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Cryptosporidium parvum arginine aminopeptidase (RAP) was studied during in vifro excystation. Specific
RAP inhibitors were identified by using C. parvum extracts. Amastatin, a series of a-aminoboronic acids, and
the chelating agents EDTA and 1,10-phenanthrolene, but not endoproteinase inhibitors, blocked enzymatic
activity. RAP inhibitors found to be effective in soluble enzymatic assays were then studied for their effect on
in vitro excystation. 1,10-Phenanthrolene, amastatin, and H-boronorleucine (pinacol) inhibited excystation by
84, 57, and 61%, respectively, compared with solvent-treated control oocysts. Sporozoites remained viable
within the oocyst as determined by propidium iodide and fluorescein diacetate dye uptake, suggesting that
a-aminoboronic acids were not directly lethal to the parasite.

Cryptosporidium parvum, an intestinal protozoan parasite,
can cause diarrhea in human immunodeficiency virus-infected
patients (21), children in day care centers (2), and travelers to
certain regions of the world (18, 26). C. parvum is also respon-
sible for sporadic outbreaks of diarrhea worldwide (6, 20).

In healthy hosts, small numbers of C. parvum organisms may
cause asymptomatic infection or produce a self-limited diar-
rheal illness (9). However, in the advanced stages of human
immunodeficiency virus infection, C. parvum contributes sig-
nificantly to morbidity (14) and mortality (13). Attempts to
treat cryptosporidiosis in human immunodeficiency virus-in-
fected hosts has resulted in failure despite the use of a wide
variety of compounds. In AIDS patients with cryptosporidiosis,
paromomycin has a parasitologic effect and has been shown to
decrease the number of oocysts shed but is ineffective in erad-
icating infection (27). Agents effective in the treatment of
cryptosporidiosis are clearly needed. C. parvum proteolytic en-
zymes essential for parasite survival may provide novel targets
for treatment.

During the initial phase of infection, C. parvum oocysts un-
dergo excystation in the intestinal lumen, releasing sporozoites
that infect the enterocytes of many mammals, including hu-
mans (7). After asexual reproduction in a unique intracellular
extracytoplasmic vacuole, C. parvum meronts are released
from the intestinal epithelium, and infection in surrounding
enterocytes is established. Meronts may further differentiate
and undergo sexual reproduction, yielding new oocysts. Oo-
cysts released into the gut lumen sporulate within the host to
become fully infectious and may excyst prior to being excreted
into the environment. This process results in autoinfection of
the host and may contribute to chronic infection in AIDS
patients (11). Since excystation is necessary for initial infection
and subsequent amplification, mechanisms that interfere with
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this process in the intestinal lumen may be of use in the treat-
ment of cryptosporidiosis.

The biological steps involved in C. parvum excystation are
incompletely understood but require specific environmental
conditions, including exposure to reducing agents and specific
temperature, time, and pH conditions (10). These criteria sug-
gest that proteolytic enzymes may be involved in the excysta-
tion process. These excystation conditions are also important
in closely related coccidians, such as Eimeria spp. Further,
excystation of Eimeria oocysts appears to be mediated through
metal-binding proteins (8) since 1,10-phenanthrolene and
other chelating agents interfere with this process. These agents
are also effective aminopeptidase inhibitors, suggesting the
possibility of an enzyme-mediated process. In addition to their
potential role in excystation in Eimeria spp., parasite proteases
are important in infection (1, 12). Others have noted that
during the initial phases of C. parvum excystation, ultrastruc-
tural changes occur first within the oocysts (22) and have pos-
tulated that specific environmental conditions may trigger en-
zymes inside the oocyst to initiate excystation (28). A search
for endoproteinase activity during C. parvum excystation was
unsuccessful (28). However, other enzyme classes, such asamino-
peptidases, were not addressed.

An arginine aminopeptidase (RAP) of C. parvum sporozo-
ites has recently been described. C. parvum RAP preferentially
cleaves synthetic substrates with arginine or alanine in the
amino terminus. This enzyme is present on the surface mem-
brane of freshly excysted sporozoites but not on the exterior of
oocyst walls (22). The purpose of this study was to test a series
of new synthetic compounds for the ability to inhibit C. parvum
RAP activity and to examine the effect of RAP inhibition
during the in vitro excystation process.

MATERIALS AND METHODS

Parasite preparations. C. parvum oocysts (Iowa isolate, originally collected by
Harley Moon, Ames, Iowa) were serially passed in neonatal calves and purified
as previously described (4). Purified oocysts were stored for 1 to 4 months in
2.5% potassium dichromate at 5°C. Prior to use in each experiment, oocysts used
were sequentially washed in 10 mM phosphate-buffered saline to remove dichro-
mate and were counted on a hemacytometer.

In vitro excystation was induced at 5°C with 1.25% sodium hypochlorite for 7
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min (in the absence of trypsin and bile salts), followed by extensive washing in
phosphate-buffered saline and resuspension in Hanks balanced salt solution as
previously described (23, 24). Aliquots of 10° oocysts were then placed in mi-
crotiter wells (Corning Inc., Corning, N.Y.) previously coated with 2% bovine
serum albumin. Excystation was then allowed to proceed by placing plates in a
humidified incubator at 37°C and shaking them for 90 min.

Excystation inhibition studies were performed as described above, except that
immediately after hypochlorite treatment at 4°C and washing with phosphate-
buffered saline, oocysts were placed in microtiter wells with or without inhibitors
and preincubated at 5°C for 2 h. After preincubation, oocysts were washed and
transferred to microtiter plates at 37°C, and excystation proceeded as already
described. At various points during excystation, an aliquot of the mixture was
removed and placed on a hemacytometer, and 50 fields were visualized under
phase-contrast microscopy. The excystation rate was determined by dividing the
number of empty oocysts by the total number of empty and full oocysts multi-
plied by 100. A minimum of 100 oocysts were counted per well. To evaluate
sporozoite viability, preparations were stained with propidium iodide and fluo-
rescein diacetate and visualized as previously described (3). The number of
viable sporozoites staining fluorescent green (viable) and those staining red
(nonviable) that remained within oocysts were counted, and the percentage of
unexcysted oocysts was obtained; a minimum of 100 oocysts were examined.
Each inhibitor was tested in triplicate. We investigated the ratio of permeabilized
oocysts containing viable sporozoites to nonviable empty oocysts without sporo-
zoites to ensure that the inhibition of excystation was occurring in live oocysts.

C. parvum extracts for soluble aminopeptidase assays were prepared by freeze-
thawing 107 oocysts in 10 mM phosphate-buffered saline containing 0.5% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (Sigma Chemical Co.,
St. Louis, Mo.). The lysate was then centrifuged at 100,000 X g for 1 h at 5°C, and
10-pl aliquots (containing the extracts from approximately 10° oocysts) of the
resulting supernatant were used to measure aminopeptidase activity.

Assay for aminopeptidase activity. RAP activity was detected by adding ali-
quots of 10° C. parvum oocysts or extracts to 10 mM phosphate-buffered saline,
pH 7.2, in a total assay volume of 500 wl. The assay mixture containing the
synthetic substrate arginine 7-amino-4-trifluoromethylcoumarin (AFC; Enzyme
Systems Products, Inc., Livermore, Calif.) at a final concentration of 20 M was
incubated at 37°C for 15 min. Control tubes contained all of the reagents except
oocysts or their extracts. All assays were done in triplicate, and enzymatic activity
was read with an FL-750 fluorometer (McPhearson Instruments, Acton, Mass.)
as previously described (22). Fluorescence units of unknowns were compared
with units generated by using known amounts of the AFC leaving group, and the
activity was converted to nanomoles of AFC released per hour per milliliter of
test solution. For aminopeptidase assays performed during excystation, aliquots
of oocysts were removed from excystation medium at 15-min intervals and kept
on ice until assayed. All samples were assayed simultaneously.

C. parvum RAP inhibition studies were performed with extracts by incubating
extracts from 10° oocysts with the following inhibitors at the indicated final assay
concentrations (Sigma Chemical Co.): bestatin (10 uM), amastatin (10 uM),
phenylmethylsulfonyl fluoride (1 mM), tosyllysyl chloromethyl ketone (TLCK;
100 mM), tosylphenylalanine chloromethyl ketone (TPCK; 100 mM), 1,10-
phenanthrolene (1 mM), EDTA (1 mM), leupeptin (1 mM), and trans-epoxy-
succinyl-1-leucylamido(4-guanidino) butane (10 mM). A number of synthetic
a-aminoboronic acid inhibitors (The DuPont/Merck Pharmaceutical Co., Wilm-
ington, Del.) were also tested, including H-boroproline, NH,CH(CH,);CIBO,,
NH,CH(CH,)3;BrBO,, H-boroalanine, H-boroleucine, H-borovaline, H-bo-
ronorleucine, and H-borophenylalanine, all at a final concentration of 1 nM.
Control tubes containing the enzyme with no inhibitors (positive control) but
with appropriate solvents (distilled water, 0.05% methanol, or 0.05% dimethyl
sulfoxide [DMSO]) and blank tubes containing the substrate alone (negative
control) were included in the assays. After incubation for 20 min at 37°C, the
fluorescent substrate Arg-AFC (20 uM final concentration) was added and tubes
were incubated for an additional 1 h at 37°C. Aminopeptidase activity was
determined as described above. The inhibitory activity associated with the sol-
vent alone was deducted from the activity in the presence of the inhibitor. The
data are expressed as excystation rates and as the percentage of inhibition
observed in the test wells compared with controls.

Statistical methods. Differences among excystation rates were compared by
analysis of variance. Pairwise comparisons between controls and inhibitors were
performed by the Tukey-Kramer test, and P < 0.05 was considered significant.

RESULTS

As an initial step, we investigated the RAP activity of viable
C. parvum oocysts during the excystation process. RAP activity
was undetectable during the initial 15 min of excystation. After
this latency phase, a rapid and progressive increase of RAP
activity was detected (Fig. 1). In this assay, a minimum of
approximately 1.5 X 10* oocysts were required to have under-
gone excystation for detection of aminopeptidase activity. Af-
ter 90 min of incubation, the excystation rate was associated
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FIG. 1. RAP activity measured during C. parvum excystation. Approximately
10° oocysts were used per well; each datum point represents the mean amino-
peptidase activity from three experiments, each done in triplicate (n = 9). Error
bars indicate 1 standard deviation above the mean. Time zero indicates when
treated oocysts were transferred from 4°C to 37°C. The number of unexcysted
oocysts ((J) seen in 50 fields as determined by propidium iodide and fluorescein
diacetate staining and RAP activity (@) over the 90-min experiment are shown.
Units of measurement are as described in Materials and Methods.

with the highest RAP activity. The number of oocysts contain-
ing viable sporozoites as determined by propidium iodide and
fluorescein diacetate decreased as excystation progressed (Fig.
1).

A series of inhibitors were screened for the ability to inhibit
RAP activity by using disrupted oocyst extracts. The amino-
peptidase-specific inhibitors, amastatin, and the chelating agents
EDTA and 1,10-phenanthrolene were effective RAP inhibitors
(i.e., they demonstrated >50% inhibition compared with con-
trol tubes without the inhibitor), while endopeptidase inhibi-
tors demonstrated little or no activity (Table 1). The a-amino-
boronic acids screened demonstrated significant inhibition,
except for H-boroproline, which inhibited only 36% of the RAP
activity, and the cyclic derivative of H-boroproline NH,CH
(CH,);CIBO, (5), which also had little effect. While the con-
ventional aminopeptidase inhibitors demonstrated inhibitory
activity in the micromolar range, the a-aminoboronic acids
tested were effective in the nanomolar range.

To further elucidate the function of RAP, we investigated
the ability of RAP inhibitors to arrest excystation in a micro-
well assay. RAP inhibitors were solubilized in methanol, DMSO,
or distilled water. The excystation rates observed in control
wells containing solvents alone were 63.4% = 25.0% for meth-
anol and 49.6% = 7.1% for DMSO, which were comparable to
the excystation rate seen in wells containing Hanks balanced
salt solution alone (61.4% * 14.0%; P > 0.5). After 2 h of
preincubation with the inhibitors, a significant (P < 0.05) de-
crease in excystation was observed in the wells containing 1,10-
phenanthrolene, amastatin, and the a-aminoboronic acid in-
hibitor H-boronorleucine (19 versus 49.6%; P < 0.05) (Table
2) compared with the respective controls. None of the other
a-aminoboronic acids tested showed a statistically significant
decrease in excystation. In the wells containing RAP inhibitors,
free sporozoites remained viable but demonstrated decreased
motility. The inhibition of excystation seen with 2 h of prein-
cubation was not observed when the time of exposure to the
inhibitors was reduced to 5 min (data not shown).

A dose-dependent effect on excystation was observed for
H-boronorleucine (Fig. 2). In this experiment, the excystation
rate in the absence of inhibitors was 58.2%. No significant
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TABLE 1. Effect of protease inhibitors on aminopeptidase
activity from disrupted C. parvum oocysts”

Final assa; Mean enzymatic % Inhibi-
Compound concn Y activityz*_}'/ SD tion

Aminopeptidase inhibitors

Amastatin 10 pM 53=x2 93

Methanol control 74.3 £ 68

Bestatin 10 pM 75.0 =23 29

Methanol control 98.6 = 29

1,10-Phenanthrolene 1 mM 23+45 95

Methanol control 48.2 £ 81

EDTA 1 mM 224 +44 67

Water control 67.5 42
Endopeptidase inhibitors

PMSF® 1 mM 204 =79 18

Methanol control 24.8 +2.6

TPCK 100 mM 334179 0

Methanol control 24.8 + 45

TLCK 100 mM 19.5 =10 21

Methanol control 27.1 £30

Leupeptin 1 mM 19.0 £ 10 28

Methanol control 274 +13

E-64¢ 10 mM 39.8 =26 0

Methanol control 273 £ 10
Experimental compounds

H-boroalanine 1 nM 5.3 *0.78 88

H-boronorleucine 1 nM 19+ 1.6 96

H-borovaline 1 nM 83 2.6 81

H-boroleucine 1 nM 9.8 +0 78

H-borophenylalanine 1 nM 9.0 = 0.6 79

NH,CH(CH,),CIBO, 1nM 225+9 49

H-boroproline 1 nM 284 + 14 36

NH,CH(CH,),BrBO, 1nM 9.8 = 0.10 78

DMSO control 442 = 4

“ Results shown are from a representative experiment carried out in duplicate
on at least three occasions. Enzymatic activity is expressed as nanomoles of AFC
released per hour per microliter for aliquots containing extracts from 10° oocysts.

® PMSF, phenylmethylsulfonyl fluoride.

¢ E-64, trans-epoxysuccinyl-lI-leucylamido(4-guanidino) butane.

differences in excystation rates were observed in oocysts pre-
incubated with 1 wuM H-boronorleucine compared with control
oocysts (56.9% *+ 13% versus 58.2% * 13%). However, the
excystation rates decreased with increasing concentrations of
the inhibitor. A 36% reduction in excystation was seen with 10
wM inhibitor (37.1% = 16% versus 58.2% = 13%; P < 0.05),
and a 60% reduction was observed with 100 pM H-boronor-
leucine (23.6% = 12% versus 58.2% * 13%; P < 0.01). Wells
in which decreases in excystation rates were observed also had
a higher number of oocysts containing unreleased sporozoites
as determined by fluorescein diacetate-propidium iodide stain-
ing (Fig. 2).

DISCUSSION

In prior studies, C. parvum RAP activity was associated with
the membrane of the sporozoite after excystation but not with
intact oocysts (22), indicating a lack of RAP on oocyst walls.
This observation prompted us to investigate if aminopeptidase
activity is present and plays a role during the excystation pro-
cess.

A series of specific aminopeptidase inhibitors were identi-
fied in soluble assays using crude parasite extracts. The inhibi-
tory profile observed was characteristic of an enzyme belonging
to the metalloaminopeptidase class. In this study, amastatin, an
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TABLE 2. Percent inhibition of C. parvum excystation after
exposure to aminopeptidase-specific inhibitors
and chelating agents®

Compound Concn Excystation rate % Inhibi-

pou (BM)  (mean * SD)(%) tion

Hanks balanced salt solution 61.4 = 14.0 0
control

1,10-Phenanthrolene 100 10.0 =73 842
Methanol control 63.4 £ 252 0
Amastatin 100 27.0 = 13.6 57¢
DMSO control 49.6 = 7.1 0
H-boronorleucine 10 19.0 £ 6.9 61°¢
H-boroalanine 10 29.1 = 24.0 41
H-borophenylalanine 10 22.0+9.5 55
H-boroleucine 10 34.0 £ 11.0 31
H-boroproline 10 48.0 = 18.1 3

¢ Inhibition of excystation for each of the aminopeptidase inhibitors was com-
pared to control wells without the aminopeptidase inhibitor. Results represent
mean excystation rates from three experiments, each done in duplicate.

? P < 0.01 by analysis of variance.

¢ P < 0.05 by analysis of variance.

inhibitor of alanine and leucine aminopeptidases, was an ef-
fective inhibitor of C. parvum aminopeptidase, while bestatin,
an inhibitor of soluble RAPs, demonstrated only partial RAP
inhibition. This apparent preferential inhibition yielded by
amastatin suggests that C. parvum aminopeptidase is an ala-
nine-arginine aminopeptidase. It is unlikely that the amino-
peptidase activity observed in our study is due to a cathepsin
H-like enzyme, since no cleavage of conventional cathepsin H
substrates (19) was observed (data not shown) and trans-ep-
oxysuccinyl-l-leucylamido(4-guanidino) butane was noninhibi-
tory.

In addition to the conventional inhibitors, several experi-
mental a-aminoboronic acid inhibitors were also found to be
effective inhibitors of C. parvum RAP. Agents belonging to this
class are potent reversible inhibitors (in the nanomolar and
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FIG. 2. Inhibition of C. parvum excystation by various concentrations of the
a-aminoboronic acid H-boronorleucine. Results are the mean values from three
experiments, each performed in triplicate as described in Materials and Methods.
The final inhibitor concentration (micromolar) in the assay is shown. Dark
columns represent the excystation rate, and light columns represent the number
of unexcysted oocysts seen in 50 fields. The error bars indicate standard devia-
tions. *, P < 0.05; #*, P < 0.01 (compared to control wells with no inhibitor as
determined by analysis of variance with the Tukey-Kramer test for comparisons
between groups).
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micromolar ranges) of a variety of microsomal and cytosolic
aminopeptidases (25). The use of a-aminoboronic acid inhib-
itors as a pharmacologic adjuvant to the nasal delivery of
peptide drugs has been investigated. In these studies, no ad-
verse effects were observed in animal models when the com-
pounds were used in this manner (16, 17).

The reduction in Cryptosporidium excystation observed in
our study with the use of 1,10-phenanthrolene is in agreement
with prior reports regarding the ability of this and other che-
lating agents to block the excystation of oocysts of Eimeria
tenella, a closely related coccidian parasite (8). Taken together,
these observations suggest that E. tenella, C. parvum, and per-
haps other coccidians require zinc-binding aminopeptidases to
complete excystation. Since a brief incubation with inhibitors
was ineffective in preventing excystation, it is likely that inhib-
itors were required to penetrate hypochlorite-permeabilized
oocysts rather than interacting with sporozoites as they exited.
While nanomolar concentrations of a-aminoboronic acid in-
hibitors were effective in inhibiting aminopeptidase activity in
C. parvum extracts, significantly higher concentrations (>10
wM) were required to demonstrate significant impact on ex-
cystation. This is in agreement with prior observations in which
H-borophenylalanine inhibited the aminopeptidase of the fi-
lariid parasite Brugia pahangi at nanomolar concentrations in
solution but was effective in arresting larval molting at micro-
molar concentrations (15).

Although the increase in RAP activity closely paralleled
excystation, this fact alone does not establish causality. How-
ever, the decrease in excystation observed with 1,10-phenan-
throlene, amastatin, and H-boronorleucine suggests that a
metalloaminopeptidase, such as RAP, is important at some
point in C. parvum excystation. Further studies are needed to
determined if these inhibitors of C. parvum RAP can be effec-
tive in decreasing the infectivity of the parasite.
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