffer
(pH = 7.4) and then centrifuged at 500×g for 10 min. The supernatant was removed, and the
cells were lysed by resuspension in 400 µL lysis buffer (10% Triton X-100, 1M Tris-HCl pH
8.0, 4 M NaCl, 10% glycerol, 2% Protease arrest, 2 mM NaVO4) and incubation on ice for 10
min. The cell debris was removed by centrifugation (15 min., 4°C, 14000 rpm) yielding the
amastigote soluble protein extract which was subsequently stored at −80°C.

Preparation and isolation of L. major promastigotes
L. major (LV39) was maintained by serial passage of amastigotes inoculated subcutaneously
into the shaven rumps of BALB/c mice [16]. Amastigotes isolated from the skin lesions of
infected mice were grown to stationary phase promastigotes as described previously [17].

Preparation and separation of L. major procyclic and metacyclic promastigotes
To obtain isolated procyclic and metacyclic promastigotes, freshly harvested promastigotes
were grown for six days in M199 tissue culture medium supplemented with 1% fetal calf serum.
The separation was done using the peanut agglutinin (PNA) method [18]. The parasites were
washed twice in 50 mL DMEM (Dulbecco’s minimal essential medium) followed by
centrifugation (15 min, 4°C, 3000×g). The pellet was resuspended in DMEM and the parasite
count was brought to 2*108/mL. PNA was added to the parasite solution to a final concentration
of 75 µg/mL PNA. The parasite-PNA mixture was incubated for 30 min at room temperature.
After incubation, the mixture was centrifuged (5 min., 4°C, 200×g). The metacyclic
promastigotes were recovered from the supernatant and washed twice by centrifugation (15
min, 4°C, 3000×g). Similarly, the pellet with the procyclic promastigotes was washed twice
by resuspension in DMEM buffer followed by centrifugation (15 min, 4°C, 3000×g). The
soluble protein extract was obtained as described for the amastigote cells.

Analysis of LmaCP1 expression
Western blot analysis was performed as described previously [19].

RESULTS
Substrate length dependence of LmaCP1

Based on the structure of PfuCP [3], we predicted that M32 carboxypeptidases might exhibit
a substrate length restriction. To test this hypothesis, a set of three peptides of different lengths
(8-mer, 12-mer, and 16-mer) were designed and synthesized to evaluate the length dependence
of LmaCP1 using a FRET-based assay. Comparison of the activity of LmaCP1 for the three
peptides (Fig. 1) reveals that the longer 12-mer and 16-mer peptides display a much slower
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rate of cleavage than the 8-mer peptide - consistent with the length restriction predicted from
the PfuCP and LmaCP1 structures.

Amino acid specificity of LmaCP1 towards ZAX substrates
To facilitate a direct comparison of LmaCP1 specificity with TaqCP [21] and PfuCP [2], the
same procedures and substrates were used. The activity of LmaCP1 towards a series of ZAX
substrates was determined by monitoring the free amino groups produced using a ninhydrin
assay. The Vmax and kcat/KM values are shown in Supporting Table 1. The data reveals that
like PfuCP and TaqCP, LmaCP1 has broad substrate specificity for ZAX peptides containing
a wide variety of C-terminal amino acids.

One difference exhibited by LmaCP1 as compared to its thermophilic (TaqCP) and
hyperthermophilic (PfuCP) counterparts is its 100-fold lower activity at physiological
temperature (37°C). Similar differences for other mesophilic and thermophilic counterparts,
however, have been described in the literature [22]. Presumably, the rate of peptide hydrolysis
is faster at higher temperatures due to the greater ease in overcoming the activation barrier at
higher temperature. Consistent with this evaluation, the kinetic parameters of LmaCP1 compare
well to other mesophilic proteases. The kcat (12 s−1) of LmaCP1 for the cleavage of ZAR
substrate is within the range of values reported for a structural homologue, rat neurolysin
(kcat ~ 1 to 15 s−1 depending on the substrate) [23], and a functional homologue,
carboxypeptidase B (CPB) (kcat = 60 s−1 for the cleavage of Cbz-Gly Arg) [24].

Exploring the stage specific expression of LmaCP1 in L. major
Given the two distinct stages of Leishmania, amastigotes in the mammalian host and
promastigotes in the sand fly vector, we decided to explore the stage specific expression of the
LmaCP1 in L. major to see if would provide any clues into its function. Towards this end,
amastigote and promastigote cells were grown and isolated. Western blotting was used to
monitor expression of LmaCP1 using antibodies grown against purified LmaCP1. These studies
revealed that LmaCP1 appears to be specifically expressed in promastigote cells (Fig. 2A). No
LmaCP1 protein was oberved in amastigotes isolated from mice lymph cells. Notably, given
the absence of LmaCP1 from amstigotes in our stage specific expression profiles, it is clear
that LmaCP1 cannot play a role in antigen degradation within the mammalian host. Instead,
presence of LmaCP1 in promastigotes suggests a functional role for LmaCP1 during life cycle
of Leishmania in the sand fly.

The stage-specific expression of LmaCP1 could be further narrowed by taking advantage of
the fact that promastigotes undergo a series of transformations during their life cycle in the
insect. When an insect bites an infected host, macrophages are taken in with the blood meal
and fill the insect abdominal midgut. During the first several days (0–4), the amastigotes
contained in the host macrophages slowly convert to procyclic promastigotes that are ideally
suited for surviving in the toxic environment required to digest the blood meal in the insect
abdominal midgut. The procyclic promastigotes divide rapidly. After 4–7 days, the procyclic
promastigotes convert to nectomonads that attach their flagella to the epithelial cell microvilli
and then slowly move up to the thoracic midgut where they transform to metacyclic
promastigotes, which are the non-dividing infective form of Leishmania parasites [11,12].

Utilizing procedures reported in the literature, infectious and noninfectious promastigotes were
separated from the total promastigote sample using PNA agglutination [18]. The expression
of LmaCP1 in infectious and noninfectious promastigotes was then compared by Western
blotting. These data, shown in Fig. 2B, reveal that LmaCP1 is solely expressed in noninfectious
procyclic promastigotes and not in infectious metacyclic promastigotes. These findings suggest
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that LmaCP1 is unlikely to play a role in infection of the host and is likely involved in a process
in the sandfly midgut stage of the parasite.

DISCUSSION
A proposed role for LmaCP1 and other pathogenic M32 carboxypeptidases

Based on LmaCP’s biochemical properties, and its stage-specific expression, we suggest that
LmaCP1 serves a role in peptide catabolism. Biochemical support for this possibility comes
from LmaCP1’s demonstrated length restriction and broad substrate specificity. The 8-to-11-
mer peptide preference of LmaCP1 would make it ideally suited to target the downstream
products of proteasomes and other ATP-dependent proteases, while its broad specificity would
impart it with the ability to cleave multiple peptide products. While one concern is that
LmaCP1 has poor specificity towards substrates with certain C-terminal amino acids, this
concern is potentially resolved by the presence of the second M32 carboxypeptidase in L.
major (GENE_ID: 5654678), LmaCP2 (with a 54% identity, and 71% similarity to LmaCP1).
In support of this possibility, recent studies have shown that Trypansoma cruzi harbors two
M32 carboxypeptidases, TcMCP-1 and TcMCP-2 that exhibit broad but distinct substrate
specificities and that have different stage specific expression [9]. We have recently shown that
the C-terminal M3 dipeptidase, Escherichia coli oligopeptidase A (OdpA), is capable of
cleaving the oligopeptidase products of E. coli Lon, HslUV, and ClpXP suggesting its role as
a general protease downstream of these ATP-dependent proteases [25]. Given that OdpA is a
structural homolog of M32 carboxypeptidase, it is also plausible that LmaCP1 evolved to
degrade the dipeptide products of the related M3 dipeptidases to their single amino acids in
Leishmania.

The stage specific expression of LmaCP1 is also consistent with its role in peptide degradation.
When the parasites are in the abdominal midgut, soon after ingestion, they are confined by the
peritrophic membrane (PM) that is secreted by the fly’s midgut epithelium, building a
cylindrical compartment that completely surrounds the blood mass [26]. The PM consists of
a network of chitin in a matrix composed of proteins and proteoglycans [27]. Initially the PM
serves as protection for the promastigotes by delaying their encounter with the fly’s digestive
enzymes. When promastigotes are ready to leave the abdominal midgut, they secrete several
enzymes to break the PM leaving a food mass presumably rich in peptide nutrients. At this
stage, the parasites are rapidly growing and dividing [28], and thus would have a strong demand
for free amino acids. LmaCP1 working together with proteasomes, ATP-dependent proteases,
and other peptidases could facilitate this growth by helping to facilitate the rapid catabolism
of peptides and proteins to the single amino acids required for protein synthesis.

Intriguingly, analysis of the pathogenic organisms (Helicobacter pylori, Trypanosoma cruzi,
Rickettsia rickettsii, Vibrio cholera, Yersina pestis) with M32 carboxypeptidase genes reveals
that many also exist in digestive environments. Like L. major, T. cruzi, R. rickettsii, and Y.
pestis all spend part of their life cycle in the stomach of their insect vector, while H. pylori, V.
cholera, and Y. pestis infect the stomach and digestive systems in humans. This commonality
suggests a potentially general role for pathogenic M32 carboxypeptidases in protein
degradation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
FRET data for LmaCP1 mediated cleavage of 8-mer, 12-mer, and 16-mer peptide substrates.
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Fig. 2.
Comparision of LmaCP1 expression in (A) L. major promastigotes and amastigotes; and in
(B) procyclic and metacyclic promastigotes.
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