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Abstract

Hookworms are human parasites that have devastating effects on global health, particularly in
underdeveloped countries. Ancylostoma ceylanicum infects humans and animals, making it a
useful model organism to study disease pathogenesis. A. ceylanicum excretory-secretory protein 2
(AceES-2), a highly immunoreactive molecule secreted by adult worms at the site of intestinal
attachment, is partially protective when administered as a mucosal vaccine against hookworm
anemia. The crystal structure of AceES-2 determined at 1.75 A resolution shows that AceES-2
adopts a netrin-like fold similar to those found in tissue inhibitors of matrix metalloproteases
(TIMPs), and in complement factors C3 and C5. However, recombinant AceES-2 does not
significantly inhibit the ten most abundant human matrix metalloproteases, or complement-
mediated cell lysis. The presence of a highly acidic surface on AceES-2 suggests that it may
function as a cytokine decoy receptor. Several small nematode proteins that have been annotated
as TIMPs or netrin domain-containing proteins display sequence homology in structurally
important regions of AceES-2's netrin-like fold. Together, our results suggest that AceES-2
defines a novel family of nematode netrin-like proteins, which may function to modulate the host
immune response to hookworm and other parasites.
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Hookworms are blood feeding intestinal nematodes that rank as top agents of global
morbidityl. Nearly one billion people suffer hookworm infection, which is characterized by
iron deficiency anemia, malnutrition and suppression of host cellular immune responses.2:3:4
Hookworms and other soil transmitted nematode infections are most prevalent in children in
developing countries,® though infection occurs in all age groups and may exacerbate other
common infectious diseases, including tuberculosis, malaria, and human immunodeficiency
virus.8:7:8 Although community based deworming programs may have short-term benefit,
rapid reinfection rates and declining efficacy of commonly used anthelminthics raise doubts
about the long-term value of chemotherapy as an effective means of disease control.%10
Though there is little evidence that humans develop sterile immunity following natural
infection,11:12 vaccination against hookworm could potentially decrease the intensity of
infection and augment current hookworm control measures.13

Humans are fully permissive hosts for three hookworm species, Necator americanus,
Ancylostoma duodenale and Ancylostoma ceylanicum. Beginning soon after infection,
hookworms produce a number of excretory-secretory (ES) proteins that are thought to
promote survival within the mammalian host, including inhibitors of thrombosis!4:15:16 and
complement,17 as well as fatty acid binding proteins18:19 and a small kunitz type inhibitor
of host pancreatic enzymes.20 Hookworms also produce proteins that modulate host
immune cells, including an inhibitor of neutrophils,21 an orthologue of the mammalian
cytokine macrophage migration inhibitory factor (MIF),22 and two putative Tissue Inhibitors
of Metalloproteases (TIMPs).23:24 Hookworm ES proteins are believed to function together
to facilitate blood feeding, digest tissue and prevent detection or damage by host immune
factors at the site of intestinal attachment. Such virulence factors, especially those that
function to modulate the host immune response to hookworm infection provide an attractive
starting point for vaccine design.25:26

A. ceylanicum excretory-secretory protein 2 (AceES-2) is produced by adult worms soon
after infection, and can be detected before the parasites begin to feed on blood from
intestinal capillaries.2”:28 AceES-2 is an 11.7 kDa protein without significant amino acid
sequence homology to other known proteins. Despite its low abundance relative to other ES
proteins, AceES-2 induces a strong humoral immune response in infected animals.27:29
While subcutaneous inoculation of hamsters with recombinant AceES-2 is associated with
more severe disease AceES-2 administered as an oral vaccine decreases anemia and
increases recovery rate following challenge infection.2” Significantly, AceES-2 is the first
example of a recombinant protein that confers protection against hookworm following
mucosal vaccination.

Here we present the crystal structure of AceES-2. We propose that AceES-2 is
representative of a novel family of nematode small netrin-like proteins. Preliminary
biochemical studies show that AceES-2 does not have the in vitro activities that are present
in the most structurally similar netrin-like proteins, including TIMPs. We suggest that the
nematode netrin-like proteins may regulate the host immune response by binding host
cytokines. In non-parasitic nematodes, binding of netrin-like proteins to cytokine orthologs
may regulate larval development.

Recombinant AceES-2 (rAceES-2) was expressed in Escherichia coli from a synthetic
codon-optimized gene with a 6-histidine tag at either the N- or C-terminus. Both rAceES-2
constructs were purified by nickel-affinity and size-exclusion chromatography, after
proteolytic removal of the histidine tag. The crystal structure of rAceES-2 was then
determined at 1.75 A resolution. The protein folds into a five-stranded p-barrel flanked by
short N- and C-terminal a-helices that lie parallel to each other on one side of the B-barrel
(Fig. 1). The B-barrel is capped by long loops between B-strands. The structure of AceES-2
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contains two previously unidentified intramolecular disulfide bonds, Cys3-Cys62 and
Cys77-Cys84. One face of AceES-2 has a highly acidic electrostatic potential (Fig. 1c), due
to the clustering of the following residues on the surface: E9, D43, D70, D72, D90, D98,
E102. The predicted isoelectric point (pl) of AceES-2 is 4.9. Of note, this is only the ninth
reported structure of a hookworm (Ancylostoma or Necator) protein.

In the absence of significant sequence similarity between AceES-2 and proteins of known
function, the Dali server30 was used to search for proteins with structural similarity to
AceES-2. The fold of AceES-2 is best classified as a netrin-like (NTR) domain, epitomized
by the C-terminal domain of netrins.31 AceES-2 bears significant structural similarity to the
inhibitory domain of human tissue inhibitors of metalloproteases (TIMPs), and to the C345C
domain of some complement factors (Fig. 2, Table S2).

AceES-2 is highly unusual among proteins with NTR domains in that it is a single-domain
monomer. The packing of AceES-2 monomers in the crystal does not reveal any potential
oligomerization interfaces. This is consistent with the elution profile of AceES-2 in size-
exclusion chromatography, which shows that AceES-2 is a monomer in solution (data not
shown). The structure of AceES-2 is the first reported of a standalone NTR domain protein.
Seven other nematode proteins have been annotated as single-domain NTR proteins (Fig. 3).
However, nearly all other NTR domains exist in the context of multidomain proteins
including netrins, human TIMPs, complement factors and secreted frizzled-related proteins.

Matrix metalloproteases (MMPSs) are secreted zinc dependent enzymes involved in the
remodeling of the extracellular matrix.32 Twenty three human MMPs have been identified,
32 many of which are secreted by the gut epithelium and immune cells at sites of intestinal
inflammation.33 MMPs are regulated at the transcriptional level, and in the cellular matrix
by TIMPs. The four human TIMPs each inhibit the soluble MMPs non-selectively via an N-
terminal NTR domain.32 Crystal structures of MMPs and related ADAM (a disintegrin and
metalloproteinase) metalloproteases bound to TIMPs show that the amine and carbonyl
groups of the N-terminal cysteine in the TIMP directly coordinate a zinc ion in the active
site.34:35,36,37,38 The overall structure of TIMPs is wedge-like with an N-terminal Cys-X-
Cys sequence held by two disulfide bonds that forms a contiguous ridge or edge that slots
into the active site of the MMPs thereby blocking access to substrates.

AceES-2 shares significant overall structural similarity with the NTR domain of human
TIMP-1 and TIMP-3, with backbone rmsd > 2.1 A and Z-scores < 9.1 (Fig. 2, Table S2).
However, instead of forming a ridge with the N-terminus poised for MMP binding, the N-
terminal region of AceES-2 actually inserts into the core of the NTR domain, adding a sixth
strand to the central B-barrel (Fig. 1). A disulfide bond near the N-terminus (Cys3-Cys62)
also tethers the N-terminal region to the core of the protein. As a result, the overall shape of
AceES-2 is globular rather than wedge-like. AceES-2 also lacks a Cys-X-Cys motif.

The loop between strands A and B (AB loop) in TIMPs determines protease-specific binding
to certain MMPs and related proteases via aromatic residues at the tip of the loop.38:39 The
AB loop of AceES-2 lacks aromatic amino acids and is seven amino acids shorter than the
shortest human TIMP AB loop. Together, these structural differences between AceES-2 and
the human TIMPs imply that AceES-2 cannot bind or inhibit MMPs or ADAMs by the same
mechanism as TIMPs, further evidence that the function of this hookworm secretory protein
is distinct from its orthologues (see below).

We evaluated the ability of rAceES-2 to inhibit cleavage of a proteolytic substrate by a panel
of the ten most abundant human MMPs. At concentrations of up to 20 uM, rAceES-2 did not
efficiently inhibit any of the MMPs (Fig. 4a). Although the rAceES-2 used for structure
determination had three nonnative N-terminal amino acids left after removal of the
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purification, a rAceES-2 construct with an intact native N-terminus also failed to inhibit
human MMPs. By comparison, the dog hookworm MMP inhibitor A. caninum TIMP-2
(ACTMP-2), which does contain an N-terminal Cys-X-Cys motif, displayed submaximal
(56-68% inhibition) inhibition of three of the ten human MMPs tested in an identical assay .
24 \We cannot rule out the possibility that AceES-2 specifically inhibits another mammalian
MMP or protease that has not yet been tested. Alternatively, it is possible that AceES-2
targets an endogenous hookworm metalloprotease, which has been reported for ACTMP-1,
another putative TIMP from A. caninum.40:41

The complement system relies on a proteolytic cascade to enhance the adaptive immune
response to hookworms and other pathogens.#2 Many pathogen proteins inhibit complement
by mimicking complement factors and thus sequestering and inactivating other complement
factors.43 For example, a calreticulin-like protein from the hookworm N. americanus
inhibits complement factor C1q.17

AceES-2 resembles the C345C domains of complement C3 and C5, and of cobra venom
factor (CVF), a complement C3b analogue, with backbone rmsd > 2.4 A and Z-score < 8.6
(Fig. 2; Table S2). Recent structural studies show that the key interaction between the CVF-
C345C and factor B is the direct coordination by the C-terminal carboxylate group of the
C345C domain of an essential magnesium ion within factor B.#4:4> However, the C-terminal
region of AceES-2 adopts a different structure than that of CVF-C345C (Fig. 2). The C-
terminal helix of AceES-2 is one and a half turns shorter, and AceES-2 lacks the disulfide
bond that stabilizes the structure of the CVF-C345C C-terminal region.

If AceES-2 were able to mimic the C345C domain of a complement component, AceES-2
might compete with the C345C domain of C3b for binding to Factor B. This could in turn
prevent the recruitment of Factor B to C3b, thereby inhibiting the complement pathway. We
tested rAceES-2 for its ability to inhibit complement mediated cell lysis. In these assays,
rAceES-2 did not inhibit the classical or alternative complement pathways (Fig. 4).

Several small proteins from the nematode species A. duodenale, A. caninum, A. ceylanicum,
Heterodera glycines and Caenorhabditis elegans have been annotated as TIMPs or NTR
proteins.24:41:46:47 Since AceES-2 resembles the NTR domain of human TIMPs, we sought
to align the sequences of AceES-2 with those of annotated nematode TIMPs and NTR
proteins. We found that the regions of the AceES-2 sequence that are important for the
secondary and tertiary structures of the NTR domain could be aligned with significant
homology to the nematode small NTR/TIMP sequences (Fig. 3).

In contrast to the human TIMPs, the nematode NTR/TIMPs appear to be single-domain
proteins. Moreover, like AceES-2, the hookworm AcTMP-1 and C. elegans NTR proteins
have shorter AB loops than any of the human TIMPs. In addition, the Cys3-Cys62 disulfide
bond (AceES-2 numbering) is conserved in all of the nematode proteins. We therefore
propose that AceES-2 and the related nematode sequences, many of which are currently
annotated as TIMPs, define a novel family of nematode small NTR proteins. Of note, this
level of sequence homology would not have been detectable without structural information,
providing a striking example of the value of knowing the three-dimensional structure of a
protein.

Among the nematode NTR family members, the most closely related to AceES-2 is a TIMP
sequence from the hookworm A. duodenale (Fig. 3). This sequence is uniquely similar to
AceES-2 in that it also lacks an N-terminal Cys-X-Cys motif and has cysteines at the same
four positions as AceES-2, suggesting that is has the same disulfide bonding pattern and
possibly a very similar structure to AceES-2. The absence of the Cys-X-Cys motif in
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AceES-2 and A. duodenale TIMP suggests that these two hookworm proteins may not
function as protease inhibitors in vivo.

TIMPs also perform functions that are independent of metalloprotease inhibition. For
example, human TIMP-1 and TIMP-2 exhibit growth factor-like activity and can inhibit
angiogenesis.48 In the case of hookworm proteins, injection of the recombinant AcTMP-1
into mice modulates the function of dendritic cells by inducing the expression of IL-10 and
TGF-B and decreasing the expression of MHC molecules.23:24 These combined effects lead
to the development of anti-inflammatory responses from CD4+ and CD8+ T cells and the
suppression of proliferation responses in vitro. Evidence for an immunomodulatory role for
AceES-2 includes data from studies showing that the route of vaccination with recombinant
protein modifies the immune response in a subsequent challenge infection.2” Infected
hamsters previously vaccinated subcutaneously with rAceES-2 in the adjuvant aluminum
hydroxide (alum) exhibited more severe anemia and growth delay compared to adjuvant
immunized controls despite comparable intestinal worm burdens. By contrast, a single oral
immunization with rAceES-2 conferred partial protection and accelerated recovery from
hookworm-associated anemia, again despite no difference in worm burden. These data
suggest that the cellular immune response to AceES-2 in animals that have been previously
exposed through vaccination can either be accelerated or blunted based on the route of
priming. By contrast, subcutaneous vaccination of dogs with recombinant AcTMP-1 was not
protective against challenge infection, nor was there any difference in hematological
parameters between vaccinated and control animals.*® These data further suggest that there
are functional differences between AceES-2 and AcTMP-1, both in terms of their roles in
disease pathogenesis, as well as vaccine potential.

The low pl of AceES-227 and its acidic electrostatic surface potential on one face suggest
that it may bind to a cytokine. Many cytokines have highly basic surfaces that bind
glycosaminoglycans on the cell surface, and cytokine receptors typically have
complementary acidic surfaces. Some pathogens control host inflammation by secreting
cytokine decoy receptors, which often bear no structural resemblance to the host receptor.
50,51,52 The potential role of AceES-2 and the other hookworm NTR proteins as cytokine
decoy receptors is consistent with the observed effects of rAceES-2 and AcTMP-1 in prior
studies.2427 Further studies are required to determine the mechanism through which
AceES-2 exerts its immunomodulatory effect, and whether it does so via a mechanism
similar to the related hookworm protein ACTMP-1.

Nematodes, both free-living and parasitic, rely on cytokine orthologs for biological
functions that are not related to parasitism. In C. elegans, for example, orthologs of the
cytokines TGF-p and four distinct migration inhibitory factor (MIF) genes regulate larval
development under low nutrient conditions.>3:54 Moreover, C. elegans contains orthologs of
proteins that regulate cytokines, including a TRAF (TNF receptor-associated factor),?® and
ced-3, a protein similar to mammalian IL-13-converting enzyme proposed to act as a
cysteine protease in the initiation of programmed cell death during embryogenesis.56
Similarly, the nematode small NTR proteins may participate in the regulation of larval
development or programmed cell death by sequestering nematode cytokine orthologs.

In conclusion, we have shown that AceES-2 defines a novel family of nematode small NTR
proteins, which includes a number of sequences annotated as TIMPs based on primary
amino acid sequence similarity. Despite its structural similarity to the NTR domains present
in the TIMP and complement protein families, respectively, data from biochemical studies
suggest that rAceES-2 inhibits neither human MMPs nor complement. By providing a
structural framework for understanding the potential function of AceES-2, we hope to
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further define its mechanism of action and fully exploit the vaccine potential of this novel
family of nematode netrin-like (NTR) proteins.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Overall structure of AceES-2. (a) AceES-2 adopts an NTR-domain fold with a five-stranded
B-sheet (blue) capped by long loops (grey). N- and C-terminal a-helices (orange) lie on one
face of the protein. Intramolecular disulfide bonds (Cys3-Cys62 and Cys77-Cys84) are
shown in yellow, and the nonnative N-terminal portion of recombinant AceES-2 (residues -3
to 0) is shown in pink. The position of Glul, the N-terminal residue of endogenous
AceES-2, is labeled “N”. (b) Schematic of the secondary structure created with TopDraw.>’
(c) Solvent accessible surface representation colored by electrostatic potential, calculated
with APBS58 assuming physiological ionic strength. The units in the color bar are kgT e¢ L,
where T = 310 K, kg is the Boltzmann constant, and e is the charge of an electron. The view
is rotated approximately 155° along the y-axis relative to Fig. 1a. Crystals of rAceES-2 grew
by hanging drop vapor diffusion at 4°C. rAceES-2 at 24 mg/ml in 10 mM HEPES 7.5, 0.2 M
KCI, 0-5% sucrose was mixed with an equal volume of 0.1 M HEPES pH 6.8 and 60%
MPD. Lead derivative crystals were obtained by crystallizing rAceES-2 under the same
conditions plus 1 mM Pb(NO3),. Crystals were frozen in liquid nitrogen. Lead derivative
crystals belonged to space group C222, with three molecules per asymmetric unit, while
native crystals belonged to space group P43 with seven molecules per asymmetric unit. The
structure was determined by single anomalous diffraction (SAD) using a lead derivative
crystal. Data were collected at 100 K at the experimentally determined peak anomalous
diffraction wavelength of lead (0.9496 A). Data processing was performed using
HKL2000.5° Heavy atom sites were located and experimental phases were calculated using
SHELX60 and HKL2MAP.61 Buccaneer62 in the CCP4 suite53 was used for automated
model building. In order to take advantage of the higher resolution native data the initial
model was placed in the native crystal by molecular replacement with Phaser.4 Six
molecules were located in the asymmetric unit of the native crystal, and the model was
improved with rounds of model building, refinement and water placement using Coot5° and
REFMACS5.6 Initial refinement statistics indicated that the native data were partially
twinned. Amplitude-based twin refinement detected 28% merohedral twinning and revealed
a seventh molecule in the asymmetric unit in the electron density. Final refinement included
optimization of twin and TLS parameters to model anisotropic displacements within the
protein,%” yielding Ryork and Reree OF 14.6% and 17.5% respectively. 90% of all residues are
in the most favored regions of the Ramachandran plot, and three residues (Ala-31 in
subunits B, D and E) are in disallowed regions. See Table S1 for data collection and
refinement statistics.
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(d) 2

The structure of AceES-2 resembles the NTR domains of TIMPs and the C345C domain of
complement C3. (a) Overall structure of AceES-2 (blue). The view is rotated 180° along the
y-axis relative to Fig. 1a. (b) The NTR domain of TIMP-1 (green) in complex with MMP-14
(grey, PDB 3MAZ2 chains C, D). (c) The NTR domain of TIMP-3 (red) in complex with
ADAM-17/TACE (grey, PDB 3CKI). (d) The C345C domain of cobra venom factor, a
complement C3b analogue, in complex with factor B (PDB 3HRZ). The C345C domain
(chain C, residues 1469-1620) is shown in pink; the rest of the structure is shown in grey.
Disulfide-bonded cysteines within each NTR domain are shown in yellow. Figures 1a, 1¢

and 2 were created with Pymol.58
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AceES-2 defines a family of nematode single domain NTR/TIMP proteins. The signal
sequences have been omitted. The AceES-2 secondary structure is shown at the top and the
four AceES-2 cysteines involved in disulfide bonds are labeled according to which disulfide
bond they belong to. Strictly conserved residues are highlighted in red, substantially
conserved residues in yellow. The sequence accession numbers are: AceES-2 Q6R7NT7; A.
duodenale TIMP ABP88131.1; A. ceylanicum TIMP CB176262; A. caninum TIMP-1
Q96318; A. caninum TIMP-2 ACB13195.1; H. glycines hypothetical esophageal gland cell
secretory protein 12 (SP12) QONDF1; C. elegans TIMP Q21265; C. elegans NTR Q21267.
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Fig. 4.

MMP activity and complement-mediated cell lysis inhibition assays with rAceES-2. (a) A
colorimetric Kit was used to test the ability of rAceES-2 to inhibit cleavage of a thiopeptide
substrate by human MMPs 1, 2, 3, 7, 8, 9, 10, 12, 13 and 14 (Enzo Life Sciences). The
cleavage product reacts with 5,5’-dithiobis(2-nitrobenzoic acid) to yield 2-nitro-5-
thiobenzoic acid, which can be detected by absorbance at 412 nm. Final MMP
concentrations in the reactions were 17-126 nM according the manufacturer's protocol.
AceES-2 with either N- or C-terminal histidine tags (NHis and CHis, respectively) do not
significantly inhibit any of MMPs tested. Shown is one representative experiment using 2.0
UM rAceES-2, which corresponds to a rAceES-2:MMP molar ratio of between 15:1 and
115:1, depending on the concentration of MMP used. Similar results where obtained using
up to 20 uM rAceES-2. The general peptide inhibitor NNGH was used as an inhibitory
control. (b) The ability of rAceES-2 to complement pathways was tested using standard
erythrocyte lysis assays (see Supplementary Data for detailed methods). rAceES-2 does not
significantly inhibit complement-mediated lysis of sheep erythrocytes in the classical
pathway relative to a buffer control. Bovine serum albumen (BSA) at 50 uM inhibits this
pathway non-specifically. (c) rAceES-2 does not significantly inhibit complement-mediated
lysis of rabbit erythrocytes in the alternative pathway.
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