Characterization of an extracellular serine protease of
Leishmania (Leishmania) amazonensis
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SUMMARY

A serine protease was purified 942-fold from culture supernatant of L. amazonensis promastigotes using (NH,),SO,
precipitation followed by affinity chromatography on aprotinin-agarose and continuous elution electrophoresis by Prep
Cell, yielding a total recovery of 61 %. Thhe molecular mass of the active enzyme estimated by SDS-PAGE under conditions
of reduction was 56 kDa and 115 kDa under conditions of non-reduction, suggesting that the protease is a dimeric protein.
Additionally, it was found to be a non-glycosylated enzyme, with a pI of 5:0. The optimal pH and temperature of the
enzyme were 7-5 and 28 “C respectively, using a-N-p-tosyl-L-arginine-methyl ester (L-TAME) as substrate. Assays of
thermal stability indicated that 61 % of the enzyme activity was preserved after 1 h of pre-treatment at 42 °C. Haemoglobin,
bovine serum albumin (BSA), ovalbumin, fibrinogen, collagen, gelatin and peptide substrates containing arginine in an
ester bond and amide substrates containing hydrophobic residues at the P1 site were hydrolysed by this extracellular
protease. The insulin 3-chain was also hydrolysed by the enzyme and many peptidic bonds were susceptible to the protease
action, and 4 of them (L™-V12 EB_AY 1.15_Y6 and Y¥-L') were identified. Inhibition studies suggested that the enzyme
belongs to the serine protease class inhibited by calcium and manganese and activated by zinc. These findings show that this
enzyme of L. amazonensis is a novel serine protease, which differs from all known flagellate proteases characterized.
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INTRODUCTION during the life-cycle and the infection. In addition to

. . . . lipophosphogl hosphogl i-
Leishmania spp. belonging to the Trypanosomatidae ipophosphoglycan and phosphoglycan, promasti

family, are a group of protozoan pathogens that cause
a spectrum of chronic diseases ranging from self-
healing cutaneous lesions to lethal visceral disorders
(Herwaldt, 1999). They are digenic parasites: the
flagellated forms residing and multiplying within

gotes of various Leishmania species have been shown
to produce and release a variety of proteins during
growth ‘“in witro’, and the best characterized
soluble protein is the histidine acid phosphatase of
Leishmania donovani (Joshi, Mallinson & Dwyer,
2004). More than 40 proteins, with molecular
weights from 15 to > 150 kDa, are released into the
culture medium (Jaffe & Dwyer, 2003), many of
which have been used in diagnostic ELISA for vis-
ceral leishmaniasis (Cibreleus et al. 1999) as well as
being vaccine candidates (Webb et al. 1998).
Extracellular parasite proteases play crucial roles
in parasite life-cycles and in the pathogenesis
(McKerrow et al. 1993). They have been implicated
in a wide variety of adaptation mechanisms for in-
host parasite survival, which include modulation of

the alimentary tract of sandfly vectors, and the obli-
gate intracellular amastigotes living and replicating
in the mammalian mononuclear phagocyte system
cells (Alexander & Russel, 1992). During their in-
host development, Leishmania release antigens into
the environment, especially proteins that have been
considered as virulence factors (Chang et al. 2003).
In order to understand the parasite physiology, the
disease mechanisms and the host—parasite inter-
action, characterization of released leishmanial mol-
ecules has been the focus of extensive investigations.
However, little is known about the identity and
functions of secreted or released parasite antigens

the host immune system, invasion and destruction of
host tissues, enabling parasites to migrate to specific
sites for growth and development and/or acquire
essential nutrients that guarantee survival and pro-
liferation for infection maintenance (Rouggwille et al.
Iﬁ Ctor,resporlcl‘jngt ,Zuthorli)Labft)ratérito dcf Bg?quif}ﬁ?a de  1996; Coombs & Mottram, 1997; Rosenthal, 1999;
pros ¢ Fepides, Deparagts, ¢ DO ¢ puin & Woolses, 2002). These exrcelu
Janeiro, R], Brasil. Tel: +55 21 38658157. Fax: +55 21 proteases have been considered as determinants of
5903495. E-mail: rlopez@ioc.fiocruz.br pathogenicity (Rhoads & Fetterer, 1997). Serine
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proteases are among the most studied enzymes and
have been identified in extracellular products of
helminths, such as Schistosoma mansoni (Salter et al.
2000), Trichinella spirvalis (Todora & Stoyanov, 2000)
and Plagiorchis elegans (Moczon, 1996) and their
functions in parasite—host tissue invasion and dis-
semination were confirmed. The blockage of parasite
invasion and dissemination was observed through
the use of specific protease inhibitors (Lim et al.
1999). Protozoa serine proteases play important
functions in the host—parasite interaction, and the
most well known enzyme is found in Plasmodium.
This malarial enzyme digests proteins of red blood
cell cytoplasmic membranes, thereby affording in-
vasion and infection by the parasite and specific
serine protease inhibitors prevent malaria parasite
invasion (Rouggwille et al. 1996). Thermostable
secreted serine proteases from Toxoplasma gondii
(Conseil, Soéte & Dubremetz, 1999) and Acani-
amoeba heayli (Kong, Kim & Chung, 2000) have
been implicated in parasite invasion and pathogen-
esis of toxoplasmosis and amoebiasis respectively,
because they are adapted to the inflammatory en-
vironment in which they act. Among Trypano-
somatids, an extracellular serine peptidase of
Trypanosoma cruzi was reported (Santana et al.
1997). This enzyme is supposed to be essential for
parasite dissemination throughout host tissues,
because it was highly active against connective tissue
proteins such as human collagen types [ and IV and
consequently was identified as a good target for
Chagas’ disease chemotherapy (Santana et al. 1997).
In a previous study (Silva-Lopez et al. 2004) we
identified an extracellular serine protease from the
culture supernatant of L. amazonensis promastigotes
and its subcellular location was studied. We dem-
onstrated that the enzyme was located in the flagellar
pocket and cytoplasmic vesicles of promastigote
forms, whereas in amastigotes, besides the flagellar
pocket, it was also found in electron-dense structures
resembling megasomes. These results indicated that
the extracellular serine protease was secreted to the
extracellular milieu through the flagellar pocket, and
its intracellular location suggested intracellular traf-
ficking (Silva Lopez et al. 2004). In this study we
report the purification and partial characterization of
this extracellular serine protease of L. amazonensis
promastigotes. The results obtained here will con-
tribute to the elucidation of the function of the
enzyme in the pathogenesis of leishmaniasis.

MATERIALS AND METHODS
Parasites and culture conditions

L. amazonensis promastigotes (I0C 575; IFLA/BR/
67/PHS8) were maintained at 28 °C in brain heart
infusion medium (BHI Difco, Detroit, USA) sup-
plemented with 10% (v/v) heat-inactivated fetal calf
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serum. For large-scale cultivation (2 L) the cultures
were maintained at room temperature (25 °C) in
Roller bottles using a Cel-Gro Rotator (L.ab-Line
Model, Thomas Scientific, New Jersey, USA). The
cells (4th day of cultivation) were harvested by
centrifugation (3000 g for 15 min at 4 °C), and the
culture supernatant was collected for enzyme puri-
fication. Cell growth was estimated by counting the
parasites in a Neubauer chamber, and the cell
viability was assessed by trypan blue dye exclusion
(Barankiewicz, Dosh & Cohen, 1988).

Ammonium sulfate precipitation and enzyme
purification

Solid ammonium sulfate was added to the culture
supernatant to 45% saturation. After gently stirring
at 4 °C overnight, the suspension was centrifuged
(12000 g for 60 min at4 °C). The pellet was collected
and resuspended in 10 mm Tris-HC1 (pH 7-5) at
one-tenth of the original volume and dialysed over-
night against 200 volumes of the same buffer at 4 °C.
After removal of the insoluble material by cen-
trifugation (33000 g for 60 min at 4 °C), the clear
supernatant was filtered through a 0-22 um mem-
brane and was loaded on to an aprotinin-agarose
affinity column (2-5 ml, Sigma Co, St Louis, MO,
USA), previously equilibrated with 10 mm T'ris-
HCI, pH 7-5 containing 5 mm CaCl,. After exhaus-
tive washing (20 bed volumes) the active material was
eluted (at flow rate of 15 ml/h) with the same buffer
containing 1-5 M NaCl, without calcium. Fractions
of 1 ml were collected on ice, and the Absygonm Of
effluents was monitored to detect the protein peak.
The enzymatic activity of the fractions was assayed
with N-p-tosyl-L-arginine methyl ester (L-TAME)
substrate. The active fractions were pooled and
concentrated in Microcon (Amicon) concentrators
(3kDa cut-off membrane) at 4 °C and submitted to a
continuous elution electrophoresis preparation cell
Model 491 (Bio-Rad), as described earlier (Ubeidat
& Rutherford, 2002). The elution chamber contained
800 ml of elution buffer (50 mm Tris—HCI buffer,
pH 7-5). After equilibrating the system to 4 °C the
sample was mixed with SDS-sample buffer (62-5 mm
Tris—HCI, pH 6-8, containing 10% glycerol, 0-05%
bromophenol blue, 5% 2-mercaptoethanol, and 2%
SDS) and was not heated. A 7-5% separating gel and
a 4% stacking gel were prepared, as described pre-
viously (LLaemmli, 1970), and poured in a 28 mm
diameter electrophoresis tube. The sample was ap-
plied onto the top of the stacking gel. Electrophoresis
was performed at 12 W (start: ca. 250 V/50 mA and
end: ca. 340 V/35 mA) until the loading dye reached
the bottom of the separating tube (approximately
4 h) and then continued for 1 h before the elution was
initiated. The proteins were eluted at 1 ml/min; 1 ml
fractions were collected for 5 h. Fractions containing
the enzymatic activity were collected, concentrated
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and dialysed overnight against 100 mm Tris—HCI,
pH 7-5 in order to determine the enzymatic activity,
the protein content and analyse the profile of SDS-
PAGE under non-reducing and reducing conditions.

Polyacrylamide gel electrophoresis and substrate
gel electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed according to
the method of LLaemmli (Laemmli, 1970). The gels
were stained with Coomassie Blue R-250 or silver
stained (Sigma kit). Myosin (200 kDa), S-galactosi-
dase (116 kDa), phosphorylase (97 kDa), bovine
serum albumin (66 kDa), ovalbumin (45 kDa) and
carbonic anhydrase (29 kDa) were used as molecular
mass standards.

Gelatin substrate gel electrophoresis was carried
out under non-reducing conditions as reported pre-
viously (Alves, Marzochi & De Simone, 1993). After
electrophoresis, the gel was washed with 2-5% T'riton
X-100 for 1 h to remove SDS and incubated over-
night at room temperature in 100 mm Tris-HCI
pH 7-5 (Tris-buffer) to allow proteolysis. The next
day, the gels were stained with 0-1% amide black and
destained using methanol/ acetic acid/ distilled water

(3:1:06).

Determination of optimal pH, temperature and
heat stability

The assays for pH dependency were carried out
incubating the enzyme (2 ug) for 30 min at room
temperature with 0-25 mm L-TAME with different
buffers. The buffers used were as follows: 100 mm
sodium citrate (pH 5-:0-6-0) and 'Tris-HCI
(pH 7-:0-9-0). To determine the effect of the tem-
perature on enzyme activity, the reaction mixture
was incubated in 100 mm Tris-HCI, pH 7-5 (T'ris-
buffer) for 30 min at different temperatures ranging
from 25 to 50 °C. Absorbance was monitored at
247 nm and each assay performed in triplicate.
Specific activity was expressed in # moles of formed
product/min/mg of protein. For thermal stability
assays, the enzyme was previously incubated in T'ris-
buffer at 42 °C for up to 1 h. The reaction was trig-
gered by addition of L-TAME (0-25 mm) at 28 °C.
The residual activity was calculated by defining the
protease activity, (at 28 °C) without previous incu-
bation, as 100 %.

Deglycosylation assay

The presence of carbohydrate was investigated using
an enzymatic deglycosylation kit (Bio-Rad, CA,
USA) according to the manufacturer’s instructions.
In this method, glycosidases are employed to
cleave all N and most O-linked oligosacharides from
glycoproteins or glycopeptides. Fetuin was used as
an internal standard control and the reaction
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products (before and after deglycosylation) were

analysed by SDS-PAGE.

Determination of isoelectric point

Isoelectric focusing was conducted on a Phast
System (Bio-Rad, CA, USA) using PhastGel IEF
3-9 according to the manufacturer’s recommenda-
tion. The isoelectric point (pl) was determined
comparing the migration of the isolated protein with
the markers of the calibration kit (pI 3-5-9-3, Bio-
Rad, CA, USA).

Enzyme assays and determination of kinetic
parameters

Enzymatic activity was quantitated by measuring
the hydrolysis of chromogenic substrates, such as
N-Benzoyl-L-arginyl-p-nitroanilide, N-Benzoyl-
valinyl-glycinyl-arginyl-p-nitroanilide, N-Succinyl-
alanyl-alanyl-prolyl-phenylalanyl-p-nitroanilide,
N-Benzoyl-prolyl-phenylalanyl-arginyl-p-nitro-
anilide, N-Benzoyl-L-tyrosyl-p-nitroanilide (BTPNA),
N-Carboxy-benzoyl-phenylalanyl-p-nitro-anilide
(CBPPNA), N-Benzoyl-arginyl-methyl-ester (L-
BAME) and L-TAME (0-25 m™m), all purchased
from Sigma, in Tris-buffer at 28 °C, essentially as
described by Erlanger, Kokowsky & Cohen (1961).
For each assay 100 ¢l of enzyme (0-03 mMm) was added
to 400 ul of substrate solution and, after incubation
(1-10 min), the digestion of substrate was followed
by measuring the absorbance increase at 247 nm for
L-TAME, 253 nm for L-BAME and 410 nm for all
other substrates containing p-nitroanilide, and the
enzymatic activity was expressed as ymol/min and
specific activity as gmol/min/mg protein (Sousa et al.
2002).

The steady-state parameters Km and Kcat were
determined from initial velocity measurements at
substrate between 1:25uM and
2:5 mM. Plots of velocity versus substrate concen-
tration were used to determine Km values through
non-linear regression (Prism, version 3.0 GraphPad
Software, San Diego, CA, USA). In order to calcu-
late Kcat the molecular mass of the enzyme was

concentrations

115 kDa, with 1 catalytic site per enzyme mol-
ecule. Kcat was expressed as the number of formed
products/sec/enzyme molecule (Sousa et al. 2002).

Effect of protease inhibitors

The type of protease was determined using specific
inhibitors for the known protease classes, using
L-TAME as substrate. Different concentrations of
protease inhibitors dissolved in water (aprotinin,
antipain, chymostatin, amastatin, 6-amino-caproic
acid, canafistuline, ay-macroglobulin, soybean trypsin
inhibitor (SBTI) and ethylenediaminetetraacetic
acid (EDTA), dimethyl sulfoxide (leupeptin and
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N-a-Tosyl-L-Lysine chloromethyl ketone (TLCK),
methanol (phenylmethysulfonyl fluoride (PMSF) and
pepstatin) or ethanol N-p-Tosyl-L-Phenylalanine
chloromethyl ketone (TPCK) and 1,10 phenanthro-
line) were incubated with 2 ug of enzyme for 15 min
at room temperature. The reaction commenced upon
addition of the substrate (0-25 mMm L-TAME) in
Tris-buffer at 28 °C for 30 min, and the activity was
measured as described in the previous section.
Appropriate controls were carried out in parallel
using the same enzyme solutions free of inhibitors.
Inhibition was expressed as the percentage of the
appropriate control activity. All inhibitors were
purchased from Sigma Chemical Co, except the 6-
amino-caproic-acid (Dojinco, Japan). Canafistuline
is a Kunitz type inhibitor purified from Peltophorum
dubium seeds (Rodrigues Macedo et al. 2003) and was
kindly provided by Dr M. L.. Rodrigues Macedo
from UFMGS, Mato Grosso do Sul, Brazil.

Effect of ions on protease activity

The protease (2 ug) was incubated for 15 min at
room temperature with 10 mm of ions (calcium, zinc,
manganese and magnesium) before the substrate was
added. The reactions were performed as described in
the previous section. The percentage of inhibition
was calculated considering the protease activity in
the absence of added ions as an initial activity (100 %).
Each assay was performed in triplicate.

Enzyme assays toward protein substrates

Protein substrates 0-1% (w/v) of high grade (haemo-
globin, BSA and ovalbumin, all from Sigma,
Chemical Co) were dissolved in Tris-buffer (400 ul)
and incubated with gentle agitation for 30 min at
room temperature with 100 ul (2 ug) of purified en-
zyme. The reactions were stopped by addition of
500 ul of 10% (v/v) trichloroacetic acid. The tubes
were centrifuged (12 000 g for 10 min at 4 °C) and the
absorbance of the supernatants was measured at
280 nm (Hitachi U-2000 spectrophotometer). One
unit of enzymatic activity was defined as the amount
of enzyme required to cause an increase of 0-1 in the
absorbance under standard conditions.

All proteins of high grade were obtained from
Sigma, except collagen type 11 that was purified from
bovine articular cartilage according Pieper et al.

(2002).

Hydprolysis of oxidized insulin B-chain, purification
and sequencing of peptides

The oxidized insulin 3-chain (40 nmol, HPLC grade
Sigma) was dissolved in 80 ul of Tris-buffer, and
0-5 pmol of the purified enzyme (enzyme/substrate,
1: 80000 w/w) was added to the solution. The mix-
ture was incubated at 37 °C for 16 h. Five microlitres
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[(TFA) Fluka Chemie AG,
Switerzerland] were added and the hydrolysed
material dried under vacuum. The separation and
identification of peptides from insulin digestion were
carried out by reverse phase HPLC using an octa-
desyl column (15 cm x6 mm, I.D., Shimadzu).
Peptides were separated (7—40%) at a flow rate of

of trifluoroacetic

1 ml/min using buffers A (7 % acetonitrile-water) and
B (0-1% TFA in acetonitrile, Merck, Germany).
About 20 nmol of lyophilized peptides were dis-
solved in 50% (v/v) acetonitrile containing 7% (w/v)
sinapinic acid and mixed with a Pt probe. After
removing the solvent in warm air, the Pt probe ad-
sorbed peptides were applied to a vacuum chamber
and analysed. Alternatively, the sequences of the
purified peptides were determined as described
below. The purity and molecular mass of the peptides
were confirmed by matrix-associated laser desorption
ionization (MALDI) mass spectroscopy (Brucker
Reflex, Max-Plank Institute for Molecular Genetics,
Berlin, Germany) under the recommended con-
ditions (Kussman et al. 1997).

Amino acid sequencing

The sequencing of the peptides derived from the
insulin fB-chain digestion and the N-terminal se-
quence were developed using a gas-phase sequencer
(PSQ-1 model, Shimadzu, Kyoto, Japan) under the
described conditions (De Simone et al. 1997).

Extracellular serine protease enzymatic activity and
cell growth

The activity of extracellular serine protease during
the Leishmania growth was determined in culture
The
Leishmania growth was estimated by counting the
number of parasites in a Neubauer chamber during
10 consecutive days. After counting the cells the
culture supernatant was collected by 2 steps of cen-
trifugation: 3000 g for 60 min at 4 °C followed by
12000 g for 60 min at 4 °C. The specific activity
against L--TAME (0-25 mm) was assayed in 100 ul
of clear culture supernatant and expressed as
umol/min/mg protein.

supernatant using L-TAME as substrate.

Protein measurement

Protein content was measured by Lowry’s method
(Lowry et al. 1951) using bovine serum albumin as
standard.

RESULTS

Purification of the protease and molecular mass
estimation

The purification of the serine protease from culture
supernatant of L. amaszonensis promastigotes, using
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Table 1. Purification of Leishmania amazonensis extracellular serine protease

Total Enzyme

protein*® activity Specific activity Purification Yield
Purification steps (mg) (uM/min) (uM/min/mg protein) (-fold) (%)
Supernatant of culture 1900 493 x1073 2:60x10~°¢ - 100
(NH,),S04 375 3-96x103 1:05x 1075 4 80
Affinity chromatography 2-55 313 x103 1:25x1073 480 63
Prep Cell 0-51 3:03x103 2:45x 1073 942 61
* From 8 x 10" cells.
the procedure herein described, is summarized in
Table 1. The overall purification of approximately 5 e, ' ' ! 030
942-fold yielded 61% of serine protease obtained &7 Enzymatic activity = 00
from 2 L of culture supernatant containing 8-0 x 10 2:01 FI - 116 1025 ‘i
parasites. Fig. 1 shows the purification profile of the I| \ —~g7 __0.20 E
enzyme in the aprotinin-affinity column and the 1-5 - [ s Al 2
SDS-PAGE analysis (Fig. 1A and B). Under E II \ -5 >
reducing conditions, SDS-PAGE analysis demon- § 1-04 |I 'I -2 078 2
strated that the step of affinity chromatography < || "-," 1 §
purification did not produce homogeneous material ; l:r \ -010 2
however, the band of 56 kDa represented a significant 051 I.'I ) '\\ 1 %
protein that exhibited the principal gelatinolytic ac- [ [ '\_ -005 2
tivity, as determined through gelatin-SDS-PAGE 00+ ot R
(Silva-Lopez et al. 2004). The SDS-PAGE analyses s i RS e 000

0 5 10 15 20

under non-reducing conditions revealed a different
electrophoretic pattern, indicating that a reducing
agent had an important influence in the structure of
this protein because proteins of higher molecular
masses were predominant (Fig. 1A) and only one
single 115 kDa-protein demonstrated proteolytic
activity (Fig. 1B). In order to isolate the 115 kDa
protease, the pooled material from affinity chromato-
graphy was submitted to a continuous elution poly-
acrylamide gel electrophoresis procedure (Fig. 2),
yielding a homogeneous protein that retained
enzymatic activity after dialysis. The fraction that
contained a 115 kDa protease was collected, con-
centrated and its purity established by SDS-PAGE
after silver staining. A single protein of 115 kDa was
observed by SDS-PAGE under non-reducing con-
ditions (Fig. 2A) and under reducing conditions a
protein of 56 kDa was obtained (Fig. 2B). These
results suggest that the extracellular protease might
exist as a dimer.

Effects of the pH and temperature on the
enzymatic activity

The pH dependence of activity using L-TAME as
substrate is demonstrated in Fig. 3A. This figure
shows that the maximum activity was obtained at
pH 7-5. Furthermore, the enzyme preserved about
55% of activity at pH 5-0 but only 15% of activity
at pH 9-0 (Fig. 3A). The pH optimum profile of
aprotinin-agarose eluted material was similar to that
of purified protease (data not shown). The effect of
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Fractions (ml)

Fig. 1. Affinity chromatography purification profile and
Leishmania amazonensis extracellular serine protease
SDS-PAGE analysis. The supernatant obtained from
supernatant culture (NHy),SO, precipitation was dialysed
and applied to an aprotinin-agarose column (2-5 ml)
previously equilibrated with 10 mm T'ris-HCI buffer,

pH 75, containing 5 mMm CaCl,. The fractions (1 ml)
were eluted with 10 mm Tris-HCI buffer, pH 7-5,
containing 1-5 M NaCl and collected on ice. The

Absygp nm Of effluents was monitored to detect the protein
peak (@) and the enzymatic activity was assayed with
N-p-tosyl-p -arginine methyl ester (L-TAME) (®). The
active fractions were pooled and analysed by 12%
SDS-PAGE (A) and gelatin-SDS-PAGE (B) using
non-reducing conditions. The values of standard
molecular mass proteins (kDa) are located to the

right side of the gels. Gel A was stained with Coomassie
Blue R-250 and Gel B was stained using amido

black.

temperature on the enzyme activity was analysed
using pH 7-5 at temperatures ranging from 25 to
50 °C. The enzyme displayed maximal activity
at 28 °C and preserved 72% of its activity at 50 °C
(Fig. 3B). When protease was assayed in order to
determine its thermal stability, a residual activity of
61% at 42 °C was observed under pre-incubation
of the enzyme for 1 h (Fig. 3C). The activity was
preserved even when the enzyme was stored for 6
months at 0 °C.
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Fig. 2. Continuous elution preparative electrophoresis
profile of the active fractions from affinity chromatography
purification of the culture supernatant of Leishmania
amaszonensis. The sample obtained by the affinity
chromatography purification was concentrated and
applied to a continuous elution preparative
electrophoresis (5% stacking, 7-5% resolving). The
proteins were eluted at 1 ml/ min, and the fractions

(1 ml) were collected for 5 h. The active fractions (arrow
headed) were pooled, concentrated and dialysed in order
to analyse the enzymatic activity, the protein content and
SDS-PAGE profile. In detail, SDS-PAGE (12 %) of the
pooled peak under non-reducing conditions (A) and in
conditions of reduction (B). The gels were silver stained
and the values of standard molecular mass proteins (kDa)
are located to the left side of the gels.

Carbohydrate detection and pl

According to the deglycosylation assays, the L.
amazonensis extracellular protease did not have
carbohydrates in its molecule, since glycosidase
activities (neuraminidase II, O-glycosidase DS and
N-glycosidase F) were not observed (data not
shown). In isoelectric focusing the protease migrated
as a sharp band at pH 5-0.

Substrate specificity and kinetic parameters

L. amazonensis protease exhibited proteolytic activity
as demonstrated by substrate-SDS-PAGE (Fig. 1B),
as well as when it was assayed using haemoglobin,
fibrinogen, BSA, collagen type 11 and ovalbumin as
substrates. The specific activities were 7-65+0-50,
4-034+0-16, 2-72+0-25, 1:954+0-40 and 1-87+0-15,
respectively (U/mg enzyme). The enzyme was
not able to cleave myoglobin and fibronectin.
Considering all peptide substrates, L-TAME and
BAME were better substrates for the L. amazonensis
extracellular protease than the substrates containing
an amide bond (Table 2), because this enzyme has
better values of Km and Kcat/Km for these sub-
strates. In general, serine proteases have more
activity against substrates containing ester bond
than those containing amide bonds. However, the
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o 4

Fig. 3. Effects of pH and temperature on the enzymatic
activity of Leishmania amazonensis extracellular serine
protease. In all the experiments 2 ug of HPLC-purified
enzyme and substrate L-"TAME (0-25 mMm) were used.
(A) To study the effect of pH in 100 mM solutions, the
following buffers used were: sodium citrate buffer

(pH 5-0-6-5) and Tris-HCI (pH 7:0-9-0). (B) The effect
of temperature was investigated by incubating the
enzyme and L-TAME for 30 min at several temperatures,
and the heat stability was verified by pre-incubating the
enzyme at 42 °C for up to 1h and then assaying the
activity at 28 °C (C). Each value is the mean +s.D.

(< +5%) of 2 separate experiments carried out in
triplicate.

p-nitroanilide substrates are more suitable to study
the specificity of proteases as they are more similar
to a peptide bond than ester substrates, such as
L-TAME and BAME. The enzyme had no activity
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Table 2. Substrate specificity of Leishmania amazonensis extracellular serine protease on synthetic
peptide substrates*

Kinetic parameters TAME BAME CBPPNA BTPNA
Km (M) 1-95x10~¢ 7-7x1077 3-5x10* 5:62x 1073
Kecat (S71) 2-46 203 3-26 2-:00
Kcat/Km (M.S) ! 1-26 x 108 2:63 x 108 9-31 x 103 3-55x 102

* No activity was detected against N-Bz-L.-Arg-pNA, N-Bz-Val-Gly-Arg-pNA, N-Bz-Pro-Phe-Gly-Arg-

pNA and N-suc-Ala-Ala-Pro-Phe-pNa.

against N-benzoyl-L-arginyl-p-nitroanilide, N-benzoyl-
valinyl-glycinyl-arginyl-p-nitroanilide, N-succinyl-
alanyl-alanyl-prolyl-phenylalanyl-p-nitroanilide
and N-benzoyl-prolyl-phenylalanyl-arginyl-p-
nitroanilide although showed important activity
against N-benzoyl-L-tyrosyl-p-nitroanilide (BT'-
PNA) and N-Carboxy-benzoyl-phenylalanyl-p-
nitroanilide (CBPPNA), both of which having
aromatic residues at the P1 site. The values of Km,
Kcat and Kcat/Km calculated for L-TAME, BAME,
CBPPNA and BTPNA are summarized in Table 2.
The enzyme presented Michaelis-Menten kinetics
within the substrate concentration range analysed.

Effect of protease inhibitors and divalent cations

Various molecules were examined, within their
analysed concentration range for the ability to inhibit
the L. amaszonensis extracellular protease activity
under L-TAME hydrolysis. As shown in Table 3, the
enzyme activity was strongly inhibited only by
aprotinin. Inhibitors such as benzamidine reduced
80% of the protease activity, and PMSF and TPCK
(chymotrypsin site-specific reagent) both reduced
60% of the protease activity. The 6-amino-caproic
acid (general serine protease inhibitor) showed an
inhibitory effect of about 40%. On the other hand
other serine protease inhibitors such as TLCK
(trypsin site-specific reagent), amastatin, chymosta-
tin (competitive inhibitor of chymotrypsin) and
antipain decreased the enzymatic activity only 30 %,
26% and 13% and 6% respectively. Canafistuline
(Kunitz type trypsin inhibitor, isolated of
Peltophorum dubium seeds) and a,-macroglobulin
(general endoprotease inhibitor of human serum) did
not inhibit the enzymatic activity. Likewise, pep-
statin and the chelator’s agents EDTA and 1,10-
phenathroline had no effect on the protease. The
thiol protease inhibitor D'TT did not affect the
enzymatic activity while the E-64 (10 uM) demon-
strated a non-significant inhibitory effect (5 %)
(Table 3). Divalent cations such as Ca?Tand Mn?+,
added to the reaction mixture, reduced the enzymatic
activity by 62% and 37% respectively, while Zn%"
positively modulated the enzyme (about 50% higher
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than the control), and Mg?™ did not show any effect
on enzymatic activity (Fig. 4).

Digestion of the oxidized insulin B-chain

After 16 h incubation of the oxidized insulin with
the L. amazonensis extracellular serine protease, 11
major peptides were yielded, 7 of which whose se-
quences were determined (Fig. 5). The cleavage sites
were evaluated, matching the peptide masses with
various fragments of insulin. Considering the
sequences of peptides determined by MALDI,
the peptide bonds hydrolysed by the enzyme were
designated Leu'-Val'?, Glu®®-Ala", Leu®-Tyr'® and
Tyr'®-Leu' (Table 4). The sequences of peaks 1, 2, 9
and 10 were ambiguous with fragments presenting
the same mass. Confirmation of the peptide sequence
by gas-phase sequencing was not absolute.

Cell growth and extracellular sevine protease
enzymatic activity

In order to evaluate the enzymatic activity in accord-
ance with parasite growth, the culture was collected
during 10 consecutive days, and the parasites were
counted, after which the extracellular serine protease
activity was measured in the culture supernatant.
Fig. 6 shows that maximum enzymatic activity,
observed on the 5th day of the culture, and curiously,
the decay of this activity do not closely correspond to
the parasite growth. Certainly this serine peptidase
activity found in the culture supernatant comes from
the intracellular serine proteases due to the rupture
of dead parasites. This hypothesis is supported
because a serine oligopeptidase was characterized
from a soluble intracellular extract of L. amazonensis
promastigotes (Ribeiro de Andrade et al. 1998).

Structural analysis

The partial NH,-terminal amino acid sequence of the
56 kDa serine protease was DAVIAAD. Although
a short sequence was obtained, no homology was
observed with the common Ile-Val-Gly-Gly N-
terminal sequence of some mammalian serine
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Table 3. Effects of different types of protease inhibitors on Leishmania
amazonensis extracellular serine protease activity
(The percentage of the remaining activity of protease on TAME compared with

a control reaction without pre-incubation. The values refer to the mean of 4
separate experiments carried out in duplicate.)

Type of Residual
target protease Inhibitor Concentration activity (%)
Ser Aprotinin 0-38 um 0
Benzamidine 1 mm 20
TPCK 100 um 40
PMSF 1 mm 40
6-Amino-caproic acid 1 mm 60
TLCK 100 um 70
Antipain 100 um 87
Chymostatin 100 um 95
Antipain 100 um 87
Canafistuline 0-38 um 100
SBTI 0-38 um 100
Amino Amastatin 10 um 74
Cys DTT 10 um 100
E-64 10 um 95
Asp Pepstatin 1 mm 100
Metallo EDTA 10 um 100
1,10 Phenantroline 10 um 100
General as-macroglobulin 0-38 um 100
200
3 b | 3- FVNQHLCGSHL (MW = 1302.5)
4 - FVNQHLCGSHLVE (MW = 1530.6)
~ 160 - 6 LVCGERGFHVIPKA Mw ~ 163671
o\ 7 - FVNQHLCGSHLVEALY (MW = 1877.7)
~ 8 - VEALYLVCGERGFFYTPKA (MW =2191.9)
a ~ 11 - FYNQHLCGSHLVEALYLCVGERGFFYTPKA (MW = 3494.4)
é 120 '2 9
® x 24
S 80- < 1
2 8 1
o« 40 —— _‘.EJ 4 6
2 14| 12 |
0- < 10/
Zntt Mg+t Mn*t Ca*t . . 123 \"Hl
. . . .. vklf‘an ﬂr‘l'. YWY '
Fig. 4. Effects of cations on the enzymatic activity of
Leishmania amazonensis extracellular serine protease. The ||r-
purified enzyme was pre-incubated with each ion ol : . . . .
(10 mm) in Tris-buffer, for 15 min at room temperature. 0-0 67 133 200 26-7 333 40-0

Values are the residual activity of serine protease as a
percentage of the activity on L-"TAME without ions and
represent the mean +s.D. (< 45 %) of 3 separate Fig. 5. Reverse-phase chromatography on a CLC-ODS
experiments carried out in triplicate. column of the f3-chain insulin hydrolysed by Leishmania
amaszonensis extracellular serine protease for 16 h. The
peptides from hydrolysis of -chain insulin were

Retention Time (minutes)

proteases. The comparison of these short sequences  submitted to reverse-phase chromatography, and their
with other sequences of proteins and genes deposited primary structures were identified and their molecular
in data bank are reliable. masses determined by MALDI mass spectroscopy. The

sequences of the peptides are located in the upper portion
of the figure.
DISCUSSION

The utilization of salt precipitation and affinity

chromatography procedures greatly improved the Kong et al. 2000). The active protease presented a
Leishmania extracellular serine protease yield when  molecular mass of 115 kDa by SDS-PAGE under
compared to other parasite serine peptidases purifi- non-reducing conditions and 56 kDa under reducing
cation protocols (Ribeiro de Andrade et al. 1998; conditions (Silva-Lopez et al. 2004), suggesting that
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Table 4. Cleavage sites of oxidized insulin -chain by various serine proteases

(Complete digestion indicates the sites cleaved after extended overnight reaction.)

Serine 1 5 10 15 20 25 30 | References

Protease F-V-N-Q-H-L-B-G-S-H-L-V-E-A-L-Y-L-V-B-G-E-R-G-F-F-Y-T-P-K-A

L. amazonensis A A A This work

Subtilisin A A Al A Abrahan et al. (1995)

Protease K Add A4 AL AL AAR AN Abrahan et al. (1995)

0. piceae 4 Ad 4 AL 4k 4 Mk 4 | Abrahan et al. (1995)
X A AA

Chymotrysin

Heu et al. (1995)

majority of enzymes but was also observed for a serine
protease isolated from A. healyi (Kong et al. 2000).
The good thermal stability of the Leishmania enzyme
could be another type of adaptation, since the enzyme
is released by the parasite into the extracellular
environment. Optimum pH, molecular mass and pl
value of extracellular serine protease differs from that
of intracellular peptidase, reinforcing the theory that
the Leishmania needs different enzymes working in
different compartments, in order to execute distinct
functions in both invertebrate and vertebrate hosts.
Furthermore, the presence of carbohydrates in the
protein protects it against the attack of proteolytic

M. luteus A s 4 Clark et al. (2000)
T. yonseiensis A * 4 4 Jang et al. (2002)
9 35
—=— Number of cells

E 8 4 g ., . —— Specific activity 30 "T\

~ ‘,.-"" ."‘1 E

2 / 25 >2

87 - et z3

G p = o 20 © 5

5 6 A 3 . — : 1S

5 1 ~ 115 £

S ; A o C

= 5 n, Q £

e 10 »

o)) ! .,

9 . =

= 4. . 5 El

3 1 - 1 T = 1 v ¥ T = 0
o 1 2 3 4 5 6 7 8 9 10 N
Days

Fig. 6. Cell growth and extracellular serine protease
enzymatic activity. The culture of Leishmania
amazonensis promastigotes was collected over 10
consecutive days, the number of the parasites were
counted (@) and the culture supernatant was obtained in
order to determine the extracellular serine protease
activity against L-TAME (®).

the enzyme may exist as a dimer assembled by
sulfydryl bridges. The enzyme exhibited maximal
proteolytic activity at 28 °C and pH 7-5. The intra-
cellular serine oligopeptidase of L. amazonensis pro-
mastigotes (Ribeiro de Andrade et al. 1998) showed
the same dependence on temperature as the extra-
cellular serine protease. It seems that the optimum
temperature of the extracellular protease and the
other peptidase of L. amaszonensis is an adaptation
because the promastigotes are found in the intestinal
tract of the sandfly where the temperature never
exceeds 28 °C. Another interesting observation con-
cerns the thermal stability of this serine protease at
high temperatures. This behaviour is unusual for the
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enzymes and could give us clues about its poss-
ible cellular location and intracellular function.
Cathepsins are good examples of glycosylated pro-
teases that are located in lysosomes (Seglen & Bohley,
1992). On the other hand, the present protease did
not have carbohydrate, although in amastigotes this
enzyme is located in megasomes (Silva-Lopez et al.
2004) that display lysosome-like properties and are
found only in species belonging to the mexicana
complex (Pupkins, Tetley & Coombs, 1986).

The present enzyme showed hydrolytic activity
against peptides and proteins, unlike the serine
oligopeptidase purified from the soluble extract of
the same parasite, which did not cleave proteins. The
specific activity on haemoglobin was very significant.
It is known that Leishmania parasites require haemin
for their growth, but they are able to evolve on blood
agar medium without addition of haemin, suggesting
an ability to acquire this nutrient from haemoglobin
(Sengputa et al. 1999). In fact, the Leishmania
haemoglobin catabolism is not fully understood. The
haemoprotein is internalized by promastigotes in
vesicles at the level of the flagellar pocket membrane
and subsequently degraded by fusion with other


https://doi.org/10.1017/S0031182004006675

R. E. da Silva-Lopez, M. G. Pinto Coehlo and S. G. De Simone 94

vesicles (Sengputa et al. 1999). However, it is un-
certain whether or not the cell membrane attachment
of the haemoprotein requires a modification from
secreted parasite proteases, like the present serine
protease. The extracellular serine protease was able
to hydrolyse fibrinogen and collagen. However, the
proteolytic activity observed on fibrinogen and col-
lagen was not comparable to the cleavage observed
for their specific enzymes, such as plasmin (Zhao
et al. 2003) and collagenases (Chung et al. 2004)
respectively. With respect to the synthetic peptide
substrates, L-TAME and BAME were hydrolysed
more readily by the Leishmania serine protease than
the amide substrates. It is known that the esterolytic
activity of serine proteases is always more efficient
than the aminolytic activity, although esterolysis is
much less specific. On the other hand, the enzyme
hydrolysed amide substrates that contain hydro-
phobic residues (phenylanine and tyrosine respect-
ively) at the P1 site, such as CBPPNA and BTPNA,
indicating the tendency of protease to be a chymo-
trypsin-like serine protease that prefers hydrophobic
residues at the P1 site. Although the enzyme did
not hydrolyse N-succinyl-alanyl-alanyl-prolyl-
phenylalanyl-p-nitroanilide which has phenyl-
anine at the P1 site, its specificity depends on the
nature of the amino acids other than in P1 position.

Inhibitors belonging to the serine proteases class
specifically acted on the L. amazonensis extracellular
serine protease activity, and the aprotinin, benza-
midine and TPCK simultaneous sensitivity puts the
L. amazonensis serine protease in a select class of
serine protease, because aprotinin and benzamidine
are inhibitors of trypsin-like serine proteases, while
TPCK has a phenylalanine bond to the cloromethyl
ketone group and is very specific for chymotrypsin-
like serine proteases. This kind of inhibition profile
was not observed for the intracellular serine pepti-
dase of the same parasite (Ribeiro de Andrade et al.
1998) nor for serine peptidases of the other trypano-
somatids, thus distinguishing it from the enzymes
described so far (Burleigh & Andrews, 1995;
Troeberg et al. 1996). Calcium ions had a negative
effect on the activity of the extracellular serine pro-
tease and also on the activity of intracellular serine
oligopeptidase of L. amazonensis promastigotes
(Ribeiro de Andrade et al. 1998). On the other hand,
pancreatic mammalian serine proteases trypsin and
chymotrypsin require calcium for their activity
(Berezin & Martinek, 1970) and this difference
between Leishmania serine peptidase and mammalian
enzymes is paramount. In Leishmania Ca®™ partici-
pates in signalling in the transformation of promas-
tigotes to amastigotes in response to the temperature
changes (Prasad et al. 2001) and in the Leishmania-
macrophage attachment (Misra et al. 1991). It is
possible that the activities of Leishmania serine
peptidases are negatively modulated by calcium
during the differentiation and the attachment to the
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macrophages. So these enzymes must be involved in
different functions in the parasite physiology or in
another pathological processes.

The specificity of extracellular Leishmania serine
protease for insulin f-chain indicated that the
peptide bonds between Leu*-Val'?2, Glu'®-Ala* and
Leu®-Tyr'® were susceptible to hydrolysis by pro-
tease. These peptide bonds are the primary sites for
protease K and other serine proteases (Abraham,
Chow & Breuil, 1995; Clark et al. 2000). The extra-
cellular serine protease also hydrolysed the bond
between Tyr!®-Leu!” (an unusual site for other serine
proteases) but this was not the primary hydrolysis
site for protease K and subtilisin BNP’, enzymes
displaying a broad peptide bond specificity (Abra-
ham et al. 1995) nor for other enzymes, such as
chymotrypsin of Eugraulis japonic (Heu, Kim &
Pyeun, 1995) and a subtilisin of Thermoanaerobacter
yonseiensis (Jang et al. 2002). No evidence was ob-
tained in our study for cleavage between Phe? and
Tyr?®, a common cleavage site for bovine chymo-
trypsin as well as several other serine proteases (Be-
rezin & Martinek, 1970; Abraham et al. 1995). In
addition, bonds involving aromatic amino acids,
leucyl, methionyl, asparaginyl, and glutamyl re-
sidues are hydrolysed at a high rate by chymotrypsin
(Berezin & Martinek, 1970). Cleavage after Leu®! was
unusual (except for protease K), when compared to
other digestion patterns and may be a specific target
site for the extracellular L. amazonensis serine pro-
tease. No hydrolysis was obtained on arginine of the
insulin chain, although the enzyme cleaved the same
residue at the COOR side on the short peptide
L-TAME and BAME substrates. Furthermore, the
enzyme was able to hydrolyse other peptide bonds,
but unfortunately it was not possible to determine
the primary sequences of the peptides from these
cleaved bonds, although peptides 9 and 4 seemed to
be the primary sites for the Leishmania extracellular
serine protease. Considering all these specificity
studies, the results may suggest that the extracellular
serine protease from L. amazonensis appears to prefer
hydrophobic residues, such as Leu, Tyr and Phe, at
the P1 site. The hydrolysis of a peptide bond
involving a glutamic residue could be a secondary
hydrolysis site. This preference has also been estab-
lished for several serine proteases, such as chymo-
trypsin (Berezin & Martinek, 1970). Although
insulin has been used as the polypeptide substrate of
choice, in order to investigate the initial specificity of
proteases, shorter peptide substrates have also been
employed due to the simplicity of the procedure and
the analysis of the results (Clark et al. 2000; Kong
et al. 2000; Sousa et al. 2002).

Biochemically, the best-characterized enzymes
that are released by Leishmania to the extracellular
environment are histidine acid phosphatase, a fila-
mentous proteophosphoglycan-modified phospho-
monoesterase (Joshi et al. 2004), and surface
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metalloprotease gp63 (Jaffe & Dwyer, 2003). These
enzymes employ different mechanisms in order to
reach the extracellular milieu. The histidine acid
phosphatase is a secreted enzyme, and like all
secreted compounds, it is liberated from the flagellar
pocket, an invagination of the plasma membrane
at the base of the flagellum (Overath, Stierhof &
Wiese, 1997). The flagellar pocket is the only site for
the endo- and exocytosis in Leishmania and other
trypanosomatids (Overath et al. 1997). We demon-
strated that Leishmania extracellular serine protease
follows the same route of secretion employing the
flagellar pocket, because the enzyme was detected in
internal structures as well as in the flagellar pocket of
promastigotes and amastigotes (Silva-Lopez et al.
2004).

The functions of L. amazonensis extracellular
serine protease are still unclear. It may be important
for the survival of the promastigotes inside their
hosts, since the enzyme is released into the extra-
cellular environment, hydrolyses specific proteins
and preserves excellent activity at high temperatures.
Furthermore, the enzyme exhibits different bio-
chemical properties from those mammalian enzymes
and, therefore, it may be crucial for the pathogenesis
of the disease, subsequently being a suitable target
for the development of drugs against Leishmania.
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