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Entamoeba histolytica cysteine proteinases (EnCPs) play a key
role in disrupting the colonic epithelial barrier and the innate host
immune response during invasion of E. histolytica, the protozoan
cause of human amebiasis. EhCPs are encoded by 50 genes, of
which ehicp4 (ehcp-a4) is the most up-regulated during invasion
and colonization in a mouse cecal model of amebiasis. Up-regula-
tion of ehicp4 in vivo correlated with our finding that co-culture of
E. histolytica trophozoites with mucin-producing T84 cells
increased elicp4 expression up to 6-fold. We have expressed recom-
binant EhCP4, which was autocatalytically activated at acidic pH
but had highest proteolytic activity at neutral pH. In contrast to the
other amebic cysteine proteinases characterized so far, which have
a preference for arginine in the P2 position, EhCP4 displayed a
unique preference for valine and isoleucine at P2. This preference
was confirmed by homology modeling, which revealed a shallow,
hydrophobic S2 pocket. Endogenous EhCP4 localized to cyto-
plasmic vesicles, the nuclear region, and perinuclear endoplas-
mic reticulum (ER). Following co-culture with colonic cells,
EhCP4 appeared in acidic vesicles and was released extracellu-
larly. A specific vinyl sulfone inhibitor, WRR605, synthesized
based on the substrate specificity of EhCP4, inhibited the
recombinant enzyme in vitro and significantly reduced parasite
burden and inflammation in the mouse cecal model. The unique
expression pattern, localization, and biochemical properties of
EhCP4 could be exploited as a potential target for drug design.

Entamoeba histolytica is the causative protozoan parasite of
amebic colitis and liver abscesses and the second leading cause
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of death from parasitic diseases (1). Invasive E. histolytica tro-
phozoites secrete 10-1,000-fold more cysteine proteinases
than non-invasive Entamoeba dispar (2), whereas EnCP?-defi-
cient trophozoites demonstrate reduced virulence in animal
models (3). During amebic invasion, EhCPs degrade the mucus
barrier and destroy the extracellular matrix (4) underlying the
epithelium, thereby causing epithelial detachment and ulcer-
ation (4, 5). Amebic penetration through ulcers facilitates entry
into the mucosa and subsequently spread to the liver (3-5).
Furthermore, EhCPs interrupt the function of the hostimmune
system by cleaving immune molecules, including IgA and IgG
(6, 7), processing complement C3 (2) and inactivating comple-
ment C3a and C5a (8). They also generate mature IL-1 from
pro-IL-13 (9) but inactivate pro-IL-18 (10). These alternations
of the immune response contribute to ineffective host defenses
and thereby excessive inflammation and tissue damage.
Genome-wide homology searches have identified 50 E. his-
tolytica genes encoding cysteine proteases (11, 12), most of
which belong to the C1 papain superfamily. These enzymes are
expressed as zymogens with a hydrophobic pre-domain of
12-20 residues, a pro-domain of 55-148 residues, a catalytic
domain of 190-488 residues, and six cysteine residues that
form the disulfide bridges to stabilize the tertiary structure
(13, 14). The EhCPs that have been characterized to date
include EhCP1 (ERCP-A1) (15, 16), ERCP2 (EhCP-A2) (14),
EhCP3 (EhCP-A3) (10, 14), EhCP5 (EhCP-A5) (15, 17), and
EhCP112 (EhCP-B9) (18). These enzymes all undergo auto-
catalytic activation in which the inhibitory pro-domain is
cleaved from the zymogen. They also have a cathepsin L-like
structure, but like cathepsin B, these enzymes can also
accommodate Arg at P2 (14). Among the remaining EhCPs,

2The abbreviations used are: EhCP, E. histolytica cysteine proteinase; ER,
endoplasmic reticulum; IL, interleukin; CRT, calreticulin; MPO, myeloper-
oxidase; CM, conditioned medium; AMC, 4-amino-7-methylcoumarin; Z-,
N-benzyloxycarbonyl-; Suc, N-succinyl; DTT, dithiothreitol; RFU, relative
fluorescence units; rEhCP, recombinant EhCP; PBS, phosphate-buffered
saline; DPBS, Dulbecco’s PBS.
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some are predicted to have putative transmembrane or gly-
cosylphosphatidylinositol anchor attachment domains, sug-
gesting that they are membrane-associated proteases (13). Addi-
tionally, a few of the predicted EhCPs are similar to calpain-like
cysteine proteinases, ubiquitinyl hydrolase, Ulp1 peptidase, auto-
phagin, and otubain (12). The biological functions of these non-
papain family enzymes are not known.

In axenically cultured E. histolytica trophozoites, the papain
family members EhCP1, EnCP2, and EhCP5 account for ~90%
of the total cysteine protease activity (19). However, the expres-
sion of EhCP genes in cultured trophozoites differs from those
in vivo. Although some ekicp genes (e.g. ehcp4 (ehcp-a4), ehcp6
(ehcp-a6), and ehcp9 (ehcp-a8)) are expressed at low or unde-
tectable levels in vitro (13), they are transcribed and signifi-
cantly up-regulated during cecal infection in mice, especially
ehcp4 (20). Moreover, in E. histolytica cysts from clinical iso-
lates, ehcp4 and ehcp9 are also moderately up-regulated,
whereas ehcp7 (ehcp-bl), ehcpl8 (ehcp-b8), and a CP11-like
ehcp (ehcp-b2) are highly up-regulated (21). These findings sug-
gest that not only does the expression of EnCPs depend upon
physiological context, but also the functions of these enzymes
may be specific and/or synergistic. To this end, characterizing
the biochemical properties and functions of these developmen-
tally regulated EhCPs should shed light on how adaptation to
the environmental changes promotes invasion by E. kistolytica.

We chose to characterize ERCP4 because it is continuously
expressed throughout all stages of invasion and colonization
and is the most up-regulated during cecal invasion by E. histo-
lytica. Upon expression of the recombinant zymogen of EhCP4
and refolding it to an active enzyme, we found that EhCP4 has
unique substrate specificity based on synthetic peptidyl sub-
strates, specific optimal pH values for autoactivation and pro-
teolytic activities, and localization patterns that are distinct
from the previously well studied EhCPs. Moreover, computer
modeling and structure-based inhibitor design led to synthesis
of an EhCP4-specific inhibitor, WRR605, which was both active
in vitro and protective against invasive infection in a murine
cecal model of amebiasis.

EXPERIMENTAL PROCEDURES

Entamoeba Cultures and Purification of Genomic DNA—
E. histolytica strain HMI1:IMSS was grown axenically (16).
E. histolytica genomic DNA was purified from trophozoite
nuclei with the DNeasy kit (Qiagen) as described previously
(16).

Expression of Recombinant EhCP4—The sequence encoding
the pro-domain and catalytic domain of EhCP4 (accession
numbers XP656602 and EHI_050570) was cloned by PCR using
PFU Ultra Hi Fi DNA polymerase (Stratagene) with Entamoeba
genomic DNA as a template. The PCR product from the primer
pair EhCP4 pQE8OL5’' (GGA TCC GCT AAG AAC AAT AAA
CAC TTC; BamHI site at the 5'-end) and EhCP4 pQESOL3’
(CTGCAGTTA ATT AGC ATC ATG AGC ACC; Pstl site at
the 5'-end) was cloned into pQE80L (Qiagen) for maximal
N-terminal His-tagged protein expression for use in generating
the EhCP4 antigen for antibody production. The PCR product
from primer pair rERCP-A4-5P (GGA TCC GGC TAA GAA
CAA TAA ACA CTT CAC TG; BamHI site at the 5’'-end) and
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rEhCP-A4-3P (CTC GAG TTA ATT AGC ATC ATG AGC
ACC AGT; Xhol site at the 5'-end) was cloned into pET32b
(Novagen) to generate a fusion protein with the Escherichia coli
thioredoxin A and a His, tag at the amino terminus of EnCP4
for use in refolding experiments. In-frame insertions of the con-
structs were confirmed by sequencing. pQE80LEhCP4 and
pET32bEhCP4 were transfected into BL21 Condon Plus (DE3)-
RIPL cells (Stratagene), and the fusion proteins were purified
from inclusion bodies by nickel affinity chromatography as
detailed previously (16). The total protein concentration was
determined by Coomassie Plus (Pierce) and the purity by 12%
SDS-PAGE following methanol/chloroform precipitation. The
minimal purity of the His,-tagged rEnCP4 was 80% of the total
protein.

Refolding and Purification of rEhCP4—Optimal refolding
conditions were identified by following a modified screening
protocol (22). Maximal active enzyme was obtained by reduc-
ing the denatured thioredoxin A-EhCP4 fusion protein with 25
mM DTT at 37 °C for 1 h followed by rapid dilution of the pro-
tein into ice-cold refolding buffer (100 mm Tris-Cl, pH 8.5, 100
mM NaCl, 20% glycerol, 250 mm arginine-HCl, 2 mm EDTA, pH
8, 10 mM GSH, 1 mM L-GSSG disodium salt) to reach a final
concentration of the fusion protein of 0.6 — 0.8 um. The refold-
ing solution was incubated at 4 °C for 72 h and then in ambient
temperature for 2—4 h. The insoluble protein was removed by
centrifugation followed by filtration through a 0.45-um surfac-
tant-free cellulose acetate filter (Corning Glass). The soluble
protein was concentrated with Amicon Ultra-15 (Ultracel-
10K). The refolding buffer was desalted with 25 mm Tris-Cl, pH
8.0, using a PD-10 desalting column (GE Healthcare). The sol-
uble protein was further purified by ion exchange fast protein
liquid chromatography on a Hi-Trap™ HP-Q column (GE
Healthcare). The fractions with cysteine proteinase activity
were combined, concentrated, and stored at 4 °C.

Proteinase Activity Assay—Aliquots of the refolded recombi-
nant EhCP4 were activated in the activation buffer (50 mm citric
acid-Na,HPO, buffer at pH 4 with 5 mm DTT) at 37 °C for
10-45 min. Proteinase activity was measured by the release
of the fluorescent leaving group, 4-amino-7-methylcoumarin
(AMC) from synthetic peptide substrates as described (16),
using a Fluoroskan-Ascent fluorometer (Thermo Labsystems).
Enzyme activity, initial velocity, and relative fluorescence units
(RFU)/min (the amount of proteinase activity needed for the
release of 1 pmol of AMC/min), and the Michaelis constant
(K,,) of rERCP4 for synthetic peptide substrates were experi-
mentally determined using standard Michaelis-Menten kinet-
ics as described previously (16). Briefly, activated rEhCP4
(10-13 nm) was reacted with substrates Z-VVR-AMC or
Z-LLVY-AMC in 50 mum citric acid-Na,HPO, buffer, with 5 mm
DTT, 0.005% Triton X-100, and 2 mm EDTA at pH 4, 7, and 8.
The final concentrations of the substrates were 5.8 -100 uMm in
serial dilutions. The measurement of the fluorescent signal
(RFU) was performed on a Flex Station (Molecular Devices).
For active site titration of enzyme, activated rEnCP4 was incu-
bated with a series of concentrations of a pancysteine protein-
ase inhibitor, E-64, or the EhCP4-specific inhibitor, WRR605,
in serial dilutions from 0-1.0 um. The optimized inhibition
time (100% inhibition) was predetermined. The linear portion
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of the plot (residual activity versus inhibitor concentration) was
used to calculate the active enzyme concentration.

Mass Spectrum Analysis—The protein band of interest was
excised from a 12% SDS-polyacrylamide gel. The gel slice was
washed with 25 mm NH,HCO,, 50% acetonitrile (CH3CN),
dehydrated with 100% CH3CN, dried, and digested overnight
at 37 °C using Trypsin Singles™" proteomics grade (Sigma).
The reaction was quenched with an equal amount of 10% for-
mic acid. Nanocapillary columns were packed at 600 p.s.i. to a
length of 10 cm with C18 reverse-phase resin suspended in
methanol. The column was equilibrated with 90% of solvent A
(water, 0.1% acetic acid) and loaded with 10 ul of trypsin-di-
gested rEhCP4 with 90% of solvent A and 10% of solvent B
(CH4CN, 0.1% acetic acid). A gradient for eluting trypsin-di-
gested peptides was established with a time-varying solvent
mixture and directly electrosprayed into the LTQ-Fourier
transform mass spectrometer (Thermo Fisher Scientific Inc.).
Top intensity ions were selected for fragmentation by collision-
induced dissociation. The LTQ was calibrated using the re-
commended Thermo Fisher calibration mix. rEhCP4 mass
spectrometry data sets were searched against the NCBI non-
redundant data base with the predicted rEnCP4 sequence. This
search was facilitated by a DOS common-line version of the
public software InSpecT (23). In addition to the NCBI non-
redundant data base, a “phony” or reverse data base and a com-
mon contaminant data base was added to the search.

Amino-terminal Sequencing of the Recombinant Thioredoxin
A Fusion EhCP4— Activated rEhCP4 was separated with a 12%
SDS-acrylamide gel with 2 mm mercaptoacetic acid in the
upper electrode buffer. The gel was blotted on an Immobilon-
PSQ membrane with a semidry device (1 mA/cm? for 100 min).
The membrane was stained by 0.1% Coomassie Blue R, 50%
methanol, 1% acetic acid for 5 min and destained with 50%
methanol. The active rERCP4 band (~26 kDa) was cut from the
membrane and sent to the PAN Facility (Stanford University
Medical Center) for amino-terminal sequencing.

Substrate Specificity of rEnCP4— Activated rEhCP4 (100 nm)
was used in screening a P1-P4 substrate library following the
protocol as described previously (16) to determine the substrate
specificities of the S1-S4 subsites.

pH Profiling—The pH activity profiles were established using
activated rEhCP4 (10 nm) and substrate Z-VVR-AMC in the
citric acid-Na,HPO, buffers (from pH 2 to pH 8) with 5 mm
DTT. Values were normalized with the highest activity (in
RFU/min) set to 100% and represent three experiments.

EhCP4 Homology Modeling—The crystal structure of proca-
thepsin L1 from Fasciola hepatica (FheCL1; Protein Data Bank
code 206X) was used as the template for homology modeling of
the mature domain of EhCP4 (24). Sequence alignment of the
mature form of EnCP4 with the FheCL1 zymogen and homol-
ogy modeling were performed in MODELLER (25).

Inhibitors and Inhibition Kinetics of rEnCP4—The cysteine
proteinase inhibitors, WRR483, WRR605, and BODIPY-WRR-
605, were synthesized using well established procedures for
related compounds (26).> Kinetic analyses of the irreversible

3 C.D.Emal, E.Hansell, A. Alvarez-Hernandez, P. Y. Chong, B. Knapp-Reed, J. H.
McKerrow, and W. R. Roush, submitted for publication.
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cysteine protease inhibitors were performed by adding acti-
vated rEhCP1 (10 nMm) to inhibitor dilutions with 2 um Z-RR-
AMC (K,,, = 2 uMm) in 50 mM citric acid-Na,HPO,, buffer, pH
6.5, with 5 mm DTT, 0.005% Triton X-100, and 2 mm EDTA.
Similarly, activated rEnCP4 (13 nm) was added to inhibitor dilu-
tions with 30 um Z-VVR-AMC (K, = 30 um) in 50 mM citric
acid-Na,HPO, buffer, pH 7.0, with 5 mm DTT, 0.005% Triton
X-100, and 2 mm EDTA. The measurement of the fluorescent
signal (RFU) was performed on a Flex Station (Molecular
Devices). Progress curves were obtained for 10 min at room
temperature (less than 5% of substrate consumed) with 3-fold
dilutions of inhibitors, starting at 33 um and ranging down to
140 nm. Inhibitor dilutions, which gave simple exponential pro-
gress curves over a wide range of k., were used to determine
kinetic parameters. The value of k_,, was determined under
pseudo-first order conditions using the progress curves method
(27, 28) and calculated with Prism 4 (GraphPad) as reported
previously (29).

DCGO04 and BODIPY-WRR605 Labeling of Active Cysteine
Proteinase—Aliquots of the refolded recombinant EnCP4 were
activated in the activation buffer (50 mm citric acid-Na,HPO,
buffer at pH 4 with 5 mm DTT) at 37 °C for 10 min. The buffer
was neutralized to pH 7 by 50 mwm citric acid-Na,HPO, buffer at
pH 8. Active proteinase was detected with DCGO04, a biotiny-
lated epoxide inhibitor that binds most clan CA proteinases
(kind gift from Dr. Doron Greenbaum, University of Pennsyl-
vania) (30). DCG-04 was added to the activated EhCP4 to a final
concentration of 2 um at room temperature for 60 min. The
labeled protein was detected by immunoblotting with alkaline
phosphatase-conjugated streptavidin (Sigma). For BODIPY-
WRR605 labeling, a 200 um concentration of the recombinant
EhCP4 was activated at 37 °C for 30 min. The activated enzyme
was treated with 200 um BODIPY-labeled WRR605 without or
with increasing concentrations of unlabeled WRR605 (50 and
100 uMm). The protein was separated on a 15% SDS-polyacryl-
amide gel, blotted onto a 0.22-um polyvinylidene difluoride
membrane, and scanned using a STORM860 PhosphorImager
(GE Healthcare).

Identification and Cleavage of Host Proteins by Recombinant
EhCP4—Potential host protein targets were identified by in
silico data mining using the result of the P1-P4 library scan with
a computational tool for modeling and predicting protease
specificity (POPS, available from the Monash University web
site). Except for human villin-1, candidates are commercially
available. To purify endogenous human villin-1, isolation of
soluble human villin-1 from HT-29 cells was performed as
described (31). For immunoprecipitation, cell lysate (2 mg) was
precleared with GammaBind Plus-Sepharose (15 ul; GE
Healthcare). Monoclonal anti-villin antibody (12 ul, ID2C3
(AB739 lot: 581147); Abcam, Cambridge, UK) was incubated at
4 °C overnight with cell lysate and GammaBind Plus-Sepharose
(22 pl). The Sepharose beads were washed twice with HNTP
buffer (20 mm Hepes, pH 7.5, 150 mm NaCl, 0.1% Triton X-100,
10% glycerol), followed by three washes with PBS with 0.02%
Triton X-100. The immunoblot of villin was detected with
ID2C3 (1:500) and Mouse TrueBlot ULTRA (eBioscience). The
cleavage of physiological proteins was performed as described
(16). In brief, the rEhCPs were activated, and the DTT was
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removed by ultrafiltration with Amicon Ultra-15 (Ultracel-
10K, Millipore Corp.) and phosphate buffers (16). Laminin-1 (4
pg; Roche Applied Science), villin, and C3 (2 pg; Quidel) were
incubated for 1 h (for C3) and 4 h (for laminin and villin) at
37 °C, respectively, with rEhCP1 (as a control) and rEhCP4 in
PBS alone or following preincubation of the proteinase for 15
min at room temperature with E-64. IgG (2 ug) and IgA (2 png)
(Sigma) were incubated with rEhCP4 without or with E-64 for
14-h at 37 °C. Pro-IL-18 was expressed and purified from E. coli
and incubated with rEhCP4 for 1 h. The cleavage products were
boiled in Laemmli buffer and separated with 15% or 4-20% SDS
gradient polyacrylamide gels. The laminin-1 antibody (L9393,
Sigma) was used to show laminin degradation.

Antibody Production—Anti-EhCP4 polyclonal antibodies
were prepared by immunizing Rhode Island Red chickens with
gel-purified pQE80LEhCP4 His-tagged protein in Freund’s
complete adjuvant, followed by monthly boosting in Freund’s
incomplete adjuvant for 5 months (Robert Sargeant Antibody
Laboratory, Ramona, CA). IgY was purified from egg yolks by a
simple two-step procedure (32) and was further purified by
affinity purification with its antigen to produce monospecific
antibody.

Immunofluorescence Staining—Trophozoites were washed
twice in cold Dulbecco’s phosphate-buffered saline (DPBS), pH
7.4, and fixed in 4% paraformaldehyde for 60 min on ice, per-
meabilized in 0.1% Triton X-100, DPBS, 3% bovine serum albu-
min for 10 min, and blocked with 3% bovine serum albumin,
0.05% Triton X-100, in DPBS for 60 min at room temperature
or 4°C overnight. For LysoTracker labeling, LysoTracker™
Red DND-99 (Invitrogen) was applied to the axenic co-culture
of trophozoites and T84 cells at a final concentration of 2 um for
4 h. BODIPY-WRR605 and free BODIPY-TMR (Invitrogen)
were added to axenically cultured trophozoites at a final con-
centration of 50 uMm for 3 h.

Infected mouse ceca were fixed with 4% paraformaldehyde in
DPBS, pH 7.4, overnight at 4 °C, followed by three washes in
cold DPBS. The fixed tissues were cryoprotected with 30%
sucrose in 1X DPBS, followed by optimum cutting temperature
compound (Sakura Finetek USA, Inc., Torrance, CA) embed-
ding. 8-um sections were made by Microm HM505E (Termo
Scientific). The sections were air-dried, washed in DPBS, per-
meabilized in 0.1% Triton X-100, 3% bovine serum albumin, 2%
normal goat serum, 0.5% fish skin gelatin in DPBS, for 10 min
and blocked with 0.05% Triton X-100, 0.02% Tween 20, 3%
bovine serum albumin, 2% normal goat serum (for tissue sec-
tions, 0.5% fish skin gelatin was added) in DPBS. Blocked tissues
or cells were incubated with a monospecific polyclonal IgY to
EhCP4 (1:500, 320 ng/ml) and a goat polyclonal IgG (sc-6467)
to the ER marker, calreticulin (CRT) (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA) (1:200), followed by staining with
ALEXA 594-conjugated or ALEXA 488-conjugated secondary
antibodies (1:800 dilution; Molecular Probes, Inc., Eugene,
OR). The slides were mounted with Vectashield Hard Set (Vec-
tor Laboratories) and imaged with a Nikon Eclipse E800 epif-
luorescence microscope equipped with a DXM1200F digital
camera or with a Leica TCS SP5 laser scanning microscope.
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TABLE 1
Primers for real-time PCR of ehcp genes
Gene 5’ Primer 3’ Primer
ehcpd (34) GTT AAC CAT GGT GTT GCC GCT GTA | GCA TCA TGA GCA CCA GTT GGG AAA
ehep7 TTG ATT GGG ATA CTC TTT GT GG ATC AGC AGT ATC ACC ATC TCC
ehepll GTT GAA ATG GAA TTA GGA ACT CTC AGG ACT ATT GGA TGG ATC AC
GGG
ehepls AAG CAC ATT ACA CTC ACT TGA C GTG ACT CTA AGA CAC TTG TGG G
ehcpl8 GAG CAT ACC CAC CAATACTACC GCA TAA CAA GAA CCA CAA CTT CCT
Eh RNA AAA GAA GGT GTT ACT GTA GAC ATC TGA ACG GAC ACG GAC ATG AC
polymerase I (33) | GTA GGG

Co-culture of Trophozoites and Human Colon Cancer Cell
Line T84—The human colon adenocarcinoma cell line, T84,
was cultured in Dulbecco’s modified Eagle’s medium/F-12
medium with 5% newborn calf serum (Hyclone) to a confluent
monolayer in T25 flasks (Corning Glass). Before the start of
co-culture, T84 cells were treated with 300 ng/ml cholera toxin
(Sigma), a weak secretagogue of mucin, for 8 h to induce mucus
production. The T84 monolayer was then washed twice with
culture medium to remove cholera toxin. Axenic HM-1 tro-
phozoites (2.5 X 10°) were laid over the confluent monolayer of
T84 cells and incubated in culture medium in an anaerobic
chamber box at 37 °C for 18 h when the monolayer of T84 was
destroyed by E. histolytica trophozoites.

Real Time-PCR—Total RNA of E. histolytica trophozoites
was isolated with the PureLink™ Micro-to-Midi™ Total
RNA Purification System (Invitrogen). The reverse transcrip-
tion reaction was done with Moloney murine leukemia virus
reverse transcriptase and the hexadeoxynucleotides random
primers (Promega). The PCR was performed using 2X SYBR
Green Master Mix (Applied Biosystems) with the 7300 Real-
Time PCR system (Applied Biosystems). The data were ana-
lyzed using the comparative Ct method. The primers used to
amplify the different EhCP genes and the reference gene
(EhRNA polymerase II) primers of E. histolytica are listed in
Table 1 (20, 33, 34). For quantifying trophozoite numbers, the
quantitative PCR primers of E. histolytica peroxiredoxin were
forward primer (AAA TCA ATT GTG AAG TTA TTG GAG
TGA) and the reverse primer (TCC TAC TCC TCC TTT ACT
TTT ATCTGCT), as reported previously (16). The efficiencies
of primers were 100% for SYBR Green-based quantitative PCR.

Nuclear and Cytoplasmic Protein Extraction—Axenic or
cecum-passaged trophozoites were harvested at logarithmic
phase for nuclear and cytoplasmic protein extraction. Crude
nuclear extracts were prepared following the method described
previously (35) with additional proteinase inhibitors (1 mm
phenylmethylsulfonyl fluoride, 100 um E64, Complete One
protease inhibitor mixture (Roche Applied Science)).

E. histolytica Conditioned Media (CM)—Released protein-
ases were prepared as conditioned media as described previ-
ously (16). After incubation of trophozoites (1 X 107 cells/ml) at
37 °C for 1.5 h, viability with 0.2% trypan blue was >95%. Pro-
tein from the conditioned media was precipitated with trichlo-
roacetic acid/acetone.

E. histolytica Infection of Mice—C3H/He] or CAB/] male
mice (The Jackson Laboratory, Bar Harbor, ME) were main-
tained under specific pathogen-free conditions. To increase the
infection rate, mice were pretreated with dexamethasone (0.2
mg intraperitoneally daily) for 4 days prior to surgery. Under
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general anesthesia, the cecum was externalized as described
previously (36) and injected with 2 X 10° cecum-passed E. his-
tolytica strain HM-1 trophozoites, which were preincubated
with WRR605 (50 um) or an equivalent volume of stock buffer
alone for 30 min prior to infection. Following the inoculation,
the mice were treated intraperitoneally with 50 mg/kg com-
pound twice daily or PBS with 25% Cremophor EL for 7 days.
The stock solution of the compound was first dissolved in 100%
ethanol, diluted to 50% in Cremophor EL (Sigma), and injected
with 25% of Cremophor EL in PBS. The extent of amebic infec-
tion and intensity of the host response were determined by
histopathology, quantification of trophozoites in the cecum by
real-time PCR (16), and myeloperoxidase (MPO) activity. The
entire cecum was frozen, weighed, homogenized, and extracted
with the QIAamp DNA Stool Mini kit (Qiagen). The number
of amebic trophozoites in cecal tissues was determined by com-
parison with a standard curve generated with the DNA
extracted from trophozoites added to an uninfected control
cecum. Trophozoite-specific DNA was detected with primers
to the E. histolytica peroxiredoxin gene using SYBR Green
Quantitative PCR in a Step One Plus real-time PCR machine
(Applied Biosystems) (16). MPO activity has been shown pro-
portional to the number of neutrophils in the inflamed intestine
(37). The activity was measured in the extracted cecal pellet and
compared with a standard curve using pure MPO (Sigma) as
described previously (9), with a range from 0.01 to 0.31 units.
All animal studies were reviewed and approved by the Univer-
sity of California, San Diego, Institutional Animal Care and Use
Committee.

RESULTS

Expression and Refolding of Recombinant EhCP4—To define
the biochemical properties of EnCP4, we cloned the zymogen,
including the pro-domain and catalytic domain, into bacterial
expression vectors with an N-terminal His affinity purification
tag (Fig. 14). Although the protein was not expressed in a sol-
uble form, a relatively high level of expression (average 47
mg/liter of culture) was achieved in BL21 Codon Plus (DE3)
RIPL (Stratagene) cells as inclusion bodies. Although existing
refolding methods of EnCPs (16, 17, 38) failed to solubilize and
recover active EnCP4, a refolding system that was modified
from conditions used to refold Falcipain-2 (22) successfully
produced active enzyme. Like other papain family cysteine pro-
teinases (39), EhCP4 underwent autocatalytic activation in
buffers containing 5 mm reducing reagent (e.g. DTT) (Fig. 1, B
and C). Formation of mature enzyme during activation was
demonstrated by Coomassie staining of protein fractionated on
a 12% polyacrylamide gel (Fig. 1B) and the Western blot using
an activity-based cysteine proteinase probe, DCGO04 (Fig. 1C).
The refolding process was relatively inefficient because <1% of
the denatured zymogen refolded to active, mature proteinase.
Multiple intermediate fragments were generated during the
activation process (Fig. 1, B and C, and supplemental Fig. S14)
Mature rEhCP4 was unstable at acid pH and underwent further
degradation (supplemental Fig. S1B). Protein identities of the
intermediate fragments, mature enzyme, and degradation
products were confirmed by mass spectrometry (supplemen-
tal Fig. S1). Amino acid sequencing identified the N-terminal
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FIGURE 1. Cloning and refolding of recombinant EhCP4. A, EhCP4 was
cloned as a fusion protein with bacterial thioredoxin A (underline) with the His
tag (underline) at the amino terminus of the prodomain of EhCP4 (dotted line).
The mature enzyme is highlighted with gray in the box. B, time course of
autocatalytic processing of rEhCP4 (Coomassie Blue stain). C, a Western blot
shows formation of active enzyme with its active site labeled by the activity-
based cysteine proteinase probe, DCG04.*, location of the mature enzyme on
the gels.

peptides of mature rEhCP4 starting from ASSKD (Fig. 14). The
calculated molecular mass of the mature enzyme was 23 kDa,
and the apparent molecular mass was 26 kDa shown on 12%
SDS-polyacrylamide gels.

Characterization of Recombinant EnCP4 Enzymatic Activity—
rEhCP4 did not cleave canonical, synthetic cathepsin B or L
substrates (e.g Z-RR-AMC or Z-FR-AMC peptides, the opti-
mal substrates of EhCP-1, -2, -3, and -5) (14). Instead, it reacted
with Suc-LLVY-AMC and Z-VVR-AMC. The optimum pH for
substrate cleavage was 7 (Fig. 2A), whereas rEhCP4 was effi-
ciently autoactivated at pH 3—4 with 5 mm DTT (Fig. 2B). At
pH 7, the average K, with Suc-LLVY-AMC was 31 uM, and the
average V, . was 1.84 nM/s. With Z-VVR-AMC, the average
K, was 30 uM, and the average V, .. was 6.39 nM/s. Using
Z-VVR-AMC, the K, values of rEhCP4 at pH 4 (78 um) and pH
8 (46 um) were higher than that at pH 7.

To confirm the preference of rEnCP4 for hydrophobic resi-
dues at the P2 position, we screened a P1-P4 substrate library
(40) and identified Val and Ile as the preferred substrate of
rEhCP4 at the P2 position (Val > Ile), with proline at P4 but a
lack of specificity of residues at P1 and P3 (Fig. 3A4).

Homology Modeling of EhCP4—To understand the mecha-
nism of the substrate preference of EhCP4, we performed
homology modeling using a cathepsin L-like enzyme of known
structure as the template. A BLAST search of the Protein Data
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FIGURE 2. Optimal pH values of proteolytic activity and autocatalytic
processing of rENCP4. A, relative activities of rEnCP4 at different pH values
are shown (the highest activity, set as 100%). The optimal pH of catalytic
activity of rEhCP4 was pH ~7. B, effect of pH on the autocatalytic processing
of pro-rEhCP4 to produce mature enzyme (relative to the highest activity as
100% when assayed at pH 7). Data were collected from three experiments. p
values, comparing multiple pH values, were calculated by two-way analysis of
variance, and p values between two pH values were calculated using Stu-
dent’s t test. Error bars, S.E.

Bank identified F. hepatica cathepsin L1, FheCL1, as the
cathepsin L1-like template with the highest identity to EhCP4
(46%, E value = 2 X 10~ *®), Additionally, the FheCL1 structure
was the most accurate of the top five templates with a resolution
of 1.4 A and an Ry../R,., Of 16.5%/12.9%. The homology
model illustrates that EhCP4 is a member of the papain family
of cysteine proteases. Although this was expected, given the
high degree of primary sequence similarity found in sequence
alignments of members of this family, modeling experiments
allow for analytical consideration of biochemical observations
based on a predicted three-dimensional model of the active site
region of EhCP4. The active site lies at the interface between the
two domains, and the highly conserved catalytic triad (Cys>*-
His'*®-Asn'”?) is in the expected position, similar to EhCP2
(14). The presence of an ERFNIN-like motif in their pro-do-
main sequences identifies papain family cysteine proteases of
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E. histolytica as cathepsin L-like. However, a common theme in
a subset of EnCPs is a substrate specificity with a strong prefer-
ence for basic residues (e.g. Arg at the P2 position) (14), a feature
that is reminiscent of cathepsin B substrate specificity. In
EhCP1, EhCP2, and EhCP3, the affinity for a positively charged
residue can be correlated with the presence of a negatively
charged Asp at the bottom of the predicted S2 pocket (41), a
position that is often a key determinant of specificity in papain
family cysteine proteinases (42). Superimposition of the EhCP4
model with Cruzain bound to a P2-Arg-containing inhibitor
(2EFM, 191 matching a-carbons, root mean square deviation
1.0 A) allows important residues in the S2 pocket to be identi-
fied (Fig. 3B). The hydrophobic nature of the S2 pocket, with
Val*®® in the base, explains the enzyme’s tolerance for the
hydrophobic valine and isoleucine at the P2 position, whereas
the lack of any polar/charged residues around the bottom of the
S2 pocket explains why residues of this type are poorly accepted
at the P2 position of substrates.

Expression and Localization of Endogenous EhCP4 in E. his-
tolytica Trophozoites—To identify the endogenous expression
of EhCP4 in trophozoites, immunofluorescence imaging per-
formed with anti-EhCP4 antibody revealed that EhCP4 was
localized in the peri- and intranuclear regions as well as in vari-
ably sized vesicles in the cytoplasm (Fig. 44). Immunoblots fur-
ther confirmed this finding and identified bands consistent
with mature EhCP4 in nuclear extracts and both zymogen and
mature EhCP4 in the cytoplasmic fraction of all trophozoites.
In axenic trophozoites, pro-EhCP4 and mature EhCP4 are pri-
marily cytoplasmic (Fig. 4B). In contrast, in trophozoites iso-
lated from infected mouse ceca, both nuclear and cytoplasmic
extracts contained the EhCP4 zymogen (the sizes of pre- and
pro-EhCP4), the mature enzyme, and degraded fragments of
EhCP4, suggesting that processing of ERCP4 occurred in the
nucleus and cytoplasm (Fig. 4B). The identities of the ~25 kDa
bands were confirmed by mass spectrum analysis of the excised
gel bands. In samples from both the nuclear and cytoplasmic
protein lanes, we detected two peptides, TVNHGVAAV-
GYGSQDGQDYYIVK and GVTDEASYPYTATK, from
mature EhCP4 (coverage >5% in two independent runs).
Moreover, compared with the same number of axenically cul-
tured E. histolytica trophozoites, cecal trophozoites apparently
had more EhCP4, which was located mostly in the nuclear frac-
tion. This observation coincided with the fact that transcription
of ehcp4 is up-regulated in cecal colitis (20), suggesting that the
trophozoites require EhCP4, especially the nuclear form, to
survive in the milieu of host environment.

An ER-like structure that continuously distributes from
nucleus to cytoplasm has been recently identified in Entamoeba
(43). We hypothesized that the perinuclear localization of
EhCP4 might be associated with the ER structure. CRT, an ER
marker, was stained in axenic trophozoites and demonstrated a
vesicular pattern in the cytoplasm and around the nucleus of
trophozoites (Fig. 4C). We found that ERCP4 was distributed
on either side of the CRT-stained structure that surrounded the
nucleus (Fig. 4D). Similar staining was obtained in trophozoites
isolated from infected ceca (data not shown). Co-localization of
EhCP4 with CRT-stained ER structure suggests that synthesis
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LysoTracker, indicating that these

vesicles were acidic lysosome-like
structures (Fig. 5B).

Like EhCP1, -2, and -5, EhCP4
was also released into media. In the
trophozoite CM, EhCP4 was found
as both zymogen and mature
enzyme. The trophozoites obtained
from the infected mouse ceca
released more EhCP4 than the same
number of axenic trophozoites (Fig.

5C). In addition, when the tropho-
zoites from the ceca were co-cul-

tured with T84 overnight, the same
number of trophozoites apparently
released more EhCP4 into the CM
than trophozoites in media alone, as
indicated by the immunoblot
and EhCP4-specific activities by
Z-VVR-AMC (Fig. 5C). However,
more degraded EhCP4 was also
observed in this condition, indicat-
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FIGURE 3. Substrate specificity of rEhCP4. A, P1-P4 substrate library screening. ERCP4 has a preference for
hydrophobic amino acids, valine and isoleucine at the P2 position and broader specificities at the P1 and P3
positions. At P4, proline is relatively selective. B, homology modeling of EhCP4 shows the surface representa-
tion of the modeled EhCP4 active site. Residues lining the S2 pocket are labeled, and hydrophobic regions are
colored green. The S2 pocket is located by superimposition of the model with the crystal structure of Cruzain
complexed to a P2-Arg-containing inhibitor. This figure was generated in PyMOL (55). Error bars, S.E.

and transportation of EhCP4 could be associated with the
perinuclear ER.

To examine the distribution and localization of ERCP4 in a
milieu mimicking the early events of host-parasite interaction,
we established a simpler iz vitro model using an enteric cell line,
T84. Following overnight co-culture of trophozoites with con-
fluent T84 monolayers, the trophozoites were collected. Quan-
titative PCR analysis demonstrated that the expression level of
ehcp4 mRNA was elevated by 3-fold (Fig. 54). We hypothesized
that mucin expressed in T84 cells may further induce EhCP4
expression. Indeed, when trophozoites were co-incubated with
the T84 cells that had been pretreated with cholera toxin to
stimulate mucin secretion, the mRNA level of ekcp4 was fur-
ther increased to 6-fold compared with axenically cultured tro-
phozoites alone (Fig. 5A4). Noticeably, following co-culture with
T84 cells, EhCP4 appeared in large vesicles that were stained by
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ing that EhCP4 might have a short
half-life (Fig. 5C). As a control, bac-
terial flora alone did not degrade
the EhCP4 substrate in this condi-
tion. Release of EhCP4 was further
confirmed in vivo, on sections
from infected mouse ceca. The
cecal trophozoites exhibited cell
surface patches and vesicles that
were heavily stained by EhCP4
antibody (Fig. 5D).

Host Proteins Digested by EhnCPs—
To identify potential host proteins
degraded by EhCP4, we first exam-
ined the substrates that are known
to be degraded by other released
EhCPs. Because rEhCP4 showed a
strong preference for hydrophobic
residues at the P2 position of the
substrates, we predicted that the
fragments digested by rERCP4 would be different from those
reported previously. EhCP1 cleaves the third component of
complement, one amino acid residue proximal to the C3 con-
vertases, forming an active C3b molecule (2, 16). When C3 was
incubated with EhCP4, the primary product was a fragment of
70 kDa, a size similar to that of C3b (supplemental Fig. S2A).
The C3b-like fragment was further proteolytically degraded by
EhCP4 (supplemental Fig. S24), which was unlike EhnCP1-me-
diated C3 processing. Like EnCP1 (16), EhCP4 also degraded
IgA (supplemental Fig. S2B) and IgG (supplemental Fig. S2C) as
well as pro-IL-18 (supplemental Fig. S2D). In silico analysis of
potential physiologic proteins based on the peptide substrate
specificity of rEhCP4, identified two additional potential tar-
gets, laminin and villin, as amebic cysteine proteinases degrade
extracellular matrix (e.g. laminin) and disrupt the brush border
of intestinal epithelial cells (e.g villin) (4, 44). Both villin-1
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FIGURE 4. Nuclear and cytoplasmic localization of EhCP4 in E. histolytica trophozoites. A, an optical sec-
tion (laser scan microscopy) of an E. histolytica trophozoite stained with anti-EhCP4 antibody (green). The
nucleus was stained with propidium iodide (P; red). Z-Stack thickness was 0.1 um, scan depth was 13.1 um, and
scale bar is 5.01 um. B, immunoblot with EhCP4 antibody to nuclear protein (Nuc) and cytoplasmic protein
(Cyto) of E. histolytica trophozoites from axenic culture and trophozoites isolated from infected mouse ceca
and separated on a 15% SDS-polyacrylamide gel (1 X 10° trophozoites/lane). Arrow, prepro-EhCP4 (~34 kDa);
hollow arrowheads, pro-EnCP4 (~32 kDa); star, mature EnCP4 (~26 kDa); black arrowhead, degraded EhCP4.
C, localization of EhCP4 and calreticulin. Epifluorescence microscopy identified CRT (green) surrounding the
nuclear area (4’,6-diamidino-2-phenylindole (DAPI), blue) and punctate staining in the cytoplasmic vesicles.
EhCP4 (red) was associated with CRT+ structures. Scale bar, 10 um. D, an optical section of the nuclear area
showed that EnCP4 (red) was distributed in the nucleus and on the cytoplasmic side of the CRT+ structure
(green). Z-Stack thickness was 0.3 um, scan depth was 7.6 um, and scale bar is 5.03 um.

(supplemental Fig. S3A) and laminin-1 (supplemental
Fig. S3B) were degraded, but different fragments were detected
following cleavage by EhCP4 compared with EhCP1.

Specific Inhibitors of EHCP4—In order to study the biological
function of EhCP4, we synthesized an inhibitor, WRR605,
based on the substrate preference and homology modeling, to
target the specific S2 binding pocket of ERCP4. The compound
was derived from a vinyl sulfone cysteine proteinase inhibitor,
K11777, with a dipeptidyl moiety occupying the S2 subsite of
the targeted enzyme (16). As expected, WRR605 selectively
inhibited rEhCP4, whereas WRR483, which targeted the S2
binding pocket of EhCP1, selectively inhibited rEhCP1. The
irreversible inhibitor kinetics of these inhibitors to rEhCP4 and
rEhCP1 were summarized in Table 2. For the panpapain-like
cysteine proteinase inhibitor, E-64, the k, value (s™' um—1)
for rENCP4 was 0.017, and the value for rERCP1 was 0.00026.
To demonstrate that WRR605 bound intracellular EhCP4,
we used BODIPY-labeled WRR605 in localization experi-
ments. BODIPY-WRR605 co-localized with nuclear EnCP4
(supplemental Fig. S4A4). The same nuclear localization was
not seen with free BODIPY-TMR alone, which was pino-
cytosed by the amebic trophozoites and located in the
cytoplasm (supplemental Fig. S4B). In addition, BODIPY-
WRR605 and WRR605 competitively bound to rEhCP4 in vitro
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(supplemental Fig. S4C), indicating
that modification of WRR605 by
BODIPY did not alter the specificity
toward EhCP4.

Based on computer modeling,
we would predict that four other
cysteine proteinases might have a
substrate specificity similar to that
of EhCP4 and be inhibited by
WRR605: ERCP11, with a Val at the
base of the S2 pocket, and EhCP7,
EhCP15, and EhCP18, which have
an Ile at the base. mRNA levels of
these proteinases were measured by
quantitative PCR and found to be
significantly lower than ehcp4;
ehcpll had 14% of ehcpd levels,
ehcpl5had 25%, and ehicp18 had 4%.
Levels of elcp7 mRNA could not be
accurately determined because of
the high homology of ekcp7 and
ehcpll sequences. These results
were supported by the previous
microarray data (21), which showed
that transcripts of these enzymes,
including ekcp7 in trophozoites,
were only 0.2—0.8% of EnCP4.

Efficacy of the Specific EhCP4
Inhibitor in a Mouse Cecal Model of
Amebiasis—Because only humans
and higher primates are naturally
susceptible to E. histolytica infec-
tion, we had to adapt a murine ame-
bic colitis model to investigate the
role of ERCP4 during invasion and colonization. Houpt’s group
(36) had previously established the model with C3H/He]J or
CAB/] mice by inoculating cecum-passed E. histolytica tropho-
zoites cultured with enteric flora into a surgically exposed
cecum. By pretreating the C3H/He] mice with 0.2 mg of dexa-
methasone intraperitoneally daily for 4 days prior to surgery
and using trophozoites isolated from infected ceca within a
month, we obtained an infection rate of 97.5% (40 of 41 mice) by
the end of week one.

In order to target both the initial invasion and the subsequent
established infection, trophozoites were pretreated with WRR605
before inoculation. The inoculated mice were then treated
twice daily by intraperitoneal injection of WRR605 for 7 days.
Treatment with WRR605 significantly decreased the trophozo-
ite burden as well as the intensity of cecal inflammation as
measured by MPO activity (Fig. 6). These results indicate that
EhCP4 plays an important role in amebic colitis, which can be
blocked with specific peptide inhibitors.

DISCUSSION

Cysteine proteinases are well described virulence factors of
the human enteric pathogen, E. histolytica (5, 11, 14, 17).
Recent reports identified differential expression of the cysteine
proteinase genes in cysts and trophozoites obtained from in
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FIGURE 5. Endogenous EhCP4 expression and release. A, up-regulation of ehcp4 mRNA following co-culture
with T84 cells. Quantitative reverse transcription-PCR was performed on E. histolytica in culture medium alone,
co-cultured with T-84 cells alone, and co-cultured with T-84 cells pretreated by cholera toxin to stimulate
mucin secretion (¥, p = 0.03, Student’s t test). B, EhCP4 localizes to acidic vesicles. An optical section of an
E. histolytica trophozoite stained with anti-EhCP4 antibody (green) and LysoTracker™ Red DND-99 (red)
showed EhCP4 localized to acidic vesicles, following co-culture with T84 monolayers for 2 h. Z-Stack thickness
was 0.5 um, scan depth was 10.1 um, and scale bar is 10 um. C, Western blot of EhCP4 released. CM proteins
from 8.8 X 10° trophozoites were trichloroacetic acid-precipitated and resolved with a 15% SDS-polyacryl-
amide gel. EhCP4 protein release was detected in CM from E. histolytica trophozoites in medium alone (784 —)
and from trophozoites following an overnight co-culture with a T84 monolayer (T84+). CM from axenically
cultured E. histolytica trophozoites and the CM from trophozoites that infected mouse ceca are indicated as
axenic and cecal, respectively. The numbers (RFU/min) above the lanes indicate the proteinase activity repre-
sented by Z-VVR-AMC. Hollow arrowhead, pro-EhCP4 (~32 kDa); star, mature EhCP4 (~26 kDa); black arrow-
head, degraded EhCP4. D, EnCP4 release in vivo. EnCP4 (red) is shown in vesicles on the trophozoite surface by
immunofluorescence staining with anti-EnCP4 antibody. Sections (8 wm) are from mouse ceca 1 week posti-
noculation (a) and 2 weeks postinoculation (b), respectively. Images were obtained by epifluorescence micros-
copy overlaid with differential interference contrast image.
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vitro culture versus in vivo infection
(20, 21). The functions of most of
these EhCPs have not been investi-
gated. Here, we focused on EhCP4,
the most up-regulated gene when
trophozoites invade and colonize
murine cecal tissue (20).

EhCP4 has a number of unique
features compared with the well
characterized amebic cysteine pro-
teinases. Sequence alignment and
computer modeling (Fig. 3B) con-
firmed that EhCP4 is a member of
the Clan CA, C1A subfamily with a
cathepsin L-like structure (13, 14,
45), which is similar to previously
characterized EhCPs (14, 16, 45).
However, EhCP4 does not cleave
any canonical, synthetic cathepsin B
or L substrates. Both peptide map-
ping and computer modeling con-
firmed that EhCP4 has a substrate
preference for small hydrophobic
residues at the P2 position (Fig. 3).
Indeed, the dipeptidyl vinyl sulfone
inhibitor, WRR605, which has Val
(P2) and Phe (P1) as the probe moi-
ety binding to the enzyme, has a spe-
cific inhibitory effect against EnCP4
but not EhCP1, whereas WRR483,
which has Arg (P2) and Phe (P1) as
the probe, inhibited EhCP1 (16) but
not EhCP4 (Table 2). Based on com-
puter modeling of the S2 pocket,
four other papain-like EhCPs could
have a substrate preference similar
to that of ERCP4. However, EhCP7,
EhCP11, EhCP15, and EhCP18 are
expressed at <25% of the level of
mRNA for EhCP4 and are highly
expressed in Entamoeba cysts (21)
rather than in trophozoites Thus,
EhCP4 should be the primary,
endogenous target of WRR605 in
trophozoites.

Another distinguishing property
of EhCP4 is an absolute require-
ment of an acidic pH to undergo
autocatalytic conversion from a
zymogen to a mature enzyme (Fig.
2B), a biochemical behavior similar
to papain and cathepsins (39). In
contrast, activation of recombinant
EhCP1,-2,-5,and -112 is conducted
either at a slightly alkaline condition
(15,17, 18) or neutral pH (16). Con-
sistent with this feature of EhCP4,
the endogenous enzyme appeared
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TABLE 2
Inhibitor kinetics of rEhCP4 and rEhCP1
Kyss = Kinaed/ K
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the apparent rate of association or inhibition; second-order rate constants defining the efficiency of enzyme inactivation by the inhibitor.

rEhCP4 rEhCP1
WRR605 Kinact (sec™) 0.0098(0.0014)* Kass(sec™'s uM™) 5.6x10°(0.4x107)
Kiapp (LM) 9.67(3.46)
SNTY u o o
D G o Kass (sec™e pM™) 0.00101
O AL @
WRR483 Kass(sec'e uM™")  1.5x107 (0.6x107) Kinaet (s€C™") 0.0195(0.00106)
R Kiapp (LM) 0.317(0.048)
O L o
4 \ @ Kass (sec'e uM™) 0.0615
NH
H3(r§l| NH

*, Values in parentheses are S.E.

in LysoTracker-labeled acidic vesicles (Fig. 5B) so that the
acidic environment could promote not only autocatalytic acti-
vation but also subsequent autodegradation of the mature pro-
teinase. These data may explain the observation that polyclonal
anti-EhCP4 antibody was able to detect multiple truncated
EhCP4 bands in cellular and secreted protein samples (Figs. 4B
and 5C). These results suggest that the endogenous zymogen of
EhCP4 could be activated in lysosomes where the acidic pH
leads to autocatalytic activation, but it may have a short half-
life. Indeed, the amount of EhCP4 in amebic phagosomes
changes over time (46). During phagosome acidification and
maturation, the pH drops rapidly by the first 15 min (47). The
peptide coverage of EhCP4 in phagosomes identified by mass
spectrometry falls from >5% to 1-5% by 30 min (46). In late
stage phagosomes, the amount of EhCP4 increases again, prob-
ably due to new enzymes transported into the phagosome by
lysosome-phagosome fusion. Thus, this apparently rapid turn-
over of EhCP4 may allow dynamic post-translational control of
enzyme levels.

EhCP4 is also a multifunctional proteolytic enzyme. First, its
localization was not limited to acidic proteolytic vacuoles inside
trophozoites because EnCP4 was released into culture medium,
where its optimal proteolytic activity was obtained at physio-
logical pH. Indeed, in the infected murine cecum, immunofluo-
rescence staining of ERCP4 demonstrated strong signals in ves-
icle-like structures located in discrete surface areas. Thus,
EhCP4 was apparently secreted into the microenvironment in
vivo. During the cross-talk between enterocytes and trophozo-
ites, villin proteolysis is one of the early events causing disrup-
tion of microvilli, due to EhCP activity (44). Although we found
that either EhCP1 or EhCP4 could digest human villin-1 and
laminin (supplemental Fig. S3), the digestion fragments were
different, as would be expected from their substrate specifici-
ties. At focal areas where trophozoites and epithelial cells made
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contact, the secreted EhCP4 could be at relatively high concen-
trations, so that it could play an important part in destroying
the integrity of host tissue synergistically with other EnCPs. In
addition to the intestinal structural proteins, IgA and IgG, pro-
IL-18, and complement C3 were also targets of EhCP4
(supplemental Fig. S2). Thus, like EhCP1, EhCP4 may be
involved in evading the host immune system and contribute to
the inflammatory response in amebic lesions (2).

Immunoblotting and confocal optical sectioning both con-
firmed the presence of EnCP4 in the nuclear region of tropho-
zoites. The nuclear localization pattern of EhCP4 appeared
identical to that of a nuclear cathepsin L at the G,/S transition
phase of mammalian cells (48). However, the exact physiologi-
cal function of the nuclear EhCP4 is not clear. At least five
cysteine proteinases in higher eukaryotic cells have been shown
to have nuclear localization: a cathepsin L isoform missing its
regular signal peptide (48, 49), a cathepsin B-like cysteine pro-
teinase (50), cathepsin F (51), mouse cathepsin 7 (52), and a
plant papain-like cysteine proteinase RD19 (53). These
enzymes regulate events such as DNA replication, chromatin
assembly, activation or deactivation of transcription factors,
and cell cycle-related proteins. Their nuclear localization is
usually associated with cell cycle or differentiation. It is possible
that nuclear proteins of trophozoites can be substrates of
EhCP4 and that it functions in chromatin organization and
transcription regulation during invasion and colonization in
the cecal tissue. Interestingly, ERCP4 has no typical nuclear
localization signal; nor do most other nuclear cysteine protein-
ases. The mechanisms of nuclear transport are still unknown.
Chaperones and cofactors that mediate a co-transportation
into the nucleus may be involved.

Unlike the most abundant cysteine proteinases, EhCP1, -2,
and -5, expression of elicp4 responds to the environmental
changes dramatically, as shown by Gilchrist et al. (20) in mice
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FIGURE 6. WRR605 decreases the parasite burden and inflammation in
the infected cecum. The effect of treatment of mice with WRR605 is pre-
sented as the percentage of trophozoites/g of tissue or MPO units/g of tissue
compared with the means of infected controls (as 100%). A, treatment with
WRR605 significantly reduced the number of cecal trophozoites at 1 week
(p < 0.05). B, MPO levels were also significantly decreased (p < 0.02) in the
WRR605-treated group. p values were generated by Student’s t test.

and by our in vitro studies with a mucin-producing colonic cell
line (54), suggesting that ERCP4 is regulated following exposure
to intestinal cells. Therefore, the functions of EhCP4 cannot be
demonstrated simply by in vitro culture. Indeed, incubation of
the EhCP4-specific inhibitor, WRR605, with axenically cul-
tured trophozoites did not inhibit cellular proliferation or
endocytosis (data not shown). To study the function of EhCP4
in vivo, we adapted a murine cecal model of infection (36) using
C3H/He]J male mice. Systematic delivery of WRR605 by intra-
peritoneal injection for 7 days resulted in a significant attenua-
tion of trophozoite burden and decrease of inflammation in the
infected cecum (Fig. 6). Pretreatment of trophozoites with
WRR605 before inoculation did not completely block invasion
as was seen with the cysteine proteinase inhibitors, K11777 and
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WRR483, that target EhCP1, -2, -3, and -5 and block acute
invasion in human colonic xenografts (16). We hypothesize
that E. histolytica may utilize different cysteine proteinases
during initial invasion and subsequent maintenance of
infection.

In summary, we have cloned and characterized an amebic
cysteine proteinase, EhCP4, with a unique substrate specificity
and nuclear location. It is up-regulated following exposure to
colonic cells, active in phagosomes, and released extracellu-
larly. Substrate mapping led to the design of a specific inhibitor,
which attenuated infection in a mouse model of cecal ame-
biasis. These observations prove that cysteine proteinases
can be targeted with specific inhibitors and strongly support
their potential as effective drug targets for the treatment of
amebiasis.
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