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Abstract

The Leishmania spp. protozoa have an abundant surface metalloprotease called MSP (major surface
protease), which in Leishmania chagasi is encoded by three distinct gene classes (MSPS, MSPL,
MSPC). Although MSP has been characterized primarily in extracellular promastigotes, it also
facilitates survival of intracellular amastigotes. Promastigotes express MSPS and MSPL RNAs, and
two forms of MSPC RNA, whereas amastigotes express only MSPL RNA and one MSPC transcript.
We confirmed the presence of MSPC protein in both promastigotes and amastigotes by Liquid
Chromatography-tandem Mass Spectrometry (LC-MS/MS). More than 10 MSP isoforms were
visualized in both amastigotes and promastigotes using two-dimensional immunoblots, but
amastigote MSPs migrated at a more acidic pl. Promastigote MSPs were N-glycosylated, whereas
most amastigote MSPs were not. Immuno-electron microscopy showed that two-thirds of the
promastigote MSP is distributed along the cell surface. In contrast, most amastigote MSP localized
at the flagellar pocket, the major site of leishmania endocytosis/exocytosis. Biochemical analyses
indicated that most amastigote MSP is soluble in the cytosol, vesicles or organelles, whereas most
promastigote MSP is membrane-associated and GPI anchored. Activity gels and immunoblots
confirmed the presence of a novel proteolytically active amastigote MSP of higher Mr than the
promastigote MSPs. Furthermore, promastigote MSP is shed extracellularly whereas MSP is not
shed from axenic amastigotes. We conclude that amastigote and promastigotes both express multiple
MSP isoforms, but these MSPs differ biochemically and localize differently between the parasite
stages. We hypothesize that MSP plays different roles in the extracellular versus intracellular forms
of Leishmania spp.
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1. Introduction

MSP (also called GP63 or leishmanolysin) is an abundant metalloprotease on the surface
membrane of all Leishmania spp. studied to date [1,2]. L. chagasi has at least eighteen MSP
genes located in a tandem array on a single chromosome [3,4]. We previously showed that the
increased abundance of MSP in some forms of L. chagasi promastigotes correlates with
increased parasite virulence [5,6]

Leishmania spp. have a dimorphic life cycle. The extracellular flagellated promastigote
develops to an infectious form in the gut of the sand fly vector. After inoculation into
mammalian skin during a sand fly blood meal, the promastigote is engulfed by local
macrophages and transforms into the intracellular amastigote stage [1,7]. MSP is highly
abundant in virulent promastigotes, comprising 1% of the total protein [8]. Eleven isoforms of
MSP protein are detected in virulent promastigotes of L. chagasi by two-dimensional gel
profiles [9,10]. Although MSP is not well characterized in intracellular amastigotes, it is also
expressed in these cells [11,12]. The purpose of this study was to compare and contrast the
biochemical and cellular properties of MSP in L. chagasi promastigotes and amastigotes.

L. chagasi has three classes of MSP genes, called MSPL, MSPS and MSPC [6]. As indicated
by their deduced amino acid sequences, MSPL and MSPS both contain a
glycosylphosphatidylinositol (GPI) attachment site near their C termini, whereas MSPC
encodes a protein apparently lacking the typical GPI anchor addition site [6]. MSP is a zinc
metalloprotease active against a wide spectrum of substrates which plays a vital role in
leishmania pathogenesis. MSP has been shown to (i) facilitate promastigote evasion of
complement-mediated lysis, (ii) promote attachment of promastigotes to macrophage
complement receptors, (iii) enhance the intracellular survival of amastigotes, and (iv) degrade
some host cytosolic proteins [13-20].

Biochemical studies of intracellular Leishmania spp. amastigotes have been hampered by
contamination of animal-derived or macrophage-derived amastigote preparations with host
macrophage proteins. As such, investigators have developed axenic systems for cultivating
amastigotes in vitro, using conditions designed to simulate the mammalian tissue environment
(elevated temperature and decreased pH). Unfortunately not all Leishmania species readily
convertto axenic amastigotes in vitro [21-25]. By modifying a published in vitro differentiation
protocol [23], we were able to generate a line of L. chagasi, called LcJ, that converts back and
forth between promastigotes and amastigotes in vitro. Using the LcJ line, we examined MSP
expression in L. chagasi amastigotes and promastigotes. In contrast to long-term cultured
promastigotes which lose the ability to express MSP, LcJ promastigotes retain their expression
of surface MSP if they are passed alternately as promastigotes and amastigotes. We found
differences in the biochemical modifications of the MSP gene products, and differences in the
predominant genes expressed. Studies of MSP intracellular localization and release into the
extracellular environment suggest there are major differences in the function(s) of this protease
in the intracellular and extracellular stages of Leishmania species.
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2. Materials and methods

2.1. Parasites and Bacteria

A Brazilian strain of L. chagasi (MHOM/BR/00/1669) was originally isolated from a patient
with visceral leishmaniasis. Parasites were passed through male golden hamsters to maintain
their virulence, and used within 3 weeks of isolation from the animal. Promastigotes were
cultured at 26°C in hemoflagellate-modified minimal essential medium (HOMEM), pH 7.4,
supplemented with 10 % heat-inactivated fetal calf serum [26]. Amastigotes were cultivated
in medium containing 20% FCS at 37°C, 5% CO», pH 5.5, as previously described for L.
donovani [25]. The stage-converting strain LcJ was derived from wild type L. chagasi by
cultivation in amastigote medium. LcJ amastigotes were passed at least once in amastigote
growth conditions to ensure full stage conversion prior to all the experiments except for the
immunoblot study of MSP during stage conversion (Figure 1). LcJ promastigotes did not differ
in cell morphology from wild type L. chagasi. Logarithmic and stationary phase promastigote
populations were previously defined by cell density and morphology [27].

Avirulent Salmonella typhimurium, BJ2565 strain, a kind gift from Dr. Bradley Jones at the
University of lowa, was grown in Luria Broth containing 50 pg kanamycin/ml. This strain
lacks the upstream repressing sequence in the hilA promoter that controls the expression of
hilA, a transcriptional regulator to Salmonella pathogenicity island 1 (SPI-1) invasion genes
[28].

2.2. Antibodies

Antiserum to MSP was raised in sheep against purified L. chagasi promastigote MSP as we
previously reported [26]. For electron microscopy, sheep anti-MSP was affinity purified [29].
Briefly, L. chagasi promastigote membrane MSP was purified with Triton X-114 (TX-114),
separated on 7.5% SDS polyacrylamide gels, and transferred to PVDF membranes. Protein
was eluted with 50 mM glycine, pH 2.5 at 4°C in minimal volume. CA7AE antisera specific
for unsubstituted phosphoglycan repeats was used for immunoblots [30]. Monoclonal antibody
to chicken a-tubulin was purchased from CalbioChem (San Diego, CA). Peroxidase-
conjugated anti-sheep and anti-mouse sera were purchased from Kierkegaard & Perry
Laboratories (Gaithersburg, MA) and Bio-Rad Laboratories (Richmond, CA), respectively.

2.3. One- and two-dimensional electrophoresis and immunoblots

Lysates of promastigotes or amastigotes were separated on 7.5% polyacrylamide gels,
transferred to nitrocellulose membranes (Schleicher & Schuell Bioscience, Keene, NH),
blocked in 5% dry milk, 0.1%Tween 20 in phosphate buffered saline (PBS) and incubated with
antibodies [10]. Primary and secondary antibodies were diluted 1:10,000 unless otherwise
specified. Blots were developed by enhanced chemiluminescence (ECL, Amersham Pharmacia
Biotech, Arlington Heights, IL).

Parasite proteins were prepared in isoelectric focusing (IEF) lysis buffer (9M urea, 2% Triton
X-100, 1% DTT, 0.8% carrier ampholytes) for two-dimensional electrophoresis. Proteins were
separated according to their isoelectric points (pl) on Immobiline™ DryStrip pH 4-7 hydrated
in 8 M urea, 0.5%Triton X-100, 0.2% DTT, and 0.2% carrier ampholytes (Amersham
Biosciences, Piscataway, NJ). Gel strips were overlaid on 7.5% SDS polyacrylamide gels and
proteins were separated by mass in the second dimension. Protein concentrations were
determined by BCA assay (PIERCE, Rockford, IL).

Two-dimensional gels were either silver stained using SilverQuest™ Staining Kit (Invitrogen,
Carlsbad, CA) or used for immunoblots as described for one-dimensional blotting.
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2.4. Northern blot

Total RNA was extracted from promastigotes or amastigotes by the method of Chomczynski
[31]. Four pg of RNA were separated in 1.2% formaldehyde-containing agarose gels and
transferred by capillary action to nylon filters (Roche, Germany). The blots were probed with
[32P]-DNA corresponding to the amastigote specific gene A2, the unique 3’ untranslated
regions (UTRs) of the MSPL, MSPS and MSPC genes [4,6], or the coding region of a-tubulin,
amplified by the polymerase chain reaction from L. chagasi genomic DNA. The blots were
washed at high stringency (0.1X SSC, 0.1% SDS, 65°C) and exposed to X-ray film.

2.5. Triton X-114 partial purification of MSP

MSP and other membrane proteins were extracted from 1 x 10° LcJ or wild type L. chagasi
promastigotes, or from LcJ amastigotes with 1% TX-114 at 4°C. Due to the low cloud point
of TX-114 (20°C) amphipathic (detergent phase) molecules were separated from hydrophilic
(aqueous phase) molecules by heating to 37°C and microcentrifugation through a 6% sucrose
cushion at room temperature [8,32]. Partitions were repeated twice to purify proteins.

2.6. Glycosidase treatment

3 x 107 stationary promastigotes and fully converted amastigotes (day 10-12 after stage
conversion) were lysed in denaturing buffer (2.5% SDS, 5% B-mercaptoethanol, 100°C, 10
min). Samples were added to adjust to 0.05 M sodium phosphate, pH 7.5, 1% NP40, and then
treated with 500 Units Peptide N-Glycosidase F (PNGase F, New England Biolabs Inc.,
Beverley, MA) for 3 hours at 37°C. PNGase F specifically removes N-linked glycoproteins.
Cleavage was documented by increased migration through polyacrylamide gels using
immunoblots.

2.7. Electron microscopy

Stationary phase LcJ promastigotes, LcJ amastigotes, or S. typhimurium were fixed with 4%
paraformaldehyde and 0.1% glutaraldehyde in PBS overnight at 4°C, dehydrated in a series of
ethanol buffers, and embedded in LR White resin (Structure Probe, Inc./SPI Supplies, West
Chester, PA). Ultrathin sections on nickel grids were incubated with affinity purified sheep
anti-MSP sera (1:400 dilution) followed by rabbit anti-sheep antibodies conjugated to ultra
small gold particles (<0.8nm; 1:50 dilution, Electron Microscopy Sciences, Hatfield, PA)
enhanced with silver. Samples were post-fixed with 2.5% glutaraldehyde, counterstained with
uranyl acetate and lead citrate, and examined by JEOL 123 and Hitachi H-7000 transmission
electron microscopes. Procedures were preformed in the Central Microscopy Facility,
University of lowa.

2.8. Subcellular fractionation

LcJ amastigotes and stationary phase growth phase promastigotes were washed twice and
resuspended at 2 x 108/ml in hypotonic buffer (ImM potassium acetate, 1.5 mM magnesium
acetate, 1 mM CaCl,, 10 mM Tris, 2 mM EDTA, pH 7.2) containing DNase I, RNase A and
protease inhibitor cocktail set IV (Calbiochem, San Diego, CA). After incubation on ice for
25 min, the lysate was subjected to six freeze-thaw cycles and centrifugation at 5000 g for 15
min to remove non-lysed parasites. The supernatant fraction containing the parasite lysate was
subjected to centrifugation at 100,000 g for 1 hr using a Beckman TLS55 rotor. The resultant
supernatant containing cytosolic components (S1) was removed and the resultant pellet (P1)
containing microsomes (membranes and organelles) was subjected to one of the following
treatments. In the first treatment, pellet P1 was resuspended in SDS loading buffer. In the
second, P1 was washed with 100 mM sodium carbonate (pH11.5). In the third, P1 was washed
with 1 M potassium chloride. Washed samples were incubated on ice for 30 min followed by
100,000 g centrifugation as above.
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2.9. Protease activity gel

3. Results

Amastigotes or promastigotes were collected and lysed in non-reducing SDS-PAGE loading
buffer without B-mercaptoethanol or heating. Samples were separated in a 7.5% gel containing
0.2% gelatin. 2 x 107 cell equivalents of stationary phase promastigotes or 5 x 107 cell
equivalents of amastigotes were loaded on the gel, respectively. After electrophoresis, gels
were equilibrated in three changes (30 min each) in either TBS buffer (10 mM Tris and 150
mM NaCl, pH 7.9) or Britton-Robinson type universal buffer (31 mM citric acid, 29 mM each
of KH,POy, boric acid and Tris/HCI, pH 5.5) [33]. 2.5% Triton X-100 was added in the first
incubation to remove SDS. Gels were subsequently incubated in the same fresh buffer at 37°
C for 24 hours in the presence or absence of 10mM 1,10-phenanthroline to inhibit
metalloprotease activity. The gels were stained with Coomassie Blue. Gelatinolytic activity of
proteases appeared as clear areas in the blue background. Clear bands were cut out of some
gels, boiled in SDS reducing buffer, and analyzed by western blotting with polyclonal anti-
MSP.

3.1. Axenic amastigotes

Upon incubation in amastigote medium (pH 5.5) at 37°C, the elongated flagellated stationary
phase LcJ line L. chagasi promastigotes transformed within 24 to 48 hours to aflagellate
amastigotes, which were able to replicate continuously in culture. The similarity of axenic LcJ
amastigotes to true amastigotes was documented by probing northern blots of total RNAs from
wild type promastigotes, LcJ promastigotes or LcJ amastigotes with [32P]-DNA sequences of
the A2 gene, which is expressed only in amastigotes [34], or the ARL3A gene, which is
expressed predominately in promastigotes [35] [Figure 1A]. These blots showed high
expression of A2 RNA in amastigotes but not promastigotes, and more abundant expression
of ARL3A in both wild type and LcJ promastigotes than in LcJ amastigotes. As additional
validation, we performed immunoblots with CA7AE antibody to phosphoglycan repeats, and
showed that wild type L. chagasi and LcJ promastigotes contain lipophosphoglycan (LPG) and
high Mr proteophosphoglycans (PPGs), whereas LcJ amastigotes contain PPGs but not LPG
(data not shown).

3.2. MSP expression in life stages of L. chagasi

Another validation that axenic amastigotes are a reasonable model of true amastigotes was
derived from their expression of MSP gene classes on northern blots (Figure 1B). Transcripts
of the three MSP gene classes are differentially expressed during development of L. chagasi
promastigotes in vitro from less virulent logarithmic to more virulent stationary phase
promastigotes [6]. Amastigotes were found to express MSPL and MSPC transcripts but lack
detectable MSPS RNA (Figure 1B). Furthermore, amastigotes contained only the 3.1 kb form
of MSPC, in contrast to promastigotes which contain both 2.6 and 3.1.kb forms of MSPC RNA
[6]. These data are consistent with our previous observations using cell-line grown amastigotes
[36]. These earlier studies indicated that the two sizes of MSPC RNA result from the use of
different poly(A) addition sites [36], and suggest there may be differences between amastigote
and promastigote post-transcriptional modifications. The ethidium bromide stain and a reprobe
of the northern blot with the a-tubulin coding region demonstrated comparable loading of
promastigote and amastigote lanes. Thus, MSP gene expression by axenic LcJ amastigotes is
similar to that of true amastigotes. We also attempted northern blots of hamster tissue-derived
amastigote RNA. Similar to our prior experience, we found that transcripts from tissue derived
amastigotes degraded rapidly and could not be assessed reliably by northern blots.

The abundance of MSP proteins increases 14-fold as virulent L. chagasi promastigotes grow
from logarithmic to stationary phase in liquid culture. There is not a corresponding change in
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the steady state abundance of total MSP RNA [15]. Promastigotes also express several MSP
protein isoforms, and in particular a 59-kDa MSP isoform correlates with parasite virulence
[26]. To discern the MSP isoforms expressed by amastigotes, we performed immunaoblots on
one-dimensional gels using lysates of LcJ promastigotes or LcJ amastigotes (Figure 1C). MSP
abundance increased in LcJ promastigotes as they progressed from logarithmic (days 2-3) to
stationary (days 6-7) phase growth in liquid culture similar to wild type L. chagasi
promastigotes [10]. During the conversion from LcJ promastigotes to axenic amastigotes, an
additional higher Mr MSP isoform was detected, and the relative abundance of the major MSP
isoforms in amastigotes decreased, which was consistent with previous finding that amastigotes
express lower levels of total MSP than promastigotes. The total abundance of MSP relative to
a-tubulin was lower in amastigotes compared to stationary phase promastigotes (Figure 1C).
The apparent decreased migration of MSP in the outer lanes of the promastigote and amastigote
lanes are most likely due to an artifact of the gel running, since tubulin lanes followed the same
pattern.

3.3. Protein profiles of promastigotes and amastigotes on two-dimensional gels

The difference between MSP proteins expressed by promastigotes versus amastigotes was
further characterized on two-dimensional immunoblots (Figure 2). Parasite lysates from
stationary promastigotes (20 pg) and axenic amastigotes (100 pg) were separated on the basis
of pl and mass. Amastigote lysates contained a different pattern of total proteins detected by
silver staining, including more prominent low Mr molecules than promastigotes (Figure 2A).
MSP isoforms were identified on two-dimensional immunoblots by incubating with sheep
polyclonal antiserum against L. chagasi promastigote MSP (Figure 2B). Strikingly, the
predominant MSP isoforms migrated at a more acidic pl than the promastigote MSPs. This is
consistent with the acidic environment of macrophage phagolysosomes in which amastigotes
reside [18]. The blots were re-probed with mouse monoclonal antibody against a-tubulin,
which resulted in a single spot that migrated at the same location in the blots of promastigote
and amastigote lysates. The tubulin blots were overlaid on the MSP blots, and the single a-
tubulin spot is labeled with a “T” in Figure 2B.

3.4. Promastigote and amastigote MSP undergo different post-translational modifications

The differences in migration of the MSP isoforms on two-dimensional gels led us to ask
whether these differences are due to differential MSP glycosylation or membrane anchor
addition in the two parasite stages. Mature promastigote MSP proteins undergo
posttranslational modifications including removal of the pro-peptide and the signal peptide,
N-glycosylation, and GPI anchor addition [10,37-39]. To determine whether amastigote MSPs
are also N-glycosylated, total promastigote or amastigote lysates were treated with PNGase F,
which specifically cleaves glycans from N-linked glycoproteins (Figure 3A). Consistent with
the literature and our prior observations, most or all promastigote MSP isoforms were
susceptible to PNGase F, documented by an increase in migration on SDS-PAGE after removal
of N-linked oligosaccharides. In contrast, the major amastigote MSP isoform(s) was not
affected by PNGase F treatment, although a minor isoform did increase in migration. These
data suggest that, first, PNGase F is active in parasite lysates, and second, the majority of
amastigote MSP is not N-glycosylated.

In addition to N-glycosylation, promastigote MSP is modified by addition of a GPI anchor to
its C-terminal end, generating an amphipathic molecule that is soluble in detergents such as
TX-114. We separated promastigote and amastigote membrane proteins with TX-114.
Consistent with prior observations, promastigote MSP proteins were enriched in the detergent
phase and only partially represented in the aqueous phase after detergent separation (Figure
3B). In contrast, amastigote MSP proteins were found exclusively in the aqueous phase and
were undetectable in the detergent phase. The same phenomenon was observed when we used
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hamster-derived amastigotes, even though the signal was less due to the fewer parasites that
could be obtained (Figure 3C). These data indicate that L. chagasi amastigote MSP proteins
are hydrophilic in nature, suggesting they lack a typical promastigote-like GPI membrane
anchor.

Amastigote proteins were solubilized in triton X-100 for the 2D-immunoblot (Figure 2), or in
TX-114 prior to the deglycosylation experiment (Figure 3A-B). The higher Mr amastigote
MSP seen in Figure 1C seems not to be detergent soluble (Figure 2 and Figure 3). Careful
determination of molecular size showed that the predominant amastigote MSP in Figure 3A-
B migrates at a similar level as the lower glycosylated promastigote MSP, as well as the higher
Mr deglycosylated promastigote MSP. The same is true in Figure 2B; i.e., the non-glycosylated
amastigote MSP migrates at a similar level as the lower Mr glycosylated promastigote MSP.
We previously published that promastigote MSPS1 migrates at a higher Mr than MSPS2, and
this difference cannot be explained by their primary sequences [26]. Although it would be
possible that the major amastigote MSP in Figure 3 corresponds to a deglycosylated version
of MSPS1, Figure 1B suggests MSPS gene products are not expressed in amastigotes and the
data in Figure 2A suggest there could be other undetected modifications.

3.5. Subcellular fractionation of amastigotes: MSP localization

Based upon the above TX-114 results, we questioned whether amastigote MSP associates at
all with parasite membranes, and if so, what is the nature of this association. Amastigotes were
fractionated into cytoplasmic and membrane-containing fractions and MSP was detected on
immunoblots (Figure 4). Cytosol and microsomal (membrane) fractions were normalized to
contain proteins from the same number of starting parasites. As expected, the majority of
promastigote MSP associated with the membrane/microsomal (P1) and not the cytoplasmic
(S1) fraction. Consistent with the experiment in Figure 3, amastigote MSP localized primarily
in the cytosolic fraction (S1) with some MSP of a higher Mr form than promastigote MSP,
which suggested that this higher Mr amastigote MSP isoform is soluble or intracellular. A
minor MSP band was associated with amastigote microsomes. This form was further
characterized by alkaline and high-salt treatment. The alkaline (pH 11.5) carbonate wash
procedure converts closed vesicles within microsomes into open sheets of membranes without
changing the polypeptide composition of the membrane. As such, the procedure should release
both peripheral membrane proteins and microsome luminal proteins [40]. In contrast, KCl only
consistently releases peripheral membrane proteins [41] .

Carbonate treatment of the amastigote microsomal fraction released all microsomal MSP into
the supernatant. The endoplasmic reticulum protein BiP was also released, providing a positive
control for release of intra-organelle proteins. To differentiate between organelle lumenal and
peripheral membrane proteins, we performed a KCI wash to release peripheral membrane
proteins. The majority of MSP remained membrane-associated after KCI treatment, suggesting
MSP is not a peripheral membrane protein. The partial release of BiP parallels MSP and
indicates the KCI did release some intra-organelle proteins, but the majority of BiP remained
associated with the pellet (microsome). These data indicate that the majority of amastigote
MSPs are soluble/cytosolic proteins, whereas a small portion of the amastigote MSP remains
in the association with membranes and may be in the lumen of intracellular organelles that are
broken open with sodium carbonate, pH 11.5.

3.6. Subcellular localization of promastigote and amastigote MSP

We previously reported that two-thirds of the promastigote MSP proteins are located on the
surface membrane and one-third remains intracellular [9]. The above results indicated that most
amastigote MSP isoforms localize intracellularly either free or in organelles. We employed
immunogold electron microscopy to determine the location of MSPs in the promastigotes and
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amastigotes. Panels 5A and 5K are controls showing amastigotes or promastigotes,
respectively, incubated with secondary antibody alone. In contrast, affinity purified sheep anti-
MSP antiserum followed by secondary antibody labeled with gold particles were visualized
on the surface of the LcJ promastigotes (Figure 5, L-Q), consistent with previous results with
wild type L. chagasi promastigotes [9]. In contrast, much of the MSP antibody specifically
labeled the flagellar pocket of amastigotes (Figure 5, B-J). This often generated a “horseshoe”-
like MSP labeling pattern in the flagellar pocket of many cell sections that was not observed
in promastigote cells. A lesser amount of MSP was also observed at the amastigote surface,
suggesting MSP isoforms localize in both regions in axenic amastigotes. In contrast,
Salmonella typhimurium was not recognized by anti-MSP antiserum (Figure 5R), indicating
the specificity of the antibodies.

3.7. Extracellular release of MSP from promastigotes but not amastigotes

The above immunostaining results indicate that amastigote MSP proteins localize in the
flagellar pocket, which is the major site of exocytosis/endocytosis in the Leishmania spp.
[42,43]. We and others have previously reported that MSP proteins are released into the
extracellular medium of promastigotes [10,44,45], and hypothesize that extracellular MSP
protease may interact with the promastigote extracellular environment. LcJ promastigotes or
amastigotes were suspended in serum-free, BSA-free media for 24 or 48 h. The supernatants
and cell pellets were collected, concentrated, and analyzed on immunaoblots (Figure 6).
Consistent with our prior observations, MSP was released into the extracellular medium of
promastigotes [10]. In contrast, no release of MSP into the amastigote media was detected.
The same membrane and cell pellet samples were re-probed for the presence of a-tubulin
(Figure 6) and p36 (not shown). Both proteins were found in the cell pellet but not the
extracellular medium, suggesting that proteins from lysed parasites did not contaminate the
medium.

3.8. Metalloprotease activity in amastigotes

Activity of the abundant promastigote MSP metalloprotease can be detected by its gelatinolytic
activity on gelatin-containing gels [8,46]. Promastigotes are found in neutral to mild alkaline
pH environments, whereas intracellular amastigotes reside in an acidified intracellular
compartment [23]. Previous studies reported that the pH optimum of promastigote MSP ranges
from 6 to 8 [46,47], with a slightly lower pH optimum for MSP in amastigotes [48]. To test
for metalloprotease activity, we analyzed the extracts of LcJ promastigotes and axenic
amastigotes on 0.2% gelatin-containing gels at pH 7.9 and pH 5.5, incubated without or with
the metalloprotease inhibitor 1,10-phenanthroline (Figure 7). Protease activity was detected in
both promastigotes and amastigotes, and inhibited by 1,10-phenanthroline demonstrating the
activity was due to a metalloprotease(s). Metalloprotease activity in amastigote and
promastigote extracts exhibited similar activities at pH 7.9 and 5.5, verifying a widely variable
pH optimum. Two major metalloprotease activity bands were apparent in the promastigote
extract, the lower of which was also weakly visible in the amastigote extract. In addition, the
amastigote extract contained a band with prominent protease activity migrating more slowly
in the gel, and a weakly active band migrating faster than other proteases. Bands containing
protease activity are labeled #1 through #5 in Figure 7.

To determine whether these promastigote and amastigote metalloproteases were truly MSPs,
we cut out all predominant metalloprotease bands from a non-reducing gel and analyzed them
on immunoblots probed with anti-MSP serum. All metalloprotease bands were recognized by
anti-MSP antiserum. Although promastigote and the corresponding faster migrating
amastigote band migrated at 60—-63 kDa similar to most MSPs, surprisingly the slowly
migrating amastigote metalloprotease band (band #3) corresponded to higher molecular weight
MSP. The presence of B-mercaptoethanol had no effect on the migration. It is possible this
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band corresponds to MSPC, which is predicted to be of higher molecular size than other MSPs.
When we used an antibody designed to recognize a peptide in MSPL and MSPS to probe the
same blot, the high Mr MSP band was absent (data not shown), which again is consistent with
the hypothesis that the predominant metalloprotease in amastigotes is MSPC.

3.9. Liquid chromatography-tandem mass spectrometric (LC-MS/MS) analysis of amastigote

MSPs

L. chagasi promastigote MSP isoforms were previously identified using protein purified by
separation into a TX-114 enriched fraction and adherence to concanavalin A-sepharose [10].
Isoforms were identified by matrix-assisted laser desorption ionization-time of flight (MALDI-
TOF) mass spectrometry. Because amastigote MSP lacks glycosylation and a GPI membrane
anchor, protein purification schemes using ConA beads or TX-100 extraction were not
applicable. We therefore adopted a different approach for purification. Amastigote and
promastigote MSPs were immunoprecipitated with polyclonal anti-MSP serum and separated
by SDS-polyacrylamide gel electrophoresis. The gel was silver stained, and bands were
subjected to LC-MS/MS. The latter method combines the physical separation of liquid
chromatography with mass analysis. Among all the samples sent for sequencing, one band
from the promastigote samples and one from the amastigote samples were shown to contain
MSP peptides. Other bands contained immunoglobulins and albumin from the
immunoprecipitated preparation. MSPs in the specimens corresponded to 2-3 MSP gene
products (shown in Table 1). Immunoprecipitated promastigote samples contained MSPS1,
MSPC, and potentially MSPS4. Immunoprecipitated amastigote MSP contained peptides
matched with MSPC. A polypeptide corresponding to MSPS4 was also recognized. Because
MSPL1 and MSPS4 differ by only 2 amino acid residues, since we did not detect MSPS
transcripts in amastigote RNA (Fig. 1B), and since we have not sequenced all MSPL gene
products [6], it seems likely that the latter could correspond to an MSPL gene product which
contains peptides corresponding to those that distinguish MSPS4. Unfortunately since a peptide
corresponding to the C-terminus of MSPC was not identified on LC-MS/MS, we could not
discern whether the C-terminal residues of MSPC were present or replaced with a GPI anchor.

4. Discussion

Many biochemical studies of the Leishmania spp. have focused on the extracellular
promastigote (insect) stage, instead of the intracellular amastigote (host) stage, since
promastigotes are easier to culture in vitro. To circumvent this problem, a cell-free system for
amastigote propagation using L. pifanoi was first reported by Pan et al in 1984 [49]. Although
it has been debated how close these are to true amastigotes, axenic amastigotes have proven
useful for biochemical and molecular characterization of amastigote - host interactions. During
the current study, we generated a line of L. chagasi parasites called LcJ which can convert
between the two stages and replicate in vitro as axenic amastigotes. Axenic LcJ amastigotes
were similar morphologically to wild type amastigotes by light microscopy, and similar
biochemically in their expression of RNA encoding the amastigote-specific A2 protein, their
reduced amount of the promastigote-specific transcript ARL3A RNA, and their lack of LPG
[50]. LcJ amastigotes also expressed MSPC and MSPL but not MSPS transcripts, similar to
our prior study of macrophage cell line-derived L. chagasi amastigotes [36]. Thus, we used
this L. chagasi cell line to contrast the biochemical and biological characteristics of MSP in
L. chagasi amastigotes versus promastigotes.

Several differences between amastigote and promastigote MSPs were found. The relative

abundance of MSP isoforms differed on one- and two-dimensional immunoblots. In contrast
to promastigote MSPs, amastigote MSP isoforms displayed a relatively acidic pl. Amastigote
MSPs were non-glycosylated and lacked an amphipathic membrane anchor suggesting at least
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most isoforms are not linked to the parasite membrane via a GPI anchor. Most amastigote
MSPs were found in a soluble non-microsomal fraction within the cells (Figure 4). The
remaining amastigote MSP that was microsome-associated was contained as a soluble form
within vesicles or organelles. Immuno-electron microscopy showed that amastigote MSPs are
located primarily in the flagellar pocket, presumably explaining their soluble characteristics.
In contrast, promastigote MSPs were predominantly surface-bound.

Amastigotes express MSPC and MSPL but not MSPS RNA according to northern blots [[36]
and Figure 1]. Protease gels indicated amastigotes contain a metalloprotease that co-migrates
with promastigote MSP, as well as a novel slowly migrating protease not present in
promastigotes. The identity of both bands as MSP was confirmed by immunoblots of extracted
protease bands. Furthermore, the larger Mr amastigote protease activity corresponded to an
MSP protein of larger Mr than promastigote MSPs. LC-MS/MS data documented that
amastigotes contain both MSPC and a protein that could be MSPS4, but seems more like to
be an uncharacterized MSPL.

On the basis of its amino acid sequence, MSPC is predicted to migrate at a larger Mr (59,177
compared to 51,689 and 51,674 Da) and at a lower pl (5.32 versus 5.65 and 5.65) than MSPS
and MSPL, respectively [10]. As such, at least one of the low pl MSPs on the amastigote 2D
immunoblots could correspond to MSPC (Figure 2), as well as the high Mr MSP on
immunoblots of total amastigote protein (Figure 1C), and the large proteolytically active MSP
protein (Figure 7). The MSPC sequence predicts a 40-residue C-terminal extension encoding
a short hydrophobic region that could be a transmembrane domain. We previously predicted
the protein would be amphipathic, but the current data suggest the protein is soluble and not
membrane-bound. Also surprising was the lack of N-glycosylation in amastigote MSP, since
MSPC predicts four additional N-glycosylation sites compared to MSPL and MSPS. These data
are consistent with the presence of a proteolytically active MSPC protein in amastigotes that
could correspond to the soluble MSP protein in fractionated cells. Definitive proof of this
hypothesis awaits the development of specific antisera that distinguishes MSPC from other
MSP proteins.

In the Leishmania species studied, MSP is the most abundant promastigote surface protein
[51]. All MSPs share high sequence identity, but there are species-specific differences in gene
organization and number. L. major, a causative agent of cutaneous leishmaniasis in the Old
World, has the simplest arrangement with seven MSP genes, termed gene 1 through gene 7.
Genes 1 to 5 are expressed exclusively in the promastigote stage, whereas gene 6, which is
most similar to L. chagasi MSPC, is expressed in both promastigotes and amastigotes and gene
7 is predominantly expressed in amastigotes and stationary phase promastigotes [52] . In L.
mexicana, a cause of New World cutaneous leishmaniasis, there are ten MSP genes that fall
into three classes called C1 (an MSPC homolog), C2 and C3. Promastigotes express transcripts
from all the MSP classes, whereas C3 appears to be the only transcript expressed in amastigotes
[53] . Other characterized MSP gene families include seven genes of L. donovani and more
than 22 genes in L. guyanensis [1]. Although amastigotes often contain MSP isoforms that are
different from promastigotes, there is not an exact correlation between MSP gene classes
expressed in the amastigote versus promastigote stages of the different Leishmania species
[42,51-54].

Developmental changes in promastigote MSP isoforms have been documented during growth
from logarithmic to stationary phase, a growth process that shares some similarities to the
development of virulent metacyclic promastigotes in the sand fly gut [15,55]. Furthermore, a
form of L. mexicana MSP appeared to localize in the flagellar pocket although it is not clear
which gene product this corresponds to [42]. There is evidence suggesting that MSP enhances
parasite survival in macrophage phagosomes [1,11,18], and that intracellular MSP acts to
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cleave at least one macrophage cytoplasmic molecule [19]. As a result of our current studies
of L. chagasi, we hypothesize that the soluble proteolytically active MSP localized in the
flagellar pocket of amastigotes may play an important role in the intracellular stage of L.
chagasi and could correspond to the MSPC gene product. Due to the abovementioned
differences between species, we cannot predict whether there will be similar observations in
other Leishmania species.

The extracellular release of MSP may be critical for promastigote pathogenicity, through such
processes as cleavage of complement, extracellular matrix and antimicrobial peptides [16,56,
57]. The absence of apparent MSP release by amastigotes was striking, and could signify an
important difference in the function of this prominent protease between these parasite forms.
We cannot be certain, however, whether MSP shedding occurs in vivo. As an example, secreted
acid phosphatase (sAP) from Leishmania spp. promastigotes is located in the flagellar pocket
[58,59]. sAP is observed in the parasitophorous vacuole even though sAP enzymatic activity
is not released in supernatants of axenically cultured parasites. It has been speculated that this
enzyme may be secreted intracellularly and degrade lysosomal enzymes within macrophages
[59]. We did not observe MSP proteins released into extracellular amastigote medium over a
48-hour period, but similar to sAP it is possible that such release occurs in vivo and requires
additional signals such as low pH, oxidant species, or lysosomal enzymes that might be present
in the macrophage.

The flagellar pocket corresponds to the major site of endocytosis and exocytosis in
Leishmania spp. and other trypanosomatids. The Trypanosoma brucei flagellar pocket is
responsible for distribution and internalization of the Variant Surface Glycoprotein [60].
Although most amastigote MSP was found in the flagellar pocket, some appeared to be
distributed around the parasite surface (see Figure 5). Whether these MSP proteins are recycled
back into amastigotes, and whether flagellar MSP serves to enzymatically cleave other host or
parasite molecules, will need further investigation. Several groups have suggested that MSP
may protect intracellular Leishmania spp. parasites from lysosomal hydrolases and/or provide
nutrition for amastigotes in the host cell [18,42]. The current study focused on the
posttranslational modifications and localization of amastigote MSP proteins. Further studies
will focus on the role of amastigote MSP isoforms in nutrient acquisition and in defense against
intracellular host microbicidal functions.

Abbreviations

GPI, glycosylphosphatidylinositol; MSP, major surface protease; PAGE, polyacrylamide gel
electrophoresis; TX114, triton X-114.
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Fig. 1.

Differential expression of RNAs by promastigotes and axenic amastigotes, and of MSP protein
during successive days of cultivation in vitro. A and B. Northern blots. A. Total RNA was
extracted from wild type L. chagasi promastigotes (WT), LcJ promastigotes (PM), or LcJ
axenic amastigotes (AM). RNA was separated on 1.2% agarose gels and hybridized with
[32P]-DNA probes corresponding to the indicated genes. B. Total RNAs from LcJ
promastigotes (PM) or axenic LcJ amastigotes (AM) were probed in northern blots with a
[32P]-DNAs containing the unique 3’ UTR sequences of the MSPL, MSPC and MSPS genes.
Blots were reprobed with the coding sequence for a-tubulin. The last panel shows a
representative ethidium-bromide (EtBr) stain documenting equal loading of lanes. Numbers
on the left of the panels indicate the sizes in kb of marker RNAs. C. Western blots. Total lysates
of LcJ promastigotes were harvested on days 2—7 of growth. Promastigotes were suspended in
differentiation medium to promote conversion to axenic amastigotes, and amastigote protein
lysates were harvested after 2, 4, or 6 days. Lysates of 5 x 106 promastigotes or 1 x 107
amastigotes were separated on 7.5% gels and MSP was identified on an immunoblot probed
with sheep polyclonal antiserum against MSP proteins. Blots were stripped and incubated with
antibody to a-tubulin as a loading control.
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Fig. 2.

Total and MSP protein profiles of promastigotes or axenic amastigotes. A. Total lysates of
stationary-phase LcJ promastigotes (PM, 20 pg) or axenic amastigotes harvested 2 weeks after
stage conversion (AM, 100 ug), were separated in two dimensional electrophoresis and proteins
were detected by silver staining. B. The proteins shown in panel A were transferred to
nitrocellulose and probed in a western blot with sheep anti-MSP polyclonal antiserum. Shown
are representative gels and immunoblots of two independent replicates conducted with different
parasite protein preparations. “T” denotes the a-tubulin spot discerned on a reprobe of the first
MSP blot, overlaid onto the MSP blot. The pls and molecular mass of proteins separated on
the first and second dimension are indicated at the top and the left of the gels, respectively.
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Fig. 3.

Post-translational modifications of LcJ promastigote or axenic amastigote MSP proteins. A.
Total lysates of stationary phase promastigotes (PM) or amastigotes (AM) were untreated (-)
or treated (+) with PNGase F for one hour to remove N-linked oligosaccharides, separated by
SDS-PAGE, and probed on an immunoblot with sheep anti-MSP polyclonal antiserum.
Increased migration indicates PNGase susceptibility. B. PM or AM cells were subjected to
TX-114 fractionation and detergent insoluble material was removed by centrifugation. Proteins
were separated into a detergent (D) phase enriched in amphipathic membrane molecules, or
an aqueous (Aq) phase containing hydrophilic molecules. Immunoblots were incubated with
polyclonal anti-MSP serum to detect MSP. C. Hamster derived amastigotes were harvested
and were subjected to TX114 fractionation. Proteins were partitioned by two sequential
detergent extractions into amphipathic detergent (D) or aqueous (A) phases. Proteins in each
double separated phase were separated by SDS-PAGE and analyzed by western blots with anti-
MSP antiserum. as indicated.
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Subcellular fractionation of amastigote MSP. LcJ promastigotes (PM) or amastigotes (AM)
were lysed as described in the text and separated into cytoplasmic (S1) or membrane-containing
(P1) fractions. Amastigote microsomal fractions (P1) were further treated with sodium
carbonate to break open organelles, or KCI to remove peripheral proteins. Carbonate or KCl
insoluble materials (P2) were separated from soluble proteins (S2) by centrifugation. Proteins
migrating in the various fractions were identified by immunoblot with polyclonal antisera to
MSP and to BiP, or monoclonal antibody to a-tubulin (a-Tub). Cell equivalents are: 1.5 x
107 (1X) for the promastigote P1 and S1 lanes; 3 x 107 (2X) for the amastigote P1 and S1 lanes
and 7.5 x 107 (5X) for the rest of the lanes.
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Localization of MSP in stationary phase LcJ promastigotes or axenic amastigotes using
immunogold staining and electron microscopy. LcJ amastigotes (panels A-J) or promastigotes
(panels K-Q), or Salmonella typhimurium (panel R) were fixed and embedded in LR White
resins. Thin sections were incubated with buffer alone (A, K) or with affinity-purified anti-
MSP antiserum (panels B-J, L-Q, R) followed by secondary antibody conjugated to ultra-
small gold particles (< 0.8 nm). Scale bars represent 0.5 pum in panels A-Q, or 0.1 pum in panel
R.
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Fig. 6.

MSP proteins are released into the extracellular medium of promastigotes but not amastigotes.
L. chagasi promastigotes (PM) or amastigotes (AM) were suspended in serum-free medium.
Cells (C) and the extracellular medium (M) from the same aliquot of cells were collected after
24 and 48 hours incubation at 26°C (promastigotes) or 37°C (amastigotes). Medium was
concentrated, and all samples were analyzed on immunoblots probed with sheep anti-MSP
polyclonal antiserum. The same blots were re-probed with monoclonal mouse antibody against
a-tubulin (o-Tub).
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Fig. 7.

Protease activity gels. [Top panel] Total LcJ promastigote (PM) or amastigote (AM) lysates
were separated on 7.5% gels containing 0.2% gelatin. Replicate gel slices were incubated
overnight in buffers at the indicated pH with or without 10 mM 1,10-phenanthroline, a
metalloproteinase inhibitor. Bands corresponding to proteases were detected as clear areas in
the background of gelatin staining. [Bottom panel] The major metalloprotease bands (#1 —#5)
from each of the parasite forms were cut out of protease gels and analyzed on immunoblots.
These were probed with sheep anti-MSP polyclonal antiserum to prove their identity.
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