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ABSTRACT

Hookworms routinely reach the gut of nonpermissive hosts but fail to successfully feed, develop,
and reproduce. To investigate the effects of host-parasite coevolution on the ability of
hookworms to feed in nonpermissive hosts, we cloned and expressed aspartic proteases from
canine and human hookworms. We show here that a cathepsin D-like protease from the canine
hookworm Ancylosotoma caninum (Ac-APR-1) and the orthologous protease from the human
hookworm Necator americanus (Na-APR-1) are expressed in the gut and probably exert their
proteolytic activity extracellularly. Both proteases were detected immunologically and
enzymatically in somatic extracts of adult worms. The two proteases were expressed in
baculovirus, and both cleaved human and dog hemoglobin (Hb) in vitro. Each protease digested
Hb from its permissive host between twofold (whole molecule) and sixfold (synthetic peptides)
more efficiently than Hb from the nonpermissive host, despite the two proteases’ having
identical residues lining their active site clefts. Furthermore, both proteases cleaved Hb at
numerous distinct sites and showed different substrate preferences. The findings suggest that the
paradigm of matching the molecular structure of the food source within a host to the molecular
structure of the catabolic proteases of the parasite is an important contributing factor for host-
parasite compatibility and host species range.
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americanus infect more than 1 billion people (1). The parasites feed on blood and

mucosal tissues and are a major cause of iron-deficiency anemia in children (2,3).

Despite their prevalence and the morbidity associated with infections in developing
countries, surprisingly little is known about the molecular interactions between hookworm
enzymes and receptors and their host substrates and ligands. Moreover, our grasp of the
molecular contributions of enzyme-substrate interactions to host-parasite coevolution is meager
at best.

F I Yhe two common anthropophilic hookworms Ancylostoma duodenale and Necator

Aspartic proteases are utilized as digestive enzymes in some blood-feeding pathogens including
the agent of malaria Plasmodium (4,5) and the trematode parasite Schistosoma (6), in which they
play key roles in the proteolytic digestion of hemoglobin (Hb). Although most aspartic proteases
are lysosomal, both schistosome cathepsin D (6) and a pepsin-like aspartic protease from the
sheep nematode parasite Haemonchus contortus (7) are expressed in the gut, further support of a
digestive role in nutrition. Other parasitic nematodes have been found with cDNAs encoding
cathepsin D-like aspartic proteases, including AcASP from the canine-specific hookworm
Ancylostoma caninum (8), a cDNA from the filarial nematode Onchocerca volvulus (9), and
partial expressed sequence tag (EST) sequences from numerous animal and parasitic nematodes.
Unfortunately, information on aspartic proteases of parasitic nematodes has not progressed past
sequence identification and analysis.

Molecular modeling of AcASP with an Hb-derived octapeptide docked in its active site cleft
indicated that the dog hookworm protease would readily cleave canine Hb (dogs are the natural
host of this parasite). However, when the canine Hb peptide was replaced in the model with the
equivalent octapeptide from human Hb (that differed by two residues), less efficient cleavage of
the human Hb peptide was predicted (10), which suggests that protease-substrate compatibility
may be a contributing factor in determining in which host a hookworm can feed. Although adult
stage hookworms are host-specific, the larval stages of these parasites are far more promiscuous
(2). Infective third stage larvae (L3) of A. caninum readily penetrate human skin, and although
some parasites reach the gut, they are rarely full size and never gravid (2,11,12). Adult 4.
caninum worms that lodge in the small intestine of accidental hosts such as humans attach to the
microvillar surface and attempt to feed (13) but never reach maturity or fertility (2,11).
Immunological rejection of these parasites is an unsatisfactory explanation for their short-term
existence in the human gut, as some patients harbor adult worms but remain asymptomatic (13-
15). Likewise, third stage larvae of N. americanus have infected dogs in the laboratory, and
although 11-32% of 500 third stage larvae reached the gut 13 days after infection, adult worm
numbers dropped sharply after day 26, resulting in final worm burdens of less than 0.4% after
day 31 (16).

Given that some hookworms reach the gut yet do not mature in nonpermissive hosts, and the
differences in predicted proficiencies for Hb from permissive hosts, we hypothesized that
hookworms will develop only in a host in which specific nutritional requirements are met (10).
More explicitly, host-parasite coevolution has resulted in the generation of an attuned specificity
between the digestive enzymes of a hookworm and their physiological Hb substrates of an
appropriate definitive host. We reasoned that hookworms may utilize aspartic proteases to



cleave host Hb and that the compatibility between hookworm Hb-degrading aspartic proteases
and their specific host substrate molecules may influence the permissible host range.

Here, we expressed Ac-APR-1 from the hookworm A4. caninum and the orthologous protein (Na-
APR-1) from the human hookworm N. americanus (17) and showed that both proteases are
expressed in the gut of adult hookworms. Furthermore, the recombinant enzymes preferentially
cleaved Hb from permissive hosts despite identical residues lining their active site clefts. These
findings provide, perhaps for the first time, a molecular example of coevolution between a
helminth parasite and its mammalian host and documents one of the probable panoply of
enzyme-substrate/ligand-receptor interactions that govern host specificity in pathogens.

Please note: Previous genetic nomenclature for hookworm aspartic proteases and their cDNAs
was confusing. We have now provided a uniform system in adherence with standardized,
nematode genetic nomenclature as follows: Ac-apr-1 represents GenBank entry U3488S,
formerly referred to as AcASP. Na-apr-1 represents GenBank entry AJ245459, formerly
referred to as necepsin II.

MATERIALS AND METHODS
Parasites, parasite extracts, and cDNAs

Adult 4. caninum hookworms were collected from infected stray dogs as previously described
(18). Adult N. americanus hookworms were collected from infected hamsters upon necropsy at
The George Washington University (GWU), Washington, DC. Somatic extracts and
excretory/secretory (ES) products from adult worms were prepared as described elsewhere (18).
Ac-apr-1 (8) and Na-apr-1 were amplified from cDNA libraries by using a degenerate primer
designed to bind to the region of the active site Asp of aspartic proteases (8). Both cDNAs were
available as pBluescript plasmids in our laboratories.

Phylogenetic analysis

The predicted protein sequences of the mature, processed proteases were aligned by using
Clustal. The phylogenetic relationships of the proteases were assessed by the neighbor-joining
method using PAUP 4.0 beta version (19). Trees were generated and robustness was assessed by
bootstrap analyses using 100 replicates; clades with more than 50% support are denoted with
bootstrap values on the branches. Sequences used in the phylogenetic analysis were obtained
from GenBank; accession numbers are as follows from top to bottom of the tree: X75787,
AF027166, T18H9.2, AJ245458, AF079402, AJ245459, U34888, R12H7.2, U81605, Y16962,
Q03168, M63138, L41346, U75272, M27596, M84424, J00287, J00621, L10740.

Expression and analysis of recombinant proteins

The regions spanning the prodomain to the C terminus of both Ac-APR-1 and Na-APR-1 were
amplified by polymerase chain reaction from pBluescript templates and were cloned into the
transfer vector pBacPak6 (Clontech, Palo Alto, CA) by incorporating Not1 and Ascl restriction
sites (20). Recombinant viral expression vectors were generated by cotransfection, aided by



Bacfectin (Clontech) of Sf9 (Spodoptera frugiperda) lepidopteran cells with Bsu36 I-digested
BacPAKG6 viral DNA and recombinant, modified transfer vector. Recombinant protein was
detected by Western blotting by using a rabbit antiserum raised against Schistosoma japonicum
cathepsin D (6). The virus was isolated and amplified, and the resulting high-titer viral stock was
stored at 4°C. Adherent Sf9 cell cultures were used for the initial plaque purification of
recombinant virus and small-scale well amplifications. High Five cells (Trichoplusia ni) were
used for large-scale cultures in which the transformed cells were grown in suspension flasks at
27°C in protein-free medium (JRH Biosciences, Lenexa, KS). Supernatants containing the A.
caninum or N. americanus aspartic proteases were harvested 4 days later. Recombinant
proteases were affinity purified from culture supernatants by using pepstatin-agarose (Pierce,
Rockford, IL) and were autoactivated at low pH as previously described (6). The cleavage sites
of the prodomains from the activated mature proteases were determined by Edman degradation
via a PerkinElmer (Shelton, CT) Applied Biosystems Model 494 Procise HT protein sequencing
system.

Enzymatic assays

Enzymatic activity of recombinant, activated aspartic proteases was monitored with the peptide
o-aminobenzoyl-Ile-Glu-Phe-nPhe-Arg-Leu-NH;), a fluorogenic substrate for which human
cathepsin D exhibits high affinity (21), as previously described (6). Somatic extracts and ES
products (20 pg with and without pepstatin) from adult worms were also assayed for cathepsin
D-like activity in the same fashion.

Production of antisera to recombinant proteases

Antisera against recombinant 4c-APR-1 and Na-APR-1 were generated by immunizing female
BALB/c mice with a total of 50 pg of protease mixed with 75 pg of saponin adjuvant
administered subcutaneously in five doses. Blood was collected before the immunization and 2
weeks after the final injection. IgG was purified from antiserum and unimmunized (normal)
mouse serum with Protein G Sepharose by using standard methodologies.  Various
concentrations of purified IgG (5, 50, and 500 ng) were incubated with 1.0 pg of active
recombinant hookworm aspartic protease (in 0.1 M sodium formate, pH 5.5) and allowed to bind
at room temperature (RT) for 1 h before enzymatic activity was assessed with the fluorogenic
substrate (as described above) and Hb (see below).

Immunolocalization

Intact, live adult 4. caninum and N. americanus worms obtained from the small intestine of
freshly killed hosts were washed in PBS and fixed by placement in phosphate-buffered formalin
(70% formalin, 0.4% Na,H,PO,, pH 7.4), after which they were heated in a microwave on high
power for 40 s. Worms were then washed twice for 5 min in PBS, pH 7.2, dehydrated through a
graded series of ethanol (70-100%), cleared in methyl salicylate, and embedded in paraffin via
standard preparative procedures (22). Fixed hookworm sections of 5 um were deparaffinized,
rehydrated in a graded series of alcohols, and reacted with antisera as previously described (23).
Sections were then washed, counterstained with hematoxylin for 5 min and Scott’s Blue,
dehydrated in an ethanol series (70-100%), cleared in 100% toluene, and mounted in DPX for



examination by light microscopy. Two hookworm cross-sections on each slide were exposed to
PBS and normal mouse serum instead of antiserum, and these served as negative controls.

Cleavage of Hb by recombinant hookworm aspartic proteases

Hb was prepared by lysis of fresh, washed, normal human or dog erythrocytes in hypotonic
medium (6). Hydrolysate samples of 10 pug of Hb or albumin (after cleavage with 1 pg of
recombinant hookworm protease for 10 min at pH 5.5) were examined using nondenaturing 15%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels stained with
Coomassie brilliant blue. Cleavage sites within the Hb molecules were determined by one of two
methods: 1) transfer to polyvinylidene difluoride membrane and N-terminal sequencing of
cleavage products via Edman degradation; 2) hydrolysates were separated by reverse-phase
high-pressure liquid chromatography (RP-HPLC) using a 2.1 x 220 mm Spheri-5 RP-18 column
(Brownlee, Shelton, CT) equilibrated in aqueous trifluoroacetic acid (TFA)/3% acetonitrile that
was mounted on a SMART HPLC System (Amersham Pharmacia, Piscataway, NJ). Hb peptides
were eluted by using a linear gradient of acetonitrile from 3 to 60% in aqueous 0.085% TFA
over 15 column volumes. Peptide-containing fractions were collected, and peptide masses were
determined with a SCIEX API QSTAR PULSAR Electrospray QTOF mass spectrometer
(PerkinElmer). Mass data (analyzed by using Biomultiview and FASTA FindPept) were used to
predict cleavage sites within the Hb molecules.

Quantitation of free, Hb-derived amino groups after hydrolysis with hookworm proteases

Release of a-amino nitrogen from the hydrolysis of Hb with hookworm recombinant proteases at
pH 5.5 was measured by using ninhydrin on the basis of published protocols (24) with some
modifications. Hb (100 pg) was incubated with 1 pug of recombinant protease (with or without
pepstatin A) in a final volume of 100 ul at 37°C for 5-30 min. Aliquots of 50 pul of ninhydrin
reaction solution were added to 50 pl of each reaction at different time points, and samples were
boiled for 15 min. Samples were then placed on ice, 250 ul of 50% ethanol was added, and
absorbance values were read on a spectrophotometer at 570 nm. Quantities of free amino groups
released by proteolysis were determined by using a standard curve of free leucine (0.05-0.5
nmol).

Determination of cleavage kinetics by using synthetic peptides

Peptides were synthesized by using 9-fluorenylmethoxycarbonyl (Fmoc) chemistry (25). Fmoc-
protected amino acids were assembled on Rink Amide MBHA resin (Novabiochem, La Jolla,
CA) using 2-[1-H-benzotriazole-1-yl]-1.13.3-tetramethyluronium hexafluorophosphate/1-
hydroxybenzotrizole (HBTU/HOBt) for each coupling and 50% piperidine/dimethylformamide
for each Fmoc deprotection. The final products were cleaved from the resin with 95% TFA,
2.5% triisopropylsilane, and H,O for 2 h at RT. The TFA solution was filtered from the resin and
evaporated to dryness. Base peptides were then precipitated with ether, filtered, resuspended in
50% (v/v) HyO/acetonitrile, and subsequently lyophilized and stored at RT. Approximately 50
mg of each lyophilized peptide was dissolved in H,O and acetonitrile prior to purification by RP-
HPLC using a 6.8 x 25 cm Vydac C8 column (The Separation Group, St. Louis, MO) with a



gradient of 0.1% TFA/H,O and 0.1% TFA/acetonitrile. After HPLC purification, mass
spectrometry was used to confirm the molecular masses of the various peptide species by using a
SCIEX API QSTAR PULSAR Electrospray QTOF mass spectrometer (PerkinElmer). Fractions
containing the desired peptide were pooled and lyophilized and used for subsequent kinetic
analysis. All cleavage assays were performed in 0.1 M sodium formate buffer, pH 5.0. Enzymes
(Ac-APR-1 and Na-APR-1, 10 nM to 2 uM) and deuterated/nondeuterated peptides (5-25 uM)
were incubated for 30 min (when 10% of substrate was cleaved), and cleavage products were
separated using a SMART HPLC system equipped with an autosampler. Samples of 50 ul were
injected onto a 2.1 x 220 mm Spheri-5 RP-18 column (Brownlee) equilibrated in aqueous
0.085% TFA plus 3% acetonitrile. Peptide cleavage products were eluted using a linear gradient
of acetonitrile from 3 to 60% in aqueous 0.085% TFA over 15 column volumes at a flow rate of
50 pl/min. Cleavage products, as judged by monitoring effluent absorbance simultaneously at
214, 254, and 280 nm, were quantified by integration of chromatograms by using Biomultiview
with respect to appropriate standard peptides or with respect to samples with 100% conversion.
Kinetic parameters were calculated from a least squares fit of initial rates as a function of
substrate concentration, with Michaelis-Menten kinetics being assumed. All assays were
repeated three to five times to ensure reproducibility of results.

RESULTS
Hookworm cathepsin D-like aspartic proteases

In two of our laboratories, independent attempts to isolate cDNAs encoding aspartic proteases
from adult 4. caninum and N. americanus hookworms by using degenerate oligonucleotides
designed to amplify most aspartic proteases resulted in amplification of just two transcripts from
both parasites: a cDNA encoding cathepsin D-like protease (those reported here) and a cDNA
encoding a pepsin-like protease (Ac-apr-2 and Na-apr-2; to be reported elsewhere). The
predicted Ac-APR-1 and Na-APR-1 proteins had signal peptides and exhibited 85% sequence
identity at the amino acid level. Ac-APR-1 shared 73% and 66% identities with aspartic
proteases from the nematodes Caenorhabditis elegans (cosmid R12H7.2) and O. volvulus
(U81605), respectively (9), and 49% and 46% identity with human and Schistosoma cathepsins
D, respectively (Fig. 1). It is notable that the residues that constitute the active site clefts of the
two hookworm enzymes were identical in the hookworm proteases yet exhibited differences with
human and schistosome cathepsins D. The active site clefts of the hookworm proteases differed
from the C. elegans and O. volvulus homologues by three and four residues, respectively.
Substitutions that would likely have a marked effect on the substrate binding properties included
an S1' Phe in the hookworm enzymes for Leu in both C. elegans and O. volvulus proteins (Fig.
1). mRNAs from both Ac-apr-1 and Na-apr-1 (K. Girdwood and C. Berry, unpublished results)
were expressed in adult hookworms and infective larvae (not shown). Phylogenetic analysis of
the hookworm cathepsins D and other aspartic proteases showed that Ac-APR-1 and Na-APR-1
formed a robust clade (with 99% bootstrap support) within a larger, strongly supported clade that
also contained cathepsins D from C. elegans (R12H7.2) and O. volvulus (Fig. 2). This family of
nematode cathepsins D was more closely related to other cathepsins D, including those from
human and Schistosoma, than it was to cathepsin E, pepsin, and a family of nematode pepsin-like
aspartic proteases including Na-APR-2 from N. americanus.



Hookworm cathepsins D were expressed in the gut and in amphidial glands

Ac-APR-1 and Na-APR-1 were expressed as secreted proenzymes in Sf9 lepidopteran cells, and
the recombinant proteins were activated at low pH. The active proteases were then purified by
using pepstatin agarose and were eluted as single bands (not shown). Purified proteases were
used to immunize mice for antibody production. Antisera were then used to identify the native
proteases in soluble somatic extracts but not ES products of adult hookworms (not shown). In
addition, cathepsin D-like activity was detected in somatic extracts but not ES products by using
the fluorogenic substrate o-aminobenzoyl-IEF-nFRL-NH, (Table 1). Antisera were used to
localize expression of the proteases to the gut and excretory and amphidial glands of adult
hookworms (Fig. 3). Some staining was also detected in certain of the reproductive organs of .
americanus (not shown), although antibody did not bind to any reproductive tissues of A.
caninum.

Hookworm recombinant cathepsins D cleaved fluorogenic substrates

After autoactivation at low pH (6), both enzymes were proteolytically active against o-
aminobenzoyl-IEF-nFRL-NH,; with pH optima of 5.5 (Fig. 4). Pepstatin A completely inhibited
the proteolytic activity against the substrate (not shown). Mouse IgG purified from antiprotease
sera completely inhibited the cleavage of the peptide substrate by its homologous protease.
Furthermore, incubation of Na-APR-1 protease with anti-Ac-APR-1 IgG led to an 80% reduction
in the cleavage of the peptide by the protease, whereas anti-Na-APR-1 1gG resulted in a 60%
decrease in the cleavage of peptide by Ac-APR-1 (Table 2).

Hookworm cathepsins D preferentially cleaved Hb from permissive hosts

The relative cleavage activities of the two hookworm proteases for Hb were assessed by
incubating each recombinant protease with Hb from both permissive and nonpermissive (canine
and human) definitive hosts and measuring hydrolysis both visually by SDS-PAGE and
quantitatively by detection of free amino groups. Both enzymes cleaved dog and human Hb, but
at different rates (Fig. 5). Ac-APR-1 degraded dog Hb almost twice as efficiently as it did
human Hb (evident at all time points). Conversely, Na-APR-1 cleaved human Hb with greater
efficiency than it did dog Hb. Pepstatin A completely ablated cleavage of Hb by both proteases
(not shown). The host-specific differences in cleavage efficiencies were remarkable in view of
the result that the residues lining the active site clefts of both hookworm proteases were identical

in sequence (Fig. 1).
Mapping of the Hb cleavage sites for hookworm cathepsins D

To further investigate the apparent species specificity of this hydrolysis, cleavage sites were
determined by Edman degradation and RP-HPLC separation of hydrolysates. Masses of peptides
were determined, allowing specific cleavage sites to be mapped to the o and 3 chains of human
and dog Hb (Fig. 6). Despite some conserved sites, many cleavage events were unique to just
one or the other protease. Notwithstanding that the residues that constituted the S1 pocket of
both proteases were identical at the sequence level, the P1 Hb a-chain substrate residues differed
substantially between these proteases. Ac-APR-1 showed a preference for bulky, aromatic



residues (Trp, Phe), whereas Na-APR-1 preferred other hydrophobic residues (Leu, Ala, and
Val). In contrast, both proteases accommodated Ser or Ala in the P3 position of Hb, but Na-
APR-1 was exclusive in its affinity for substrates with His at P3 (Fig. 6). Indeed, 4c-APR-1
failed to cleave any Hb sites with a P3 His. Interestingly, both proteases cleaved Hb at sites with
a P1' Pro. Mammalian aspartic proteases are not thought to cleave at such sites, although two
other parasitic cathepsin D-like proteases have been observed to process peptide bonds with Pro
at P1', namely HIV-1 protease (26) and schistosome cathepsin D (6). The affinity-purified,
recombinant forms of both hookworm proteases cleaved peptide bonds at the N and C termini of
the o and B Hb chains (Fig. 6), exopeptidase-like activity that was pepstatin sensitive (not
shown). Human cathepsin D also shows exopeptidase-like activity against the o chain of Hb
(27). Exopeptidase-like activity may account for some secondary cleavage events, which may
explain the apparent staggered N termini in the cleavage products (Fig. 6). As a result, it was
difficult to determine which sites corresponded to primary versus secondary cleavage products.
Initial (or major) cleavage sites within Hb were determined by Edman degradation of major
fragments that resolved in SDS-PAGE gels (Table 3). All of the cleavage sites detected by
Edman degradation were also detected by mass spectrometry of HPLC-purified hydrolysates
(Fig. 6). By Edman sequencing, Ac-APR-1 favored Trp14-Asp15 and Gly51-Ser52 in both a Hb
species, whereas Na-APR-1 cut human and dog o chains at different sites but showed a
preference for P1 Asp residues in dog Hb (Table 3). Ac-APR-1 and Na-APR-1 cut both species
of Hb B chains at different sites; both sites cleaved by Ac-APR-1 in human 3 Hb had aromatic P1
residues, one of which represented an exopeptidic site (Vall-His2).

Host-specific cleavage of synthetic Hb peptides

Molecular modeling of schistosome aspartic proteases docked with various Hb-derived
octapeptides revealed that single-residue changes in the active site cleft may result in significant
differences in preferred cleavage sites in the Hb substrates (27,28). The octapeptide
LDKFJLASV (in which { indicates the cleavage site) of the human Hb o chain is a cleavage
site for S. japonicum cathepsin D (6). The equivalent site in canine Hb is LDKFFAAYV, and both
Ac- and Na-APR-1 cleaved dog Hb at this site (Fig. 6). Homology modeling of Ac-APR-1
indicated that LDKFFAAV fulfilled the predicted requirements for a cleavage target for Ac-
APR-1 (10). Moreover, the change at Leul29 (P1') in the human Hb peptide to Phel29 in the
canine peptide matched the change from Ile311 at the S1' subsite in human cathepsin D to
Phe302 in Ac-APR-1 (10), suggesting that Ac-APR-1 would digest canine Hb with greater
efficiency than it would digest human Hb. To test this prediction, we employed LDKFLASV
and LDKFFAAYV as peptide substrates for kinetic measurements and for exploration of substrate
specificity for both hookworm proteases. Ac-APR-1 did indeed cleave the dog Hb peptide
(LDKF{FAAV) sixfold more efficiently than did Na-APR-1, whereas Na-APR-1 cleaved the
human Hb peptide (LDKFVLASV) fourfold more efficiently than did Ac-APR-1 (Table 4). The
host specificity of the peptide cleavage kinetics was most obvious in the catalytic constants of
the two proteases, indicating that both proteases cleaved peptides from both host species, but the
rate of substrate turnover by each protease was significantly higher for the Hb peptide from each
parasite’s permissive host (four- to ninefold differences). Cleavage of peptides was completely
inhibited by the addition of pepstatin A. Ac-APR-1 preferentially cleaved the LDKE{FAAV
peptide that had Ala at P3', which reflected the Hb cleavage sites (Fig. 6); Ac-APR-1 cleaved Hb



at seven sites with a P3' Ala, whereas NaAPR-1 cleaved only two sites with a P3' Ala. 4c-APR-
1 preferentially cleaved the LDKFVFAAV peptide with an aromatic P1' residue (Phe rather than
Leu), and this preference was also reflected in the major or early cleavage sites of Hb 3 chain
determined by Edman degradation (Table 3); in agreement with the peptide cleavage kinetics,
Na-APR-1did not show a preference for bulky, aromatic P1' residues (Table 3).

DISCUSSION

Every species of infectious organism exhibits a diverse degree of host specificity, a nebulous
characteristic that essentially defines the species range of its potential hosts. Once a parasite
makes intimate contact with its prospective host, physiological compatibility becomes the most
critical, but still a poorly understood, determinant of the success of parasitism and thus of host
specificity. Among factors within the host that define physiological compatibility are the
availability of appropriate and sufficient nutrients, and suitable physical, chemical, and
immunological conditions that allow the parasite to develop and reproduce.

We showed here that hookworm cathepsin D-like aspartic proteases are expressed in the gut and
excretory and amphidial glands of adult parasites where, in the gut lumen at least, they likely
cleave host Hb. Moreover, each enzyme showed a marked proficiency for cleaving Hb from its
true definitive host, a result that provided molecular documentation of a contributing factor in
the host specificity of these parasites.

Although aspartic proteases play a key role in the digestive process, blood-feeding parasites are
thought to utilize a proteolytic cascade including aspartic proteases, cysteine proteases, and
metalloproteinases to process multimeric Hb from its multimeric form through an acidification
process to small peptides or free amino acids that are absorbed across the microvilli in the
intestinal wall (6,29,30). Despite the apparent complexity of this process, inactivation of just
one class of enzyme in the cascade can significantly impair or completely disrupt the ability of
parasites to feed on Hb (31). Recently, a neprilysin-like metalloproteinase was identified in the
gut of adult A. caninum worms, but its ability to cleave Hb has yet to be shown (32).

Different helminths express various complements of aspartic protease mRNAs. The C. elegans
genome contains at least 12 aspartic protease genes, 5 of which could not be detected at the
mRNA level (33); at least one mRNA was expressed in the lysosomes of intestinal cells of early
larvae (34). The S. mansoni parasite, however, expresses only one aspartic protease (detected at
the mRNA and protein levels), despite the existence of almost 15,000 ESTs (A. Loukas, P.
Brindley, unpublished observation). Both Ac-apr-1 and Na-apr-1 were cloned from cDNA
libraries by using degenerate primers that bind to the active site-encoding region of most aspartic
proteases (8). The apr-1 represented the only cathepsin D-like sequences amplified from adult
A. caninum and N. americanus by using this degenerate primer. In addition, BLAST searches of
the hookworm ESTs in the dbEST database (http://www.ncbi.nlm.nih.gov/dbEST/index.html)
did not identify any sequences that corresponded to Ac-apr-1. Although both Ancylostoma and
Necator are hookworms, they belong to different genera; they also differ in their morphologies,
feeding behavior, epidemiology, and life cycle (e.g., migratory routes, egg production). Despite
only an 85% sequence identity, phylogenetic analysis, conserved active site residues, pH optima,



and gut/amphid localization all indicate that the APR-1 proteins described here represent
orthologous proteases from these two hookworm genera.

Ac-APR-1, Na-APR-1, Onchocerca cathepsin D, and a predicted aspartic protease from the free-
living nematode C. elegans, R12H7.2, are cathepsin D-like in sequence but share the same
glycosylation site as cathepsin E (9), a secreted, nonlysosomal aspartic protease. Glycosylation
of Asn69 (human cathepsin D numbering) is required for phosphorylation and subsequent
trafficking of lysosomal cathepsins D (35). Cathepsin E, Ac-APR-1, Na-APR-1, and
Onchcocerca cathepsin D are glycosylated at Asn26 (Asn29 in hookworm proteases, Fig. 1).
Moreover, lysosomal targeting by phosphorylation of high-mannose glycans is usually
accompanied by a Lys at position 203 (human cathepsin D numbering); the equivalent residue in
the hookworm cathepsins D is Arg. Both recombinant Ac-APR-1 and Na-APR-1 were N-
glycosylated by lepidopteran cells: N-glycanase treatment resulted in a shift of approximately 2
kDa in the molecular masses of both proteases (not shown). These results together provide
strong evidence that the hookworm cathepsins D and those of at least some other parasitic
helminths are not lysosomal and are probably secreted into the gut lumen where they act
extracellularly.

Hookworms, like many other multicellular pathogens, negotiate a circuitous pathway through the
host en route to their predilection site in the small intestine. When third stage larvae infect a less
favorable host, physical and molecular barriers limit the number of parasites that reach the small
intestine. Nonetheless, those worms that do successfully establish within the host gut have to
feed, mature, and reproduce. We suggest that we have now identified a contributing factor to
host compatibility---comparative proficiency for digesting proteinaceous food substrates. In this
case, complementarity between different host Hb sequences and the Hb-degrading proteases of
the parasites reflects the coevolution of host and parasite and contributes to determining in which
hosts a given hookworm species can survive and reproduce. Indeed, Hb is probably not the only
proteinaceous food source of hookworms. Other erythrocyte and abundant serum proteins are
ingested and probably contribute to nutrition. We predict that the same level of host-specific
cleavage will be seen with other physiological substrates of these and other parasite proteases.

Clearly, a panoply of ligand-receptor and enzyme-substrate interactions have been finely tuned
to allow a parasite to develop in a given host. Such selective pressure likely manifests at most, if
not all, points throughout the hookworm’s migratory route in the host. Nonetheless, some
parasites do reach the gut of nonpermissive hosts and unsuccessfully attempt to feed. The
complementarity that we describe here between a putative digestive protease of a parasite and its
substrate protein highlights a number of key issues: 1) despite being dogma, molecular examples
of compatibility between helminth parasites and their hosts are poorly documented and even less
well understood; 2) subtle differences in tertiary structure result in quite distinct substrate
cleavage preferences; 3) the coevolution of hookworms and their mammalian hosts has resulted
in a finely tuned molecular relationship, in this case between aspartic proteases and Hb
substrates, that has allowed each hookworm to be intimately suited to survival in just one or a
few closely related host species.

Direct parallels could be drawn with other blood-feeding parasites such as Plasmodium and
schistosomes. Both S. mansoni and S. japonicum organisms utilize cathepsins D in digestion of



human Hb (6), but of these two schistosome species, only S. japonicum can complete its
development in bovine species (36). Given the findings we have reported here, we suggest that
cathepsin D of S. japonicum would process bovine Hb more efficiently than would its orthologue
from S. mansoni and that compatibility of schistosome cathepsins D with host Hb species might
reflect the acceptable host range in these parasites as well. By implication, the compatibility
between digestive proteases of parasites and the nature of available food substrates may also
affect the acceptable host range for non-blood-feeding pathogens. The coevolution of host-
parasite relationships is a series of escalating, mutual counteradaptations by the two lineages to
exploit, or inhibit exploitation by the other, resulting in an evolutionary tailoring of the
relationship. One consequence of this process is narrow host specificity. The fine molecular
specificity between parasite protease and host substrate that we have shown here suggests a very
real prospect for the development of inhibitor therapies that specifically target parasite enzymes
and yet have no effect on host homologues.

ACKNOWLEDGMENTS

We thank Alun Jones (Institute of Molecular Biosciences, University of Queensland) for HPLC
separation of peptides and hydrolysates; Chris Wood (Department of Biochemistry, University
of Queensland) for Edman degradation; and Michael Smout, Lynette King, Malcolm Jones,
Thewarach Laha (Queensland Institute of Medical Research), Bin Zhan (The George
Washington University), and Dave Knox (Moredun Research Institute) for technical assistance
and helpful discussions. This work was supported by grants from the Australian Research
Council and the Ramaciotti Foundation. A. W. received an Australian Postgraduate Award and a
University of Queensland Graduate School Research Travel Award. A. L. was a National Health
and Medical Research Council of Australia (NHMRC) Howard Florey Research Fellow. P. B. is
a recipient of a Burroughs Wellcome Fund Scholar Award in Molecular Parasitology. D. P. is
funded by the Wellcome Trust. K. G. was supported by the U.K. Biotechnology and Biological
Sciences Research Council. C. B. is funded by a Royal Society Research Fellowship. D. F. and
G. A. are supported by grants from the NHMRC.

REFERENCES

1. Crompton, D.W. (1999) How much human helminthiasis is there in the world? J. Parasitol.
85, 397-403

2. Prociv, P. (1997) Pathogenesis of human hookworm infection: insights from a “new”
zoonosis. Chem. Immunol. 66, 62-98

3. Hotez, P.J. and Pritchard, D.I. (1995) Hookworm infection. Sci. Am. 272(6), 68-74

4. Francis, S.E., Sullivan D.J., Jr and Goldberg, D.E. (1997) Hemoglobin metabolism in the
malaria parasite Plasmodium falciparum. Annu. Rev. Microbiol. 51, 97-123

5. Goldberg, D.E., Slater, A.F., Beavis, R., Chait, B., Cerami, A. and Henderson, G.B. (1991)
Hemoglobin degradation in the human malaria pathogen Plasmodium falciparum: a catabolic
pathway initiated by a specific aspartic protease. J. Exp. Med. 173, 961-969



6. Brindley, P.J., Kalinna, B.H., Wong, J.Y., Bogitsh, B.J., King, L.T., Smyth, D.J., Verity, C.K.,
Abbenante, G., Brinkworth, R.1., Fairlie, D.P., Smythe, M.L., Milburn, P.J., Bielefeldt-Ohmann,
H., Zheng, Y. and McManus, D.P. (2001) Proteolysis of human hemoglobin by schistosome
cathepsin D. Mol. Biochem. Parasitol. 112, 103-112

7. Longbottom, D., Redmond, D.L., Russell, M., Liddell, S., Smith, W.D. and Knox, D.P. (1997)
Molecular cloning and characterisation of a putative aspartate proteinase associated with a gut

membrane protein complex from adult Haemonchus contortus. Mol. Biochem. Parasitol. 88, 63-
72

8. Harrop, S.A., Prociv, P. and Brindley, P.J. (1996) Acasp, a gene encoding a cathepsin D-like
aspartic protease from the hookworm Ancylostoma caninum. Biochem. Biophys. Res. Commun.
227,294-302

9. Jolodar, A. and Miller, D.J. (1998) Identification of a novel family of non-lysosomal aspartic
proteases in nematodes. Biochim. Biophys. Acta 1382, 13-16

10. Brinkworth, R.I., Harrop, S.A., Prociv, P. and Brindley, P.J. (2000) Host specificity in blood
feeding parasites: a defining contribution by haemoglobin-degrading enzymes? Int. J. Parasitol.
30, 785-790

11. Prociv, P. and Croese, J. (1990) Human eosinophilic enteritis caused by dog hookworm
Ancylostoma caninum. Lancet 335, 1299-1302

12. Loukas, A. and Prociv, P. (2001) Immune responses in hookworm infections. Clin.
Microbiol. Rev. 14, 689-703

13. Croese, J., Loukas, A., Opdebeeck, J., Fairley, S. and Prociv, P. (1994) Human enteric
infection with canine hookworms. Ann. Intern. Med. 120, 369-374

14. Loukas, A. (1996) Hookworms, hosts and hypersensitivity. Parasitol. Today 14, 54

15. Prociv, P. (1996) Indigestion, not scorched earth, beats alien hookworms. Parasitol. Today
14, 51-53

16. Yoshida, Y., Okamoto, K., Higo, A. and Imai, K. (1960) Studies on the development of
Necator americanus in young dogs. Jpn. J. Parasitol. 9, 735-743

17. Daub, J., Loukas, A., Pritchard, D.I. and Blaxter, M. (2000) A survey of genes expressed in
adults of the human hookworm, Necator americanus. Parasitology 120, 171-184

18. Loukas, A., Croese, J., Opdebeeck, J. and Prociv, P. (1992) Detection of antibodies to
secretions of Ancylostoma caninum in human eosinophilic enteritis. Trans. R. Soc. Trop. Med.
Hyg. 86, 650-653



19. Swofford, D.L. (1998) PAUP*. Phylogenetic analysis using parsimony (*and other methods)
version 4, Sinauer Associates, Sunderland, MA

20. Bielefeldt-Ohmann, H. (1998) Analysis of antibody-independent binding of dengue viruses
and dengue virus envelope protein to human myelomonocytic cells and B lymphocytes. Virus
Res. 57, 63-79

21. Beyer, B.M. and Dunn, B.M. (1996) Self-activation of recombinant human lysosomal
procathepsin D at a newly engineered cleavage junction, “short” pseudocathepsin D. J. Biol.
Chem. 271, 15590-15596

22. Humason, G.L. (1979) Animal Tissue Techniques, 4th Ed, WH Freeman, San Francisco

23. Sawangjaroen, N., Opdebeeck, J.P. and Prociv, P. (1995) Immunohistochemical localization
of excretory/secretory antigens in adult Ancylostoma caninum using monoclonal antibodies and
infected human sera. Parasite Immunol. 17, 29-35

24. Fields, G.B. and Noble, R.L. (1990) Solid phase peptide synthesis utilizing 9-
fluorenylmethoxycarbonyl amino acids. Int. J. Pept. Protein Res. 35, 161-214

25. Dunn, B.M. (1998) Human Immunodeficiency Virus 1 Retropepsin. In Handbook of
Proteolytic Enzymes (Barrett, A.J., Rawlings, N.D. Woessner, J.F., eds.), pp. 919-928, Academic
Press, Oxford

26. Baldwin, E.T., Bhat, T.N., Gulnik, S., Hosur, M.V., Sowder, R.C., 2nd, Cachau, R.E.,
Collins, J., Silva, A.M. and Erickson, J.W. (1993) Crystal structures of native and inhibited
forms of human cathepsin D: implications for lysosomal targeting and drug design. Proc. Natl.
Acad. Sci. USA 90, 6796-6800

27. Brinkworth, R.I., Prociv, P., Loukas, A. and Brindley, P.J. (2001) Hemoglobin-degrading,
aspartic proteases of blood-feeding parasites: substrate specificity revealed by homology models.
J. Biol. Chem. 276, 38844-38851

28. Brindley, P.J., Kalinna, B.H., Dalton, J.P., Day, S.R., Wong, J.Y., Smythe, M.L. and
McManus, D.P. (1997) Proteolytic degradation of host hemoglobin by schistosomes. Mol.
Biochem. Parasitol. 89, 1-9

29. Coombs, G.H., Goldberg, D.E., Klemba, M., Berry, C., Kay, J. and Mottram, J.C. (2001)
Aspartic proteases of Plasmodium falciparum and other parasitic protozoa as drug targets.
Trends Parasitol. 17, 532-537

30. Wasilewski, M.M., Lim, K.C., Phillips, J. and McKerrow, J.H. (1996) Cysteine protease
inhibitors block schistosome hemoglobin degradation in vitro and decrease worm burden and
egg production in vivo. Mol. Biochem. Parasitol. 81, 179-189



31. Jones, B.F. and Hotez, P.J. (2002) Molecular cloning and characterization of Ac-mep-1, a
developmentally regulated gut luminal metalloendopeptidase from adult Ancylostoma caninum
hookworms. Mol. Biochem. Parasitol. 119, 107-116

32. Geier, G., Banaj, H.J., Heid, H., Bini, L., Pallini, V. and Zwilling, R. (1999) Aspartyl
proteases in Caenorhabditis elegans. Isolation, identification and characterization by a combined
use of affinity chromatography, two-dimensional gel electrophoresis, microsequencing and
databank analysis. Eur. J. Biochem. 264, 872-879

33. Tcherepanova, I., Bhattacharyya, L., Rubin, C.S. and Freedman, J.H. (2000) Aspartic
proteases from the nematode Caenorhabditis elegans. Structural organization and developmental
and cell-specific expression of asp-1. J. Biol. Chem. 275, 26359-26369

34. Chen, M.G. (1993) Schistosoma japonicum and S. japonicum-like Infections: Epidemiology,
Clinical And Pathological Aspects. In Human Schistosomiasis (Jordan, P., Webbe, G., Sturrock,
R.F., eds.), pp. 237-270, CAB International, Wallingford, UK

35. Fruitier, 1., Garreau, 1. and Piot, J.M. (1998) Cathepsin D is a good candidate for the specific
release of a stable hemorphin from hemoglobin in vivo: VV-hemorphin-7. Biochem. Biophys.
Res. Commun. 246, 719-724

36. Knox, D.P., Redmond, D.L. and Jones, D.G. (1993) Characterization of proteinases in
extracts of adult Haemonchus contortus, the ovine abomasal nematode. Parasitology 106, 395-
404

Received February 26, 2002, accepted May 17, 2002.



Table 1

Aspartic protease activity in adult A. caninum and N. americanus somatic extracts (SE) and
excretory/secretory products (ES) using the fluor ogenic peptide o-aminobenzoyl-l EF-nFRL -NH»

Sample Relative fluor escence units®
A. caninum SE (20 pg) 969
A. caninum SE (20 pg) + pepstatin A (1.0 uM) 526
A. caninum ES (20 pg) 535
N. americanus SE (20 pg) 965
N. americanus SE (20 pg) + pepstatin A (1.0 uM) 543
N. americanus ES (20 pg) 523
S japonicum recombinant cathepsin D (1.0 pg) 889

®Activity was measured in relative fluorescence units (rfu), and the baseline was set at 500 rfu.
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