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Proteases are a ubiquitous group of enzymes that play key
roles in the life cycle of parasites, in the host-parasite relation-
ship, and in the pathogenesis of parasitic diseases. Further-
more, proteases are targets for the development of new anti-
parasitic therapy. Protozoan parasites like Leishmania
predominantly express Clan CA cysteine proteases for key life
cycle functions. It was therefore unexpected to find a high level
of serine protease activity expressed by Leishmania donovani.
Purification of this activity followed by mass spectrometry
identified oligopeptidase B (OPB; Clan SC, family S9A) as the
responsible enzyme. This was confirmed by gene knock-out of
OPB, which resulted in the disappearance of the detected ser-
ine protease activity of Leishmania extracts. To delineate the
specific role of OPB in parasite physiology, proteomic analysis
was carried out on OPB(�/�) versus wild type parasites. Four
protein species were significantly elevated in OPB(�/�) para-
sites, and all four were identified by mass spectrometry as eno-
lase. This increased enolase was enzymatically inactive and
associated with the parasite membrane. Aside from its classic
role in carbohydrate metabolism, enolase was recently found
to localize to membranes, where it binds host plasminogen and
functions as a virulence factor for several pathogens. As ex-
pected, there was a striking alteration in macrophage re-
sponses to Leishmania when OPB was deleted. Whereas wild
type parasites elicited little, if any, response from infected
macrophages, OPB(�/�) parasites induced a massive up-regu-
lation in gene transcription. Additionally, these OPB(�/�)
parasites displayed decreased virulence in the murine footpad
infection model.

Proteases are a ubiquitous group of enzymes functioning in
nearly all biological phenomena. In protozoan parasites, pro-
teases play key roles in life cycle transition, host invasion, par-
asite immune evasion, and the pathogenesis of parasitic dis-
eases (1, 2). At least 50 cysteine proteases and twenty serine
proteases are known to exist in the Leishmania genome (3–5).
The molecular evolution of proteases shows a striking dichot-
omy between the predominant Clan CA cysteine proteases of
protozoa and primitive metazoa and the dominant trypsin
family (S1A) serine proteases of vertebrates (6). It was there-
fore unexpected to find that Leishmania donovani, Leishma-
nia major, and Leishmania mexicana (but not the related kin-
etoplastid parasite, Trypanosoma cruzi) express high levels of
serine protease activity, relative to cysteine protease activity in
parasite extracts.
To delineate the character of this serine protease activity, it

was purified from Leishmania extracts and identified as Clan
SC, family S9A oligopeptidase B by mass spectrometry. Oli-
gopeptidase B (OPB)2 has been identified in other protozoa,
including T. cruzi, Trypanosoma brucei, and Trypanosoma
evansi (7–9). These enzymes represent a subfamily of poten-
tial chemotherapeutic targets (10) because their inhibitors
have been shown to be trypanocidal (4, 11, 12). OPB of
T. cruzi is involved in the invasion of host cells through the
generation of an unknown signaling ligand that interacts with
host cells in order to recruit lysosomes to their surface (7). A
related T. cruzi oligopeptidase has also been implicated in
tissue invasion by degrading components of the extracellular
matrix (13).
In this study, we describe the identification and character-

ization of LeishmaniaOPB. Native and recombinant enzyme
was purified and biochemically characterized. The single copy
oligopeptidase B gene was deleted by targeted gene replace-
ment. The role of oligopeptidase B was then analyzed both in
in vitro culture and in the murine model of infection. To de-
lineate a specific role for oligopeptidase B in the Leishmania
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life cycle, two-dimensional gel electrophoresis was used to
compare the proteomes of wild type and OPB(�/�) parasites.
Enolase was identified as a major target of oligopeptidase B,
and a putative role for enolase in Leishmania-macrophage
interactions was explored. Enolase is present on the cell sur-
face of several parasites, including Leishmania, where it has
been shown to bind host plasminogen (14). It may therefore
have a role in macrophage entry via plasminogen receptors
and parasite dissemination from the sand fly bite site (15, 16).

EXPERIMENTAL PROCEDURES

Animals and Parasite Strains—Commercially bred, 6–8-
week-old, female BALB/c mice (Mus musculus) were used for
the murine footpad infection model. Microarray analysis was
performed on bone marrow-derived macrophages from fe-
male C57BL/6 mice (Charles River Laboratories International,
Inc., Davis, CA). Leishmania donovani donovaniMHOMISD/
OO/lS-2D (Ldd IS C12) was used for enzyme isolation and
knock-out studies. L. major LV39 MRHO/SU/59/P was also
used for knock-out studies as well as animal infections. Serine
protease activity assays were also performed on lysates from
L. mexicanaMNYC/BZ/62/M379 and T. cruziM/HOM/AR/
74/CA-I CL72. Leishmania promastigotes were cultured at
27 °C in M199 (Sigma) liquid medium as described previously
(17). Axenic amastigotes of L. donovani were cultured at 37 °C
in 100% fetal bovine serum (Omega Scientific Inc., Tarzana,
CA) as described previously (18).
Parasite Lysates and Protease Determination—Cultures of

Leishmania promastigotes, axenic amastigotes, and T. cruzi
amastigotes and epimastigotes were pelleted and resuspended
three times with phosphate-buffered saline. The resultant
washed pellets were then lysed in 50 mM Tris-HCl, pH 8.0,
with 0.25% Triton X-100 (Sigma) at 4 °C for 1 h. These solu-
tions were then centrifuged, and the supernatants were iso-
lated and sterilized with 0.2-�m syringe filters (Nalgene
Nunc, Rochester, NY). Protein concentrations were deter-
mined by NanoDrop 1000 (Thermo Fisher Scientific Inc.,
Waltham, MA). Protease activity was determined by mea-
suring the hydrolysis of the fluorogenic peptide substrate ben-
zyloxycarbonyl-prolyl-arginyl-7-amido-4-methylcoumarin
(Z-PR-AMC) (Peptides International, Inc., Louisville, KY) in
50 mM Tris-HCl, pH 8.0 and 5.5, with and without 10 �M

N-[N-(L-3-trans-carboxyoxirane-2-carbonyl)-L-leucyl]-agma-
tine) (E-64) or 2 mM PEFABLOC (4-(2-aminoethyl)benzene-
sulfonylfluoride, HCl (AEBSF)) (EMD Chemicals, Gibbstown,
NJ) (see procedures for the protease activity assay below).
Purification and Identification of Serine Protease Activity

(OPB) from Leishmania Lysate by Mass Spectrometry—Fil-
tered lysate from 109 L. donovani promastigotes, prepared
described above, was loaded onto a HiTrap Q-Sepharose Fast
Flow column using an ÄKTA purifier (GE Healthcare). A 50
mM Tris-HCl, pH 8.0, buffer was used for column equilibra-
tion, sample loading, and eluting at a 1 ml/min flow rate. Pro-
tein was eluted using a linear gradient of 0–1 M NaCl over 20
column volumes while collecting 0.25-ml fractions. OPB-con-
taining fractions were identified by Z-PR-AMC hydrolysis at
pH 8.0. Peak OPB-containing fractions were run on a Crite-
rion 10–20% Tris-HCl SDS-polyacrylamide gel and stained by

Coomassie (Bio-Rad). Protein bands were excised, and tryptic
digests were performed. Samples were analyzed by LC-
MS/MS with a QStar XL (Applied Biosystems, Foster City,
CA) equipped with a Protana nanospray ion source (Protana,
Inc., Toronto, Canada). A peptide mass accuracy tolerance of
100 ppm and a fragment ion mass accuracy tolerance of 0.15
Da were used. A database search was conducted using Mascot
(Matrix Science Inc., Boston, MA) on the Sanger Institute
L. major GeneDB.
OPB Cloning and Sequencing—Genomic DNA from L. do-

novani was isolated as described previously (19). The full-
length OPB gene was then amplified from the genomic DNA
by PCR using the Expand High Fidelity PCR System (Roche
Applied Science). The forward (5�-CTC AGA TCT CCA
CCC CCA CCA GCC CGG-3�) and reverse (5�-CTC AGA
TCT CCT AGA GTT AAT GAT CAC GAC TC-3�) primers
(BglII sites, in boldface type, were included on the primers for
cloning) were designed based on the non-coding sequences
flanking the Leishmania infantum OPB open reading frame
(L. infantum GeneDB: LinJ09_V3.0820). The resultant 2.2-kb
PCR product was cloned into pCR2.1-TOPO using TOPO TA
cloning and sequenced using the included sequencing primers
(Invitrogen). The amino acid sequence of L. donovani OPB
was aligned with homologous sequences from L. infantum,
L. major, Leishmania braziliensis, T. cruzi, T. brucei,
Leishmania amazonensis, and T. evansi (respectively,
GeneDB: LinJ09_V3.0820, LmjF09.0770, LbrM09_V2.0850,
Tc00.1047053511557.10, and Tb11.52.0003; GenBankTM:
ABQ23350 and AAS55050) using the ClustalW algorithm
fromMegAlign (DNASTAR, Madison, WI). The Pichia pasto-
ris transformation construct was generated by PCR amplifica-
tion of OPB, adding a 5� XhoI site (boldface type) followed by
a Kex2 cleavage site (underlined) and a 3� XbaI site (under-
lined boldface type) using forward (5�-CTC CTC GAG AAA
AGA ATG TTG TCG GGC AAC ACC ATC G-3�) and re-
verse (5�-CTC TCT AGA TTA CCT GCG AAC CAG CAG
GCG-3�) primers and then cloned into pPICZ� A
(Invitrogen).
Expression and Purification of Recombinant OPB from

P. pastoris—The pPICZ�-OPB construct was electroporated
into X-33 P. pastoris, and expression clones were isolated and
induced for 48 h as per the manufacturer’s protocol. Superna-
tant from induced cultures was harvested by centrifugation at
3000 � g for 10 min, followed by 0.2-�m filtration (Nalgene
Nunc) and lyophilization. The crude lyophilized protein was
resuspended in 20% of its original volume using 10 mM Tris-
HCl, pH 8.0, with 1 M ammonium sulfate and loaded onto a
HiTrap butyl-Sepharose 4FF hydrophobic interaction column
(GE Healthcare). A 10 mM Tris-HCl, pH 8.0, buffer with 1 M

ammonium sulfate was used for column equilibration, sample
loading, and washing at a 1 ml/min flow rate. The ammonium
sulfate concentration was decreased to 0.75 M for 20 column
volumes to elute the OPB protein. The eluate was desalted by
buffer exchanging with 10 mM Tris-HCl, pH 8.0, and then
concentrated on an Amicon Ultra-4 30,000 Nominal Molecu-
lar Weight Limit filter device (Millipore, Billerica, MA). The
concentrated sample was loaded onto a MonoQ HR 5/5 anion
exchange column (GE Healthcare) on an ÄKTA purifier and
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fractionated as described above for the Q-Sepharose column.
OPB-containing fractions were identified by Z-PR-AMC hy-
drolysis. Peak fractions were pooled, desalted, and then re-
concentrated as before. OPB protein concentration was mea-
sured by NanoDrop 1000.
ProteaseActivityAssays andOPBEnzymaticCharacterization—

Protease activity was measured using peptide substrates con-
taining C-terminal AMC or ACC (7-amino-4-carbamoyl-
methylcoumarin) as the fluorogenic leaving group. Reactions
contained 20 �M substrate unless otherwise noted. Enzyme
samples were mixed with substrate in 50 mM Tris-HCl, pH
8.0, with 0.2% DMSO in a 150-�l total volume. Hydrolysis of
the substrates was measured at 25 °C using a FlexStation mi-
croplate spectrofluorimeter (Molecular Devices, Sunnyvale,
CA). Excitation/emission for AMC and ACC were 355/460
and 380/460 nm, respectively. Vmax values were calculated
using the accompanying SoftMax Pro version 4.8 software. An
inhibitor or salt was preincubated with OPB for 10 min prior
to the addition of substrate and then read on a FlexStation. To
determine the pH preference of OPB, protease activity assays
were performed in triplicate using the Z-PR-AMC substrate
at pH 3.0–10.5 with a 0.5-pH unit step size in 100 mM citrate
phosphate buffer (pH 3.0–7.0), sodium phosphate buffer (pH
6.5–8.0), Tris-HCl buffer (pH 7.5–9.0), and glycine-NaOH
buffer (pH 8.5–10.5).
Positional Scanning Synthetic Combinatorial Library Profil-

ing and Validation—The P1–P4 substrate specificity profile
for OPB was determined using a completely diverse positional
scanning synthetic combinatorial library (PS-SCL) as has been
described previously (20). This library is composed of sub-
strates that are N-terminally acetylated and have an ACC
fluorogenic leaving group. Protease activity assays were per-
formed using 1 �l of substrate in a 150-�l reaction with 50
mM Tris-HCl, pH 8.0, and 0.02 ng of enzyme. Assays were
performed in duplicate. To test the predictive capability of the
PS-SCL substrate specificity profile, fluorogenic peptides that
were predicted to be either good or bad substrates of OPB
were selected for screening in protease activity assays. The
following substrates were used at 20 �M: Glut-GR-AMC, Z-
LR-AMC, Ac-VFRSLK-AMC, H-A-AMC, H-R-AMC, H-K-
AMC, Boc-VLK-AMC, Boc-EEK-AMC, Ac-DEVD-AMC,
Ac-WEHD-AMC, Z-LLE-AMC, H-L-AMC, Suc-GPLGP-
AMC (Peptides International, Inc.), Ac-KQKLR-AMC (MP
Biomedicals), Z-GGR-AMC, Boc-LGR-AMC, Z-GPR-AMC,
Z-PR-AMC, Z-VVR-AMC, Z-RR-AMC, Boc-LRR-AMC, Ac-
FR-AMC, Z-FR-AMC, Boc-RVRR-AMC, Z-VAD-AMC, Suc-
AAF-AMC, H-GF-AMC, Z-GGL-AMC, Suc-LY-AMC, Suc-
LLVY-AMC (Bachem California Inc., Torrance, CA),
Z-AARR-AMC, Suc-PSPF-AMC, Z-AEN-AMC, Ac-ASN-
AMC, and Ac-AVN-AMC. To test the PS-SCL prediction that
glycine is the preferred P2 amino acid, two substrates that
differ only at the P2 position, Z-GGR-AMC and Z-GPR-
AMC, were compared. Protease activity assays were per-
formed on these substrates at concentrations ranging from 80
to 0.2 �M, and the Kcat and Km values were calculated.
Constructs for Targeted Gene Deletion of OPB—Two knock-

out cassettes (one for each allele) were created to delete the
L. donovani and L. major OPB genes. These cassettes, cloned

into the pGEM-9Zf(�) vector (Promega, Madison, WI), each
contained an antibiotic resistance gene, hygr (conferring hy-
gromycin B resistance) (21) or pacr (conferring puromycin
resistance) (22), followed by 1.5 kb of the 3�-untranslated re-
gion of the L. major dhfr-ts gene (23). This untranslated re-
gion ensures high level expression during the Leishmania life
cycle. To target these knock-out cassettes to the OPB locus,
5�- and 3�-targeting flanks were created and ligated upstream
and downstream, respectively, of the antibiotic resistance cas-
settes. The targeting flanks were generated by PCR amplifica-
tion of the untranslated regions directly 5� and 3� of the OPB
open reading frame. PCR primers were designed based on the
published L. infantum and L. major sequences (GeneDB): 5�-
flank forward (5�-CTC ACT AGT ATC TAC GAC CAT GTG
ACA CGG-3�) and reverse (5�-CTC TCT AGA CCG GGC
TGG TGG GGG TGG-3�) (1.4-kb fragment) primers; 3�-flank
forward (5�-CTC ACT AGT GAG TCG TGA TCA TTA
ACT CTA GG-3�) and reverse (5�-CTC TCT AGA ACG CTT
GTA AGC GAG CGA GG-3�) (0.9-kb fragment) primers
(SpeI sites (in boldface type) and XbaI sites (underlined) were
included for cloning). For targeted gene deletion, 50 �g of the
targeting fragments were excised from their constructs using
the flanking restriction endonucleases SpeI and XbaI (New
England Biolabs, Ipswich, MA) and purified by electrophore-
sis on 0.8% agarose gels (24) and then purified using the
QIAEX II gel extraction kit (Qiagen Inc., Valencia, CA).
Leishmania Transfections, Clone Isolation, and Southern

Blot Analyses—Purified transfection fragments (as described
above) were used to transfect log phase Leishmania promas-
tigotes by electroporation (2.25 kV/cm, 500 microfarads) as
described previously (23). After electroporation, the cells were
grown and selected using hygromycin B and puromycin (for
gene deletions) both on plates and in liquid media, and clones
were isolated as described previously (25). For Southern blot
analyses, genomic DNA was isolated from knock-out clones
and digested with NotI (New England Biolabs), and fragments
were separated by electrophoresis on 0.6% agarose gels. These
were then transferred to Hybond-N� (GE Healthcare) nylon
filters by the manufacturer’s instructions for alkali transfer. A
knock-out probe and an OPB core probe for the Southern
blots were amplified by PCR and gel-purified: knock-out
probe forward (5�-TAT GCG CTG GTG ACG ATG CCG-3�)
and reverse (5�-CAC GCT CAG CGG CTG CCA TG-3�)
primers (1.5-kb fragment upstream of the OPB deletion lo-
cus); OPB core probe forward (5�-CGAGGTCGGCGGTG-
GCTTCGAC-3�) and reverse (5�-TTA CCT GCG AAC CAG
CAG GCG C-3�) primers (0.9-kb fragment containing the
predicted OPB catalytic core). The probes were 32P-labeled
using the Rediprime II Random Prime Labeling System (GE
Healthcare) as per the manufacturer’s instructions. Hybrid-
ization and washing conditions were performed as described
previously (26). Southern blots were scanned on a Typhoon
Trio Variable Mode Imager (GE Healthcare).
Animal Infections—Metacyclic L. major promastigotes were

purified from day 4 OPB(�/�) and wild type cultures using
negative selection by binding to peanut agglutinin as has been
described previously (27). BALB/c mice (groups of 5) were
anesthetized by isoflurane inhalation and infected subcutane-
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ously in the left hind footpad with 5 � 106 metacyclic pro-
mastigotes in 50 �l of Hanks’ balanced salt solution. Footpad
swelling was measured weekly after inoculation using a Mitu-
toyo caliper. Parasites were recovered from infected mice by
resection of the left popliteal lymph node.
Two-dimensional Gel Electrophoresis—Lysates from OPB

knock-out and wild type L. donovani promastigotes (405 �g
each) were prepared with the ReadyPrep 2-D Cleanup Kit and
dissolved in 300 �l of rehydration/sample buffer. Using the
ReadyPrep 2-D Starter Kit, samples were absorbed into 17-cm
pH 4–7 isoelectric focusing strips, isoelectrically focused, and
then separated on 8–16% Tris-HCl PROTEAN II Ready Gels
using the manufacturer’s protocols (Bio-Rad). Gels were
stained using SimplyBlue SafeStain (Invitrogen) and imaged
on a Typhoon Trio using the red laser (633 nm) in the fluo-
rescence acquisition mode with no emission filter. Images
taken of the gels with wild type and OPB knock-out lysates
were compared. Spots that had significantly different intensi-
ties or that had shifted were excised from the gels and trypsin-
digested as described above. Samples were analyzed by LC/
MS/MS on an LTQ Orbitrap (Thermo Fisher Scientific Inc.)
mass spectrometer. The survey scans were performed in the
Orbitrap at a mass resolution of �60,000, whereas all of the
collision-induced dissociation experiments were performed in
the ion trap. Each survey scan was followed by six collision-
induced dissociation experiments on computer-selected mul-
tiply charged ions. Once an ion was selected for collision-in-
duced dissociation analysis, it was excluded from the
precursor selection for �1 min. The reversed phase separa-
tion and data processing were performed as has been de-
scribed previously (28). Peak picking was performed by
PAVA, a software developed in-house. The database search
was performed on the UniProt.2007.12.04 using a mass accu-
racy of 20 ppm for MS and 0.8 Da for fragments.
Enolase Enzymatic Activity and Differential Detergent

Fractionation—Enolase activity was performed as has been
described previously (14). Briefly, enolase conversion of
2-phosphoglycerate into phosphoenolpyruvate was measured
spectrophotometrically at 240 nm. For differential fraction-
ations, promastigotes from day 5 cultures were pelleted and
washed twice with PBS. The washed pellet was resuspended
in ice-cold Fractionation Buffer: 10 mM PIPES, pH 7.2, 100
mM NaCl, 300 mM sucrose, 3 mM MgCl2, 5 mM EDTA, 0.5 mM

PMSF, 0.25% Protease Inhibitor Mixture III (EMD Chemi-
cals). Cells were pelleted, resuspended in Fractionation Buffer
with 0.02% digitonin, incubated for 5 min on ice, and pelleted.
The supernatant represents proteins released from the par-
tially disrupted plasma membrane. This concentration of
digitonin is known to disrupt the Leishmaniamembrane
without the bulk release of the cytoplasm (29). The pellet was
resuspended in Fractionation Buffer with 1% Triton X-100,
incubated for 5 min on ice, and pelleted. This supernatant
represents the cytosolic fraction. The pellet was resuspended
in Fractionation Buffer with 0.5% deoxycholate and 1% Tween
40, homogenized by hand, incubated for 5 min on ice, and
pelleted. The supernatant from this fraction represents the
nuclear fraction. This pellet, representing the cytoskeletal

fraction, was resuspended in 10 mM sodium phosphate buffer
with 5% SDS.
Microarray Analysis of Leishmania-infected Bone Marrow-

derived Macrophages—Bone marrow-derived macrophages
were isolated from the femora and tibiae of five female
C57BL/6 mice. The cells were pooled and cultured in DMEM
with 20% FBS and macrophage colony-stimulating factor on
10-cm non-tissue culture-treated plates at a density of 5 �
106 cells/plate. The cells were fed an additional 10 ml of me-
dium on day 3. On day 6, macrophages were harvested from
the plate using ice-cold PBS and frozen at 107 cells/ml in 90%
FBS with 10% DMSO. The day prior to infecting with Leish-
mania, macrophages were thawed and plated on T25 flasks at
5 � 106 cells/flask in medium containing macrophage colony-
stimulating factor. On the day of infection, macrophages were
washed once with PBS, and their medium was replaced with
DMEM with 0.5% FBS and L. donovani promastigotes, from
5-day-old cultures, infecting at a multiplicity of infection of
10. Uninfected control cells received medium without para-
sites. The flasks were spun down at 1000 rpm for 5 min to
synchronize the infections. RNA was collected at 0, 2, 6, 12,
and 24 h time points by removing the medium and lysing cells
with ice-cold TRIzol (Invitrogen). RNA was isolated from the
lysates using the RNeasy Mini Kit (Qiagen Inc.) and then am-
plified using the Amino Allyl MessageAmp II amplified RNA
amplification kit (Applied Biosystems). This amplification
incorporates amino allyl-UTP into the amplified RNA during
in vitro transcription, which facilitates coupling to N-hy-
droxysuccinimide ester dyes.
Four micrograms of amplified RNA from each sample were

labeled with Cy5 dye. A pooled reference (consisting of an
equal mass of RNA from all of the time points within a partic-
ular infection time course) was labeled with Cy3 dye and hy-
bridized against the Cy5-labeled samples on mouse exonic
evidence-based oligonucleotide (MEEBO) arrays. These ar-
rays were hybridized in a 63 °C water bath overnight. After
hybridization, the arrays were sequentially washed in three
solutions: 0.6� SSC with 0.01% SDS, 0.6� SSC, and 0.06�
SSC. Arrays were scanned using a GenePix 4000B scanner
with GenePix PRO version 4.1 software (Molecular Devices).
The SpotReader program (Niles Scientific, Portola Valley,
CA) was used for array gridding and image analysis. The re-
sultant data files were uploaded to Acuity version 4.0 (Molec-
ular Devices), where the raw data were log-transformed, fil-
tered for “good quality spots” (((‘RgnR2̂(635/532)’�0.6)
AND (‘Flags’� � 0))AND((‘F532Mean-B532��200) OR
(‘F635Median-B635��200))), and normalized to the 0 h con-
trol. The non-mouse control genes were removed from the
data set as well as genes lacking data in at least 70% of the ar-
rays. These data were then analyzed for statistically significant
gene expression differences using the SAM (Statistical Analy-
sis of Microarray) software version 2.23A, which works with
the open source R software package (available at on the
World Wide Web).
Three approaches were used in data analysis. First, pairwise

comparisons were performed between cells infected with
Leishmania and the uninfected control cells in order to deter-
mine the number of genes significantly affected by the infec-
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tion and the relative -fold changes of these genes. To do this,
two-class unpaired SAM analysis was employed using a false
discovery rate cut-off of �1% and the condition that genes
must have at least a 2-fold change. Each time point within a
time course was treated as a replicate for the purposes of sta-
tistical analysis. Second, multiclass comparisons were per-
formed between cells infected with wild type Leishmania,
cells infected with OPB knock-out Leishmania, and unin-
fected cells to determine the number of genes significantly
different between these groups. This was accomplished
through multiclass analysis in SAM with a false discovery rate
of �0.1%. Cluster software version 2.11 (available at the Eisen
Lab Web site) was then utilized to make self-organizing maps
and to perform average linkage clustering of both genes and
arrays. Third, gene ontology and pathway analyses were per-
formed using DAVID (Database for Annotation Visualization
and Integrated Discovery; available on the World Wide Web).
The list of up-regulated genes identified by the pairwise SAM
analysis were input into DAVID along with a background
gene list representing all of the genes used in the pairwise
analysis. The pathways and molecular functions that were
overrepresented in the list of up-regulated genes were identi-
fied and sorted based on -fold change and p value.

RESULTS

Leishmania Expresses High Levels of Serine Protease
Activity—In a search for cysteine protease activity similar to
that reported in L. major and L. mexicana (30), the fluores-
cent peptide substrate, Z-Pro-Arg-AMC, detected high levels
of protease activity in extracts of L. donovani. However, this
activity was inhibited by the class-specific serine protease in-
hibitor PEFABLOC and was resistant to the cysteine protease
inhibitor E-64. Additionally, this activity was observed at pH
8.0 and was absent at pH 5.5, a profile consistent with serine
protease activity (Fig. 1A). Because Clan CA cysteine pro-
teases are the major proteolytic activity in other protozoan
parasites (2, 31, 32), a comparison was made between the ac-
tivity found in three Leishmania species and protease activity
against the same substrate in the related intracellular kineto-
plastid parasite, T. cruzi. In contrast to Leishmania, T. cruzi
parasites did not express significant levels of serine protease
activity in either the epimastigote or amastigote stages. Oli-
gopeptidase B activity was detected in both the promastigote
and axenic amastigote stages of Leishmania (note that L. ma-
jor amastigotes cannot be cultured axenically); however, this
activity was significantly elevated in the amastigote stage for
both L. donovani and L. mexicana (Fig. 1B).
Purification of the Serine Protease Activity of L. donovani

Identifies Oligopeptidase B by Mass Spectrometry—In order to
identify the serine protease responsible for the observed pro-
teolytic activity, the enzyme was purified from L. donovani
utilizing Z-Pro-Arg-AMC as a substrate. The soluble fraction
of L. donovani lysate was fractionated by Q-Sepharose ion
exchange chromatography in a pH 8.0 Tris-HCl buffer. Activ-
ity assays were performed on eluted fractions, and one peak of
activity was observed. SDS-PAGE of fraction 60, the maximal
active fraction, was performed (Fig. 2). Tandem mass spec-
trometry was performed on bands excised from this gel. The

trypsin-generated peptides from the 75–90 kDa excised band
were identified by informatics analysis, consistent with Leish-
mania oligopeptidase B (predicted molecular mass, 83.1 kDa).
This analysis yielded 23 peptides mapping to OPB with amino
acid coverage of 36% and a probability-based Molecular
Weight Search score of 1053.
L. donovani OPB Was Cloned, Sequenced, and Recombi-

nantly Expressed in P. pastoris—The gene encoding Leishma-
nia donovaniOPB was cloned. Sequencing yielded a 2196-bp

FIGURE 1. Identification of high serine protease activity in Leishmania
lysate. A, the soluble fraction of L. donovani lysate was tested for protease
activity using a Z-PR-AMC substrate. Activity assays were performed at pH
5.5 (white bar) and at 8.0 (black bar), pH levels that are generally preferred
by cysteine and serine proteases, respectively. The activity observed was
tested for sensitivity to the cysteine protease inhibitor E-64 (10 �M) and the
serine protease inhibitor PEFABLOC (2 mM). The DMSO concentration was
1%. Activities were normalized to the protease activity observed at the indi-
cated pH without inhibitor. B, OPB activity was compared between three spe-
cies of Leishmania and T. cruzi. Insect vector stages of the parasites (Leishmania
promastigotes and T. cruzi epimastigotes, white bar) were compared with the
vertebrate host stages (amastigotes, black bar) for L. donovani, L. mexicana, and
T. cruzi. Equivalent amounts of protein from lysed parasites were measured for
OPB activity at pH 8.0 using the Z-PR-AMC substrate.
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(731-amino acid) gene. Comparisons of L. donovaniOPB with
other trypanosomatid OPBs are summarized in supplemental
Table 1. This gene was cloned into pPICZ� A and recombi-
nantly expressed in P. pastoris. Recombinant protein was pu-
rified using a hydrophobic interaction column followed by
ion-exchange chromatography. Purified OPB protein was
maximally active at pH 9.5 (Fig. 3). The hydrolysis of Z-Pro-
Arg-AMC by purified OPB was tested in the presence of a
panel of protease inhibitors and divalent cations (Table 1).
This enzymatic activity was completely abolished by antipain,
PEFABLOC (AEBSF, a broadly based serine protease inhibi-
tor), biotin-D-Phe-Pro-Arg-chloromethyl ketone (PPACK),
leupeptin (reversible inhibitor of trypsin-like proteases), and
TLCK (irreversible trypsin inhibitor). Benzamidine (inhibitor
of trypsin-like proteases) was found to partially inhibit OPB.
The catalytic domain of family S9A proteases is known to be
covered by a seven-bladed �-propeller that prevents the en-

trance and hydrolysis of larger substrates (6). It therefore fol-
lowed that the large molecular weight serine protease inhibi-
tors �1-antitrypsin, aprotinin, and soybean trypsin inhibitor
(SBTI) did not inhibit OPB. Additionally, TPCK (irreversible
chymotrypsin inhibitor) and PMSF (similar to PEFABLOC)
had no effect on OPB activity. As expected, inhibitors of cys-
teine proteases, aspartic proteases, and metalloproteases did
not appreciably inhibit OPB activity. Divalent cations Ca2�,
Mg2�, and Mn2� partially reduced OPB activity, whereas
Zn2� completely blocked activity.

FIGURE 2. Purification scheme and identification of OPB from L. donovani lysate. The soluble fraction of L. donovani promastigote lysate was fraction-
ated by Q-Sepharose ion exchange chromatography. OPB-containing fractions were identified by testing for cleavage of Z-PR-AMC at pH 8.0. Activity was
plotted against fraction number, and a single peak of activity was observed. The maximally active fraction, fraction 60, was resolved on an SDS-polyacryl-
amide gel. Major bands were excised from the gel, and the proteins were identified by tandem mass spectrometry. The protein contained in the excised gel
from 75 to 90 kDa was identified as OPB. OPB has a predicted molecular mass of 83.1 kDa.

FIGURE 3. Determination of the pH preference of OPB. Purified OPB was
tested for pH preference by measuring the hydrolysis of Z-PR-AMC in differ-
ent pH buffers. Activity was compared at pH values 3.0 –10.5 with a 0.5-pH
unit step size in 100 mM citrate phosphate buffer (black diamonds; pH 3.0 –
7.0), sodium phosphate buffer (white squares; pH 6.5– 8.0), Tris-HCl buffer
(black triangles; pH 7.5–9.0), and glycine-NaOH buffer (white circles; pH 8.5–
10.5). Error bars, S.D.

TABLE 1
Inhibition of OPB enzymatic activity by protease inhibitors and
divalent cations
OPB was tested for sensitivity to class-specific protease inhibitors and common
divalent cations. OPB activity was measured by an activity assay at pH 8.0 using
the Z-PR-AMC substrate. The enzyme was preincubated with an inhibitor or
cation for 10 min at the concentrations indicated. Substrate was then added, and
hydrolysis was measured by AMC hydrolysis. Residual activity is the percentage of
OPB activity remaining as compared with preincubation with solvent-only
controls.

Inhibitor Concentration Relative activity

%
Target proteases
Serine �1-Antitrypsin 1 �g/ml 100

Antipain 100 �M 0
Aprotinin 1 �M 100
Benzamidine 1 mM 27
3,4-DCl 50 �M 88
PEFABLOC 2 mM 0
PMSF 1 mM 100
PPACK 10 �M 0
Leupeptin 100 �M 0
SBTI 10 �g/ml 100
TLCK 100 �M 0
TPCK 100 �M 100

Threonine Bortezomib 10 �M 100
Cysteine CA-074 1 �M 96

Cystatin 1 �g/ml 100
E-64 10 �M 85
K11777 100 �M 100
DTT 100 �M 100

Aspartic Pepstatin A 1 �M 100
Metallo EDTA 5 mM 100

Cations
Ca2� 10 mM 69
Mg2� 10 mM 73
Mn2� 10 mM 73
Zn2� 10 mM 0
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Substrate Specificity Profiling of Recombinant OPB Reveals
Substrate Preference—PS-SCLs have been successfully em-
ployed to determine P1–P4 subsite preferences for several
proteases (20, 33). Complete libraries for each of the P1–P4
positions were used, containing 160,000 tetrapeptide sub-
strates (Fig. 4). The PS-SCL showed that OPB has a strong
preference for lysine or arginine residues at P1. OPB can ac-
commodate several amino acids in the P2–P4 positions; how-
ever, there is a preference for glycine in P2; serine, glycine,
alanine, asparagine, proline, and threonine in P3, and proline
in P4. Bulky hydrophobic groups, such as tyrosine, phenylala-
nine, and tryptophan, are least preferred. The optimal sub-
strate motif for OPB, as predicted by PS-SCL, is as follows: P4,
Pro/X; P3, X; P2, Gly/X; P1, Lys/Arg.

This substrate profile was verified by testing a panel of fluo-
rogenic peptide substrates, including both good and poor pre-
dicted substrates (Table 2). OPB cleavage of each substrate is
normalized to the Vmax of the Z-PR-AMC substrate. Only
substrates with either a lysine or an arginine in the P1 posi-
tion were cleaved. As predicted by PS-SCL analysis, the sub-
strate Z-GGR-AMC was preferred by OPB. Kcat and Km were
determined for both Z-GGR-AMC and Z-GPR-AMC.
These data demonstrate that Gly-Gly-Arg is a better sub-
strate and validate the results of the PS-SCL. Compared
with Z-GGR-AMC, H-K- and H-R-AMC were poor sub-
strates. Thus, fluorogenic peptide hydrolysis was more effi-
cient when more than one substrate-binding site were
occupied.

FIGURE 4. Tetrapeptide substrate specificity profiling of OPB using a positional scanning synthetic combinatorial library. Subsite preference was
determined using P1–P4 combinatorial libraries. All of the substrates contained an ACC fluorogenic leaving group. Assays were performed in triplicate, and
the mean 	 S.D. (error bars) is shown. Activity levels were normalized to the maximum mean value observed for each library. The x axis indicates the amino
acid held constant at each position for a given library, designated by the one-letter code (with n representing norleucine). The determined preference for
each subsite is in boldface type below the x axis (X indicates that multiple amino acids are permissible in the given subsite).

TABLE 2
Substrate specificity of OPB
To test the predictive power of the PS-SCL, fluorogenic substrates were obtained that were predicted to be either good or poor matches by the PS-SCL results.
Substrates were grouped and listed by decreasing initial cleavage velocities. Percentage activity is normalized to the initial velocity observed using the Z-PR-AMC
substrate. All assays were performed at pH 8.0 using 20 �M substrate (except for those used to calculate Kcat and Km values). The PS-SCL predicted that the ideal P2
amino acid would be Gly. Therefore, Z-GGR-AMC and Z-GPR-AMC, which differ only in the P2 position, were compared as substrates for OPB, and the kinetic
parameters were calculated. These assays were performed at substrate concentrations ranging from 80 to 0.2 �M.

N-terminal group P5 P4 P3 P2 P1 Relative activity N-terminal group P5 P4 P3 P2 P1 Relative activity

% %
Z G G R 197 H A 0
Boc L G R 108 Ac D E V D 0
Z G P R 104 Z V A D 0
Z P R 100 Ac W E H D 0
Z V V R 92 Z L L E 0
Glut G R 91 Suc A A F 0
Z R R 89 Suc P S P F 0
Z L R 78 H G F 0
Boc L R R 69 H L 0
Ac F R 62 Z G G L 0
Ac K Q K L R 51 Z A E N 0
Z F R 50 Ac A S N 0
Z A A R R 40 Ac A V N 0
Boc E K K 32 Suc G P L G P 0
Boc R V R R 31 Suc L Y 0
Ac F R S L K 23 Suc L L V Y 0
Boc V R K 21 TFA Y 0
H R 6
H K 1

Kinetic parameter Z-GPR-AMC Z-GGR-AMC

Km (�M) 7.76 3.08
Kcat (s�1) 4.25e4 6.83e4
Kcat/Km (s�1 �M�1) 0.55e4 2.22e4
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OPB(�/�) Parasites Lose the Major Serine Protease
Activity—The published L. major and L. infantum genomes
(GeneDB) as well as a study performed on L. amazonensis (3)
indicate that Leishmania spp. contain a single copy of OPB
per haploid genome. This was confirmed to be true in L. do-
novani and L. major by Southern blot analysis of genomic
DNA (data not shown). Deletion of both alleles of the single
copy gene was carried out by two rounds of targeted gene re-
placement and confirmed by Southern blot (Fig. 5A). To con-
firm that the major serine protease activity of L. donovani was
attributable to oligopeptidase B, OPB(�/�) and OPB(�/�)
parasites were compared with wild type (Fig. 5B). As ex-
pected, serine protease activity measured by Z-PR-AMC was
completely lost in the OPB(�/�) parasites.
In culture, OPB(�/�) and OPB(�/�) parasites success-

fully differentiated in culture back and forth between promas-
tigote and axenic amastigote forms. OPB(�/�) promastigotes
(but not amastigotes) showed a statistically significant growth
delay in culture; however, at stationary phase (day 5 post-
split), these parasites attained the same density as their wild
type counterparts. These knock-out parasites also efficiently

infected J774 murine macrophages in culture (data not
shown).
OPB(�/�) Parasites Accumulate Inactive Enolase Isoforms—

During T. cruzi infection, OPB indirectly stimulates transient
Ca2� levels in host cells. This results in the recruitment of
lysosomes to the plasma membrane and allows the parasite to
penetrate non-phagocytic cells (7). Leishmania does not em-
ploy this strategy and is restricted to phagocytic cells of the
immune system, so we next sought to uncover the function of
OPB in this genus of parasite. Two-dimensional gel electro-
phoresis was used to identify major differences in protein ex-
pression between wild type and OPB(�/�) parasites (Fig. 6A).
Four major protein spots were significantly more intense in
OPB(�/�). Mass spectrometry analysis indicated that all four
were consistent with Leishmania enolase. These spots differ

FIGURE 5. Genetic and enzymatic analysis of OPB knockouts. A, success-
ful deletion of both genomic copies of the OPB gene were determined by
Southern blot analysis. Digested genomic DNA from wild type, single copy,
and double copy knockouts were analyzed at the OPB locus for the pres-
ence of either the wild type locus or the knock-out cassette. The blot was
stripped and reprobed for the OPB gene itself to ensure that the gene was
not relocated to another site in the genome. B, lysates from wild type, single
copy, and double copy knockouts were analyzed for OPB enzymatic activity
using the Z-PR-AMC substrate at pH 8.0. FIGURE 6. Proteomic analysis of OPB knock-out parasites. A, two-dimen-

sional gel electrophoresis was used to compare lysates from wild type and
OPB double knock-out parasites. The arrows indicate four spots that were
significantly more intense in lysate from the knock-out parasites. The inten-
sity increase was observed on replicate gels. The proteins in these spots
were identified by mass spectrometry and were all found to be enolase.
B, to confirm that the accumulated isoforms of enolase found in the OPB
knock-out parasites did not represent increased glycolytic enolase, the gly-
colytic pathway function of enolase was analyzed by measuring the conver-
sion of 2-phosphoglycerate to phosphoenolpyruvate spectrophotometri-
cally. Error bars, S.D. of three separate experiments.
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by their isoelectric points in a stepwise manner, suggesting
that they represent different phosphorylation states of eno-
lase. In the malaria parasite Plasmodium yoelii, different
phosphorylated isoforms of enolase were localized to the par-
asite membrane (34). It was recently found that inactive forms
of enolase are associated with the plasma membrane of
L. mexicana, where they perform a function independent of
the classical enzymatic activity (14). We therefore tested
OPB(�/�) lysates for enolase enzymatic activity by detecting
the conversion of 2-phosphoglycerate to phosphoenolpyru-
vate spectrophotometrically (Fig. 6B). As predicted, there was
no increase in active enolase, thus the increase in enolase iso-
forms detected in OPB(�/�) lysates did not represent active
enzyme.
Enolase Accumulates on the Cell Surface of OPB-deficient

Leishmania—To determine whether the accumulated enolase
isoforms detected by two-dimensional gel in OPB(�/�)
Leishmania represent altered localization, subcellular frac-
tionation was performed on wild type and OPB knock-out
parasites. Cells were fractionated into digitonin-sensitive
membrane, cytoplasmic, nuclear, and cytoskeletal fractions.
These fractions were then analyzed by Western blotting using
an anti-enolase antibody (Fig. 7). Enolase was detected in the
cytoplasm and nucleus of both wild type and OPB(�/�) para-
sites. Enolase was not detected in the cytoskeletal fraction.
Interestingly, enolase was detected on the cell surface of the

OPB(�/�) parasites but not on wild type parasites. These
data indicate that loss of OPB results in the accumulation of
enolase on the parasite cell surface and that this has no effect
on the level of cytoplasmic enolase.
OPB Is Necessary for Leishmania to Silently Infect

Macrophages—It is known that Leishmania parasites are able
to evade the host immune response, at least initially, when
establishing an infection (35). Macrophages infected with sev-
eral species of Leishmania do not significantly alter their gene
expression profiles over the first 24 h postinfection (36). To
test if the accumulation of inactive surface enolase by
OPB(�/�) parasites interferes with detection by macro-
phages, we performed microarray analysis of gene expression
by bone marrow-derived macrophages infected with Leishma-
nia. Macrophages were infected with wild type or OPB(�/�)
parasites or were uninfected. RNA was collected at 0, 2, 6, 12,
and 24 h postinfection. These RNAs were dye-coupled and
hybridized onto MEEBO arrays. Array data were analyzed for
statistically significant genes using the SAM software. -Fold
change was calculated compared with uninfected cells (Fig. 8,
A and B). Using a false discovery rate threshold of �1.0% and
a minimum -fold change of 2 over uninfected, only 23 genes
were significantly up- or down-regulated in wild type Leish-
mania-infected macrophages; however, a striking 495 genes
were significantly up-regulated in OPB(�/�) Leishmania-
infected macrophages (supplemental Table 2). Heat maps of
clustered arrays illustrate the significant up-regulation of
macrophage genes following infection by OPB(�/�) parasites
compared with wild type-infected and uninfected controls
(Fig. 8C). Families of proteins that were significantly up-regu-
lated in the OPB(�/�) infections include proteins involved in
cytokine secretion, signal transduction, and the inflammatory
response (supplemental Table 3).
Loss of OPB Results in Delayed Lesion Formation inMice—

BALB/c mice were infected subcutaneously into their left
hind footpads with either wild type or OPB(�/�) L. major
parasites. Footpad swelling was measured weekly (Fig. 9).
Swelling was evident in the wild type-infected mice at 46 days
postinfection; however, significant swelling was not observed
in mice infected with OPB(�/�) parasites until 117 days
postinfection. The OPB(�/�) infections were not self-limit-
ing and continued to increase footpad swelling, but the lesion
size was consistently 7 weeks delayed compared with the wild
type infections. Episomally added back OPB infections did not
recapitulate wild type infections. This was not unexpected
because our model of OPB function requires tight regulation
of OPB expression during promastigote to amastigote differ-
entiation and in culture.

DISCUSSION

Proteases are key virulence factors in the pathogenesis of
diseases caused by Leishmania and related kinetoplastid para-
sites (30). A noteworthy biochemical difference between
Leishmania parasites and the closely related trypanosomatid
T. cruzi is the presence, reported here, of unexpectedly high
levels of serine protease activity in Leishmania. We found that
three Leishmania species (L. donovani, L. major, and L. mexi-
cana), representing the three main clinically distinct com-

FIGURE 7. Differential localization of enolase in OPB knock-out versus
wild type Leishmania. Wild type and OPB(�/�) Leishmania were fraction-
ated by differential lysis. Western blots for enolase were performed on
these cell extracts. Cell fractions were as follows: cell surface fraction (A), cy-
toplasmic fraction (B), nuclear fraction (C), and cytoskeletal fraction (D). Equiva-
lent levels of enolase were detected in the cytoplasmic and nuclear fractions of
both wild type and OBB �/� parasite, and it was not detected in the cytoskel-
etal fractions. Enolase was found to have accumulated on the cell surface of
OPB(�/�) Leishmania but was not present on the cell surface of the wild
type parasites.
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plexes of the genus, exhibited high levels of serine protease
activity when compared with T. cruzi. Furthermore, this
Leishmania serine protease activity increased severalfold in
amastigotes, suggesting an important role for this enzyme in
the vertebrate stages of the parasite for both cutaneous and
visceral leishmaniasis-causing species. Whereas proteases
represent a significant genomic complement of protozoa and
metazoa, the Clan CA cysteine proteases predominate in in-
vertebrates (2). The major proteolytic activity identified in
Leishmania extracts was attributable to the Clan SC enzyme
oligopeptidase B.

Substrate and inhibitor specificity of the LeishmaniaOPB
revealed an enzyme that is similar yet distinct among homo-
logues from other organisms. Previous research on OPBs
from multiple trypanosomatid parasites has shown that this
group of enzymes has a strong preference for basic residues in
both the P1 and P2 positions (8, 9, 37) much like the OPB
from E. coli (38). Alignments and homology modeling of the
OPB subsites by de Matos Guedes et al. (39) revealed that
both the S1 and S2 pockets from each of these organisms pos-
sess pairs of acid residues: S1 glutamic acids and S2 aspartic
acids or glutamic acids for E. coli and the trypanosomes, re-

FIGURE 8. Gene expression of macrophages infected by OPB knock-out parasites. Murine bone marrow-derived macrophages were infected with ei-
ther wild type or OPB(�/�) parasites for 0, 2, 6, 12, and 24 h. Gene expression from these macrophages was analyzed by microarray. A and B, array data for
wild type (A) and OPB(�/�) (B) infections were analyzed to find statistically significant changes in gene expression compared with uninfected macro-
phages using a false discovery rate threshold of �1.0% and a minimum -fold change of 2. The x axis indicates the expression level of a given gene in the
uninfected control macrophages. The y axis indicates the expression level observed in the infected macrophages. Genes with a significant change in ex-
pression after Leishmania infection are colored red for up-regulation and green for down-regulation. In the wild type infections, only 23 genes were differen-
tially expressed (false discovery rate � 0.00%) compared with uninfected cells; however, in the OPB(�/�) infections, there were 459 significantly up-regu-
lated genes (false discovery rate � 0.67%). C, heat maps of the array data were clustered to illustrate the differences between the different time courses.
The OPB knock-out-infected macrophage arrays show a significant increase in gene expression (red) compared with the uninfected and wild type Leishma-
nia-infected macrophage arrays.
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spectively. Interestingly, the L. donovani S2 pocket contains
only a single aspartic acid residue, with the second replaced
with a glutamine. This single amino acid change has altered
the substrate specificity of the Leishmania enzyme, giving it a
preference for a P2 glycine over arginine, which makes it
unique among known OPB enzymes. LeishmaniaOPB, like
the trypanosome homologues, was found to be resistant to
high molecular weight inhibitors (40), indicating that the N-
terminal �-propeller domain sterically restricts access to the
LeishmaniaOPB active site.

Previous research has not been able to identify an endoge-
nous substrate or pathway for OPB within trypanosomatid
parasites; however, OPB is known to have a role in tissue and
cell invasion by T. cruzi. T. cruzi, like Leishmania, is an intra-
cellular parasite in its vertebrate host, but unlike Leishmania,
T. cruzi infects non-phagocytic cells. OPB from T. cruzi has
been found to play an important role in the invasion of these
non-phagocytic cells. It is known that OPB transiently in-
creases Ca2� levels in host cells and that this results in the
recruitment of lysosomes to the host cell surface for parasite
entry; however, the direct action of OPB in this process has
not yet been uncovered. It is believed that the T. cruziOPB
acts through an unknown signaling ligand or parasite cell sur-
face receptor (40). Additionally, a T. cruzi Clan SC protease
has also been implicated in tissue invasion through the pro-
teolytic cleavage of the host’s extracellular matrix (13).
Our findings have elucidated the function of OPB in Leish-

mania and have the potential to answer some of the unre-
solved questions regarding the role of OPB in T. cruzi tissue
and cell invasion. Proteomic analysis of wild type versus
OPB(�/�) Leishmania revealed that the knock-out parasites
accumulated enolase. Further investigation showed that this
accumulation was due to enzymatically inactive enolase and
that the accumulation was on the cell surface of these para-
sites. Whereas enolase functions in carbohydrate metabolism

in a number of organisms, it has also recently been shown to
function as a virulence factor in bacterial pathogens, such as
Bacillus anthracis (41) and Streptococcus pneumoniae (42) as
well as in protozoan parasites like Toxoplasma gondii (43) and
Plasmodium (34), where it acts as a cell surface ligand. In fact,
in Leishmania, surface-associated enolase was previously doc-
umented and shown to bind host plasminogen (44). In
addition, Leishmania was found to be less infectious in plas-
minogen knock-out mice, supporting a role for enolase-plas-
minogen interactions in Leishmania virulence (16).

Enolase-bound plasminogen activation into plasmin or
binding to plasminogen receptors may facilitate parasite entry
into macrophages or prevent fibrin deposition on extracellu-
lar parasites at the site of infection. However, once in the
macrophage, retention of enolase could negatively impact
parasite survival by activating macrophages. As our data have
shown, OPB is dramatically up-regulated upon differentiation
into the amastigote form of the parasite. Clearance of surface
enolase by increased OPB supports this model. Fig. 10 is a
graphical representation of the proposed model for OPB
function within Leishmania. Our hypothesis that OPB is
needed for the silent infection of macrophages is supported
by our demonstration that OPB(�/�) Leishmania caused
activation of infected macrophages with expression of TLR-2,
the TGF-� receptor, TNF receptors, and interferon-activated
proteins (see the supplemental material). This is in stark con-
trast to wild type Leishmania, which elicits little, if any,
macrophage reaction. A defect in the ability of Leishmania to
circumvent macrophage activation during entry or to reside
undetected within host macrophages would explain the sig-
nificant delay in footpad swelling observed in the murine ex-
perimental model of OPB(�/�) L. major infection when
compared with wild type parasites. Although not absolutely
necessary for disease pathogenesis, OPB is required for full
virulence.
In this study, we have directly demonstrated that Leishma-

niaOPB is a highly active protease with unique substrate
specificity when compared with related trypanosomes. OPB is
responsible for regulating levels of enolase on the parasite cell
surface. This moonlighting function of enolase is known to

FIGURE 9. Mouse infections by wild type and OPB(�/�) L. major. BALB/c
mice (n � 5) were infected subcutaneously in the left hind footpads with
wild type (solid circle) or knock-out (empty circle) L. major. Footpad swelling
was measured weekly, and the footpad thickness was plotted over time.
Error bars indicate the S.D. between the five mice in each group. The mice
were sacrificed at 180 days postinfection. No swelling was observed in the
right hind (uninfected) footpads. Significant footpad swelling occurred at
46 days PI in wild type-infected mice (p � 0.002) and 116 days postinfection
in OPB knock-out-infected mice (p � 0.036).

FIGURE 10. Model for OPB function in the Leishmania life cycle. This
schematic details the proposed function of Leishmania OPB during infection
of a vertebrate host. In a wild type infection, surface enolase (black dia-
monds) binds host plasminogen (dark gray circles) on the parasite cell sur-
face. As the parasite begins differentiating into an amastigote, OPB is up-
regulated, thereby clearing surface enolase and plasminogen. The
amastigotes replicate undetected within the macrophage. In an OPB(�/�)
infection, when the parasite differentiates into the amastigote stage, eno-
lase and plasminogen are retained on the cell surface. This infection is de-
tected by the macrophage, resulting in increased macrophage gene tran-
scription and reduced parasite virulence.

Leishmania OPB Regulates Parasite Enolase and Virulence

JANUARY 7, 2011 • VOLUME 286 • NUMBER 1 JOURNAL OF BIOLOGICAL CHEMISTRY 439

http://www.jbc.org/cgi/content/full/M110.138313/DC1


contribute to the virulence of multiple infectious agents, and
its connection to OPB suggests that this is a key pathway for
other trypanosomatid parasites.
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