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Roundworms of the genus Ascaris are common parasites of the
human gastrointestinal tract. A battery of selective inhibitors
protects them from host enzymes and the immune system. Here, a
metallocarboxypeptidase (MCP) inhibitor, ACI, was identified in
protein extracts from Ascaris by intensity-fading MALDI-TOF mass
spectrometry. The 67-residue amino acid sequence of ACl showed
no significant homology with any known protein. Heterologous
overexpression and purification of ACI rendered a functional mol-
ecule with nanomolar equilibrium dissociation constants against
MCPs, which denoted a preference for digestive and mast cell
A/B-type MCPs. Western blotting and immunohistochemistry lo-
cated AClin the body wall, intestine, female reproductive tract, and
fertilized eggs of Ascaris, in accordance with its target specificity.
The crystal structure of the complex of ACI with human car-
boxypeptidase A1, one of its potential targets in vivo, revealed a
protein with a fold consisting of two tandem homologous do-
mains, each containing a g-ribbon and two disulfide bonds. These
domains are connected by an a-helical segment and a fifth disul-
fide bond. Binding and inhibition are exerted by the C-terminal tail,
which enters the funnel-like active-site cavity of the enzyme and
approaches the catalytic zinc ion. The findings reported provide a
basis for the biological function of ACI, which may be essential for
parasitic survival during infection.
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metallocarboxypeptidase inhibitor

M ore than a quarter of the human population is affected by
soil-transmitted helminthes, which impair nutrition and
the immune response toward widespread pandemics such as
AIDS and tuberculosis (1, 2). The roundworm Ascaris lumbri-
coides is the most common human parasite of the gastrointestinal
tract. It causes ascariasis (3), which has a worldwide distribution
with highest prevalence in tropical and subtropical regions and
in areas with inadequate sanitation. Ascariasis is triggered by the
ingestion of parasite eggs. These evolve to larvae that migrate
through different tissues and return to the small intestine, where
they mature to adult male and female worms. At this stage,
females deposit thousands of eggs daily, which are secreted with
the feces, thus contributing to soil contamination and spreading
of the infection [for details, see supporting information (SI) Fig.
S1]. During its life cycle, Ascaris threatens human health with
nonspecific abdominal symptoms, intestinal obstruction and
perforation, biliary colic, gallstone formation, liver abscesses,
pancreatitis, and pulmonary eosinophilia (4, 5). A nearly iden-
tical nematode species, Ascaris suum, is found in the pig. It has
a tremendous impact on livestock farming and can also infect
primates and humans, giving rise to a similar disease pattern to
A. lumbricoides (6-8).

As part of the parasite defense strategy, Ascaris roundworms
secrete a series of inhibitors to target digestive and immune-
related host proteases, among others pepsin, trypsin, chymo-
trypsin/elastase, cathepsins, and metallocarboxypeptidases
(MCPs) (9-16). MCPs are zinc-containing exoproteases that
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catalyze the hydrolysis of C-terminal amino acids from proteins
and peptides. They perform a large variety of physiologically
relevant functions in organisms of different phyla (17). These
enzymes have been grouped into the funnelin tribe of proteases
and are subdivided into A/B- and N/E-type MCPs (18). Human
A/B-type funnelins include the digestive enzymes CPA1, CPA2,
and CPBI1, and mast cell CPA3, which is related to inflammatory
processes (19, 20). The biological action of MCPs is specifically
modulated through protein inhibitors. To date, seven such MCP
inhibitors have been described from potato and tomato (PCI and
MCPI; 38 and 39 residues, respectively) (21, 22), medical leech
Hirudo medicinalis (LCI; 66 residues) (23), the ticks Rhipiceph-
alus bursa and Haemaphysalis longicornis (TCI and HITCI; 75
and 77 residues, respectively) (24, 25), rat and human latexin
(alias ECT; 222 and 223 residues, respectively) (26, 27), and the
intestinal parasites A. lumbricoides and A. suum (ACI) (12, 13).
Although the former inhibitors have been studied extensively in
terms of activity and structure, ACI has hitherto only been
studied for its amino acid sequence. We present here its cloning,
heterologous expression, purification, and three-dimensional
structure in complex with a MCP, unveiling its mechanism of
inhibition. We also report its target specificity and in vivo
localization in Ascaris worms, which lead to a deeper under-
standing of the life-threatening disease ascariasis and may pave
the way for drug and vaccine development.

Results and Discussion

Identification, Sequencing, and Cloning of ACI from Ascaris. Initial
recombinant overexpression trials of ACI on the basis of the
reported amino acid sequence (12) produced only minute yields
and two distinct forms (termed A and B; see Fig. S2) of identical
molecular mass (7,502.5 Da) and 8 cysteine residues forming
four disulfide bonds. Of these two, only form B inhibited bovine
carboxypeptidase Al (bCPAL), albeit weakly (Kj = 5.9 = 0.2
uM) compared with other reported MCP inhibitors (17). We
thus attempted to analyze ACI directly from a crude homoge-
nate of Ascaris worms. After assessing the presence of inhibitory
activity against bCPA1 (see SI Materials and Methods), the
extract was subjected to intensity fading MALDI-TOF mass
spectrometry (28). This procedure rendered a molecular mass of
7,724.8 Da for the Ascaris MCPI (Fig. 1 A and B), which did not
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Molecular mass (Da)
1 acgcggggagatttgettttaattttattegttatatttcatttggaca 49

50 atgctacgatttgatgtggttcttataattgcaatgattttcatttatagtttaaatggt 109
-20 M L R F DV VLI I AMTIU FTI Y S L NG -1

110 gatcaagtgagaaaatgcttatcggataccgattgcaccaacggagagaaatgtgttcaa 169
1 D Q VRKCUL S DTDZ CTNGEKCV Q 20

170 aagaataaaatttgctctaccatagtggaaatcldaacgatgtgaaaaddaacatttcacg 229

21 K N K I ¢C s T I V E I Q R CEKEHUF T 40
230 attccatgcaaatcgaataacgattgtcaagtatgggcacatgaaaagatttgcaataaa 289
41 I P C K S N NDC Q V WAUHEI KTICNK 60
290 ggttgctgctgggatttactctaatcgatgaatttattgcatcgacgatgattttaagaa 349
61 G ¢C C WD L L * 67

350  cgtttaatctattcaacttttttccggcaattttcaacgatgatcctataaatcttgatt 409
410  tctgtgttttattttttatttcgcaataaatattaaaacgagaaaaaaaaaaaaaaaa 467

Fig. 1. Identification of natural ACI by intensity-fading MALDI-TOF mass spec-
trometry and cDNA cloning of ACI. (A) Mass spectra of an Ascaris extract before
(Control) and after the addition of CPA-Sepharose resin (+ CPA). (Bottom) Mass
spectrum corresponding to the inhibitor recovered after washing and acidifica-
tion of the sample. (B) Plot of the relative intensities of the molecular ions present
in the mass spectrum of the Ascaris extract before and after interaction with CPA.
Ten independent experiments were conducted to draw the plot. The molecular
mass of the inhibitor identified by intensity fading MALDI-TOF mass spectrometry
is labeled with an asterisk. (C) Nucleotide and deduced amino acid sequence of
ACI. The full-length cDNA sequence was assembled from two overlapping clones
obtained by 5'- and 3’-RACE techniques (nucleotides 1-315 and 179-467, respec-
tively). It contains a 49-nucleotide 5’-untranslated sequence, an ORF of 264
nucleotides, and a 154-nucleotide 3’-untranslated region. A canonical polyade-
nylation signal, AATAAA (underlined), is detected 12 nucleotides upstream from
the poly(A)* tail. The amino acid sequence of mature ACl is printed in bold. Two
isoforms (boxed) are found at the triplets codifying for residues at positions 32
and 37, caa/gaa (glutamine/glutamate) and gaa/caa (glutamate/glutamine),
respectively.

match that of the reported sequence (12). The inhibitor was
purified by using a combination of affinity chromatography and
reversed-phase HPLC. Its 30 N-terminal residues matched the
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Table 1. Inhibition constants (K;) of ACl against MCPs of the A/B
and N/E type of funnelins

Carboxypeptidase Ki, nM
Bovine CPA1 24 +03
Human CPA1 1.6 = 0.2
Human CPA2 2.5+0.2
Human CPA3 2.1+03
Human CPA4 239 = 3.1
Human CPB1 34+03
Human CPB2/TAFla 42.0 = 1.7
Human CPN NI
Drosophila CPD-I NI

Data are shown as mean = SD. NI, no inhibition at 100 uM inhibitor
concentration.

sequence reported (12). However, the protein had 10 rather than
8 cysteine residues, and subsequent analysis of peptides obtained
by digestion with endoproteinase Lys-C revealed that the C
terminus (-GCCWDLL®’) had been erroneously determined
(-LPWGL®) (12). Therefore, the cDNA of ACI was cloned (Fig.
1C), and it was found to consist of 467 nucleotides, with a
deduced protein sequence of 87 residues. The first 20 residues
correspond to a signal peptide that precedes the aspartate
residue found at the N terminus of the purified inhibitor. The
calculated molecular mass of the deduced mature protein was
consistent with that of natural ACI determined by MALDI-TOF
mass spectrometry, with five disulfide bonds. Sequence similarity
searches revealed no homology with any other reported se-
quence with the exception of the C terminus, which showed
certain resemblance to the C termini of other reported MCPIs
(see below and Fig. 3D).

Heterologous Expression and Purification of ACl. Recombinant ACI
was overexpressed in Escherichia coli as a fusion protein (Fig.
S3), whose cleavage left a glycine residue at the N terminus of
the inhibitor protein (molecular mass of 7,781.8 Da). A final
reversed-phase HPLC step rendered a unique peak with a
retention time equivalent to that of natural ACI. The typical
yield was ~10 mg of pure recombinant ACI per L of cell culture.

Conformational Stability and Activity of ACI. Circular dichroism and
NMR spectroscopy experiments showed that the conformations
of natural and recombinant ACI were indistinguishable. Both
molecules maintained a well-folded conformation in a wide
range of chaotropic reagents and temperature and only became
denatured by the simultaneous presence of denaturing and
reducing agents (Figs. S4 and S5). This high stability may be
attributed to the five disulfide bonds, which strongly constrain
the ACI structure, as reported for PCI, LCI, and TCI (29-31).
Equilibrium dissociation constants for the complexes of natural
ACI and recombinant ACI with a selection of MCPs were
indistinguishable (data not shown). This agreement revealed
that ACl is a tight binding, competitive inhibitor of A/B-type but
not N/E-type funnelins, with K; values in the nanomolar range
(Table 1). Within this potency, the inhibitor showed a distinct
specificity for digestive enzymes (CPA1, CPA2, and CPB1) and
mast cell CPA3 over CPA4 and plasma CPB2 (also called
TAFIa), which displayed significantly higher (10-20 times) K;
values.

Immunolocalization of ACI in Ascaris. Specific antibodies raised
against recombinant ACI were used to detect the protein in
extracts from adult male and female Ascaris tissues by Western
blot analysis. The inhibitor was found in the intestine and body
wall of both male and female worms and in the ovary and uterus

Sanglas et al.
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Fig. 2. Immunohistochemical localization of ACI in Ascaris. (A) Sections of

adult male (Left) and female (Right) worms incubated with preimmune serum.
Regions that are shown amplified in B, C, and D are inside squares. (Scale bars,
500 um.) (B) Close-up view of a section of an adult male worm incubated with
preimmune serum (Left) and anti-ACl antibody (Right). (Scale bars, 100 um.)
(Cand D) Close-up views of a section of an adult female worm incubated with
preimmune serum (Left) and anti-ACl antibody (Right). [Scale bars, 100 um (C)
and 50 um (D).] Abbreviations: in, intestine; te, testis; Ic, lateral chord; hd,
hypodermis; ov, ovary; ut, uterus; and eg, eggs.

of female worms (Fig. S6). Immunohistochemistry assays con-
firmed these results. Antibodies strongly recognized the inhib-
itor in the intestine and hypodermis (body wall) of male and
female worms (Fig. 2). In the body wall the signal was especially
strong around the lateral chords, which contain the excretory
canals. In females, the immunostaining was weaker in the uterus,
ovary, and oviduct, whereas it was strong in the fertilized eggs.
No labeling was detected in the male reproductive system (i.e.,
testis, vas deferens, and seminal vesicle).

Structure of the ACI in Complex with Human CPA1. The crystal
structure analysis of human CPA1 (hCPAL1) in its complex with
recombinant ACI (Fig. 34) reveals that the protease conforms
to the classic a/B-hydrolase fold of A/B- and N/E-type zinc-
dependent MCPs of the funnelin tribe of proteases (for a
detailed description of the hCPA1 structure, see SI Materials and
Methods) (17, 18, 32). ACI consists of structurally similar tandem
modules, an N-terminal domain (NTD; Val-31-Ser-261; inhibitor
residues carry an I suffix) and a C-terminal domain (CTD;
Thr-40I-Leu-67I), which are linked by a connecting segment
(CS; Thr-271-Phe-391) (Fig. 34 and B). Each domain comprises
a short N-terminal segment in extended conformation followed
by a 90° turn that leads to a double, intertwined 1,4-turn.

Sanglas et al.

Thereafter, the chain folds back to enter a C-terminal B-ribbon
(Fig. 34 and Fig. S7A). Intradomain stabilization is provided by
two internal disulfide bonds per domain. The CS includes an
a-helix (Ile-281-His-381I) that is linked to the second B-ribbon
strand of the CTD via a fifth disulfide bond (Cys-341-Cys-62I).
The two domains interact with each other through the N
terminus and the tip plus the second strand of the B-ribbon of
the NTD, the CS helix, and the N-terminal segment in extended
conformation and the double 1,4-turn of the CTD (Fig. 34 and
Fig. S74). The domain architecture of ACI resembles that of
latexin, in which two tandem cystatin-like modules are linked by
a helical segment (33). However, there is no structural similarity
with latexin beyond this coincidence in the modular arrange-
ment, and no significant structural homology was found with any
structure reported. We conclude that ACI conforms to a new
fold and that this inhibitor may have arisen by gene duplication.

Structural Determinants of hCPA1 Inhibition Through ACI. ACI in-
hibits hCPA1 by blocking access to the active-site cleft through
an interface of 690 A2 by forming 35 close contacts, including 12
hydrogen bonds and 6 hydrophobic interactions (see Table S1).
Complex formation involves the C-terminal tail (Trp-64I-Leu-
671) and the tip (Asn-591-Lys-60I) and the center (Ile-57I) of the
N-terminal B-ribbon strand of the CTD and the end of the CS
(Glu-37I-Phe-391) of ACI, i.e., the NTD is not involved. Inter-
vening segments of hCPA1 include the funnel-rim loop connect-
ing strand B3 with helix a2, LB3a2, two regions of La4aS5, as well
as LB5B6, La7a8, and LB8aY. The main determinant of inhibi-
tion is the C-terminal stretch of ACI, which extends and pene-
trates the active-site cleft (Fig. 34 and Fig. S7B). This extended
conformation is held together by the second disulfide bond of the
CTD and a w-stacking interaction of Trp-64I with Asn-591 N62
(Fig. S7B). ACI occupies the active-site cleft subsites S3, S,, and
S1, and the C-terminal carboxylate oxygen atoms coordinate the
catalytic zinc ion of the mature protease moiety in a slightly
asymmetric bidentate manner (2.06 A and 2.41 A away, respec-
tively). On the primed side of the cleft, an acetate ion lies next
to the zinc, partially occupying the Sy  specificity pocket and
mimicking the C terminus of a substrate. The acetate establishes
a double salt bridge with Arg-145 Nml (2.77 A) and Nm2 (2.94
A) of the protease. One of its carboxylate oxygens binds Tyr-248
(2.62 A) and the other hydrogen bonds Asn-144 N&2 (2.86 A).

The way in which ACI inhibits hCPAL1 resembles the action of
PCI, LCI, and TCI but not latexin (33-37). Although the latter
completely shields the active site of its target MCP in a nonspecific
manner by contacting funnel rim elements, the other three inhib-
itors interact with these elements, but their C-terminal tails pro-
trude into the active-site cleft in a substrate-like manner, as found
for ACI (Fig. 3 C and D). Superposition of the C-terminal residues
of the four inhibitors, which come from evolutionary distant
species, reveals moderate sequence similarity. However, while the
C-terminal residue is cleaved off in PCI, LCI, and TCI upon
complex formation, it remains unaltered in ACI. This happens
because the last residue of ACI matches the penultimate residues
of PCI, LCIL, and TCI (Fig. 3D).

Conclusions

Here, we have comprehensively analyzed the inhibitor ACI in
the intestinal parasite Ascaris, the first to target metal-
lopeptidases. Its preferential inhibition of MCPs found in the
intestine and mast cells of the intestinal mucosa of the host would
explain that Ascaris can survive in a hostile environment for
many years by evading or dampening host responses that might
otherwise kill it or trigger its expulsion. These data are consistent
with the specific localization of ACI in the intestine and body
wall of male and female Ascaris worms and in fertilized eggs.
Such localization is compatible with the protection of adult
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Fig.3. Structure of AClinitscomplexwith hCPA1. (A) Richardson plot of the complex of ACI (NTD in blue, CSin green, and CTD in magenta) and hCPA1 (a-helices
in yellow, B-strands in orange, coils in white) in standard orientation for funnelins (18). Regular secondary structure elements (ribbons for the a-helix; arrows
for B-strands) and disulfide bonds are shown for ACI. The catalytic zinc ion of the metalloenzyme is shown as a magenta sphere. (B) Superimposition of the NTD
(blue Ca trace) and the CTD (magenta Ca trace) of ACI. The position of the disulfide bonds is pinpointed by ellipsoids. (C) Overlay of the structures of the
exogenous inhibitors analyzed to date in complex with funnelins, PCl [cyan; Protein Data Bank (PDB) code 4cpa], TCl (green; PDB code 1zlh), LCI (magenta; PDB
code 1dtd), and ACI (white; PDB ID code 3fju), after superimposition of the respective protease moieties. For clarity, only hCPA1 (yellow) in its complex with ACI
isfurther depicted. An ellipsoid pinpoints the C termini of the inhibitors. (D) Close-up view of Cin the same orientation showing only the C termini of the inhibitors
in the same color as in C. The structural equivalence of the positions of the tails is provided by the alignment. While the terminal residue is severed upon complex
formation and occupies the S1- pocket in PCl and LCl, in TCl it is cleaved but not present in the active site. In ACl it is not cut at all as it occupies subsite S;.

worms and eggs in the host intestine and of the larvae during
migration.

Structural analysis revealed that ACI consists of two linked
homologous tandem domains. Inhibition of hCPA1 involves only
the CTD and the preceding CS but not the NTD. This domain
may target other digestive enzymes present in the host gut, as
reported, for example, for the bifunctional a-amylase/trypsin
inhibitor from the Indian finger millet Ragi (38).

Materials and Methods

A detailed description of procedures is provided in S/ Materials and Methods
and Table S2. Briefly, the ACl inhibitor was identified in an extract of Ascaris
by intensity fading MALDI-TOF mass spectrometry as described in ref. 28. The
inhibitor was subsequently isolated by CPA-Sepharose affinity chromatogra-
phy and reversed-phase HPLC and sequenced by automated Edman degrada-
tion. The full-length ACI cDNA was cloned by RT-PCR and 5'/3’-RACE tech-
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niques as described in ref. 24. Recombinant ACI was overexpressed in E. coli
Origami cells by using the pET-32a-derived vector, pET-32a-ACl, which con-
tains a thioredoxin-hexahistidine fusion followed by a tobacco-etch virus
(TEV) protease cleavage site. The fusion protein was purified by Ni2* affinity
chromatography and subsequently digested with TEV protease. The inhibitor
was purified to homogeneity by RP-HPLC. Natural and recombinant ACl were
analyzed by CD and NMR spectrometry under native and denaturing condi-
tions. Their inhibitory activity was tested by spectophotometric assays with
selected chromogenic substrates as described in ref. 24. Natural ACl was
detected in adult male and female Ascaris dissected in different tissues or cut
in slides by Western blotting or immunohistochemistry by using standard
protocols. The ACI-hCPA1 complex was prepared by incubating equimolar
quantities of enzyme and inhibitor. Crystals were obtained by using the
sitting-drop vapor diffusion method. The structure was solved by Patterson
search by using the coordinates of unbound hCPA1 as a searching model.
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