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Structure of a two-CAP-domain protein from the

human hookworm parasite Necator americanus

Major proteins secreted by the infective larval stage hook-
worms upon host entry include Ancylostoma secreted proteins
(ASPs), which are characterized by one or two CAP (cysteine-
rich secretory protein/antigen 5/pathogenesis related-1)
domains. The CAP domain has been reported in diverse
phylogenetically unrelated proteins, but has no confirmed
function. The first structure of a two-CAP-domain protein,
Na-ASP-1, from the major human hookworm parasite Necator
americanus was refined to a resolution limit of 2.2 A. The
structure was solved by molecular replacement (MR) using
Na-ASP-2, a one-CAP-domain ASP, as the search model. The
correct MR solution could only be obtained by truncating the
polyalanine model of Na-ASP-2 and removing several loops.
The structure reveals two CAP domains linked by an extended
loop. Overall, the carboxyl-terminal CAP domain is more
similar to Na-ASP-2 than to the amino-terminal CAP domain.
A large central cavity extends from the amino-terminal CAP
domain to the carboxyl-terminal CAP domain, encompassing
the putative CAP-binding cavity. The putative CAP-binding
cavity is a characteristic cavity in the carboxyl-terminal CAP
domain that contains a His and Glu pair. These residues are
conserved in all single-CAP-domain proteins, but are absent in
the amino-terminal CAP domain. The conserved His residues
are oriented such that they appear to be capable of directly
coordinating a zinc ion as observed for CAP proteins from
reptile venoms. This first structure of a two-CAP-domain ASP
can serve as a template for homology modeling of other two-
CAP-domain proteins.

1. Introduction

Hookworm infection is a major global health problem that
holds communities in a lifelong cycle of poor health, poverty
and underdevelopment (Musgrove & Hotez, 2009). The
hookworms Necator americanus and Ancylostoma duodenale
infect over 700 million of the world’s poorest people (de Silva
et al., 2003), causing a disease burden of about 22 million
disability-adjusted life years (Hotez, 2007). Owing to the
absence of effective long-term control methods for hookworm
infection, alternative approaches including experimental anti-
hookworm vaccines are being investigated (Hotez et al., 2010).
The initial selection of experimental vaccine candidates aimed
to reproduce the success of attenuated larval stage 3 (L3)
worms as canine vaccines with recombinant secreted L3
proteins (Bethony et al., 2005).

Two major proteins secreted by infective L3 hookworms
upon host entry are Ancylostoma secreted protein 1 (ASP-1)
and Ancylostoma secreted protein 2 (ASP-2), which have two
and one CAP domains, respectively, and are exemplified by
Na-ASP-1 and Na-ASP-2 from the most prevalent human
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hookworm parasite Necator americanus (Goud et al., 2005).
Both Na-ASP-1 and Na-ASP-2 were initially investigated as
experimental human hookworm vaccines to reproduce the
effect of successful canine vaccines based on attenuated L3-
stage worms (Bethony et al, 2005). It was observed that
recombinant full-length ASP-1 does not confer protective
immunity to hookworm infection in permissive hosts such as
hamsters (Goud et al., 2004) and dogs (Hotez et al., 2003). In
contrast, ASP-2 shows similar protec-
tion as irradiated larvae in permissive
mammalian hosts (Goud et al., 2004),

human vaccine studies (Bethony et al., 1

2008) and endemic human populations i;‘% AAAAAAAAAAAAAA
(McSorley & Loukas, 2010). Addition-

ally, truncating Na-ASP-1 by 96 amino- 1053 %
terminal residues increased its efficacy 10 ‘"‘*'"”"ZE,E‘; i

at reducing larval load compared with
full-length Na-ASP-1 (Sen et al., 2000;
Ghosh et al., 1996; Ghosh & Hotez,
1999).

The CAP [cysteine-rich secretory
protein (CRISP)/antigen 5 (Ag-5)/
pathogenesis related-1 (PR-1)] domain,
alternatively referred to as sperm [
coating  protein/Tpx-1/Ag-5/PR-1/Sc7 kex
(SCP/TAPS; Tpx-1, testis specific
protein) is characterized by the NCBI
domain ¢d00168 or Pfam PF00188 and
has been reported in diverse unrelated
proteins from bacteria, plants, animals
and viruses (Geer et al., 2002; Gibbs et
al., 2008; Milne et al., 2003; Cantacessi et
al.,2009; Ding et al., 2000; Hawdon et al.,
1999; Zhan et al., 2003; Gao et al., 2001).
This 15 kDa cysteine-rich domain has
been implicated in conditions requiring
cellular defense or proliferation such as
plant responses to pathogens and
human brain tumor growth (Ding et al.,
2000; Hawdon et al., 1999; Zhan et al.,
2003; Gao et al., 2001).

Several structures of proteins having
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tomato pathogenesis-related protein Pl4a (PDB entry l1cfe;
Fernandez et al, 1997) and the snake-venom components
natrin (PDB entry 1xx5; Wang et al., 2005), triflin (PDB entry
1wvr; Shikamoto et al., 2005) and stecrisp (PDB entry 1rc9;
Guo et al., 2005). The main structural differences in the CAP
domain include the lengths of the strands and helices as well as
the length, orientation and location of loops (Fig. 1). Despite
the significant structural homology of CAP proteins, they only
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a single CAP domain have been
reported; however, only one of these is
of an ASP, Na-ASP-2 (Asojo, Goud et
al., 2005). The three-dimensional struc-
tures of representative CAP proteins
show significant structural homology in
a conserved o/B-barrel core (Fig. la).
The sources of these representative
CAP proteins are Na-ASP-2 from
hookworm (PDB entry 1u53; Asojo,
Goud et al., 2005), Ves v 5 from yellow
jacket (PDB entry 1qnx; Henriksen et
al.,2001), human Golgi-associated plant
pathogenesis related protein 1 (GAPR-
1, PDB entry 1smb; Serrano et al., 2004),
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Py
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Figure 1

Structural elements of representative CAPs. (a) The conserved secondary-structure elements of the
CAP core are based on Na-ASP-2 (PDB entry 1u53) and the CRISPs (PDB entries 1rc9, 1xx5 and
1wvr). This figure was generated with ESPript (Gouet et al., 2003). Ves v 5 from yellow jacket (PDB
entry 1qnx) has an amino-terminal extension, while both Na-ASP-2 and the CRISPs have carboxyl-
terminal extensions. Tomato Pl4a (PDB entry Icfe) and human Golgi-associated plant
pathogenesis-related protein 1 (GAPR-1; PDB entry 1smb) do not have any extensions. The
linker loops of the CRISPs share common sequence features with the carboxyl-terminal s extension
of 1u53. (b) Structural alignment of representative CAP proteins; the PDB codes are Na-ASP-2,
1u53 (green); GAPR-1, 1smb (yellow); PI14, 1cfe (blue); snake-venom CRISPs, 1xx5 (red), 1wvr
(pink) and 1rc9 (gray). All core helices and strands overlay well from the mammalian (1smb), plant
(1cfe), snake-venom CRISP (1xx5, 1wvr and 1rc9) and nematode (1u53) SCP domains. Snake-
venom CRISPs have a unique C-terminal extension and 1qnx has a unique N-terminal extension.
Despite the varied sequence homology, the three-dimensional structures of representative CAP
proteins reveal significant structural homology in a conserved «/B-barrel core.
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share limited sequence identity to each other (Fig. 1b).
According to the PROSITE database (http://www.expasy.ch/
prosite), CAP proteins have two signature motifs, which are
referred to as CRISP or CAP motifs (Fig. 1b). The consensus
sequence for CAP1 is (GDER)(HR)(FYWH)(TVS)(QA)-
(LIVM)(LIVMA)Wxx(STN), while that for CAP2 is (LIVM-
FYH)(LIVMFY)xC(NQRHS) Yx(PARH)x(GL)N(LIVNFYW-
DN). A PROSITE scan of Na-ASP-1 reveals only the
carboxyl-terminal CAP1 motif consisting of residues 357-
GHYTQMAWdAtT-367. The carboxyl-terminal CAP2 motif
383-FgvCQYgPgGNY-394 is not recognized by PROSITE
owing to the substitutions that are indicated as lower case
letters. Two additional conserved regions (HNxxR) and
[G(EQ)N(ILV)], referred to as the CAP3 and CAP4 motifs,
respectively (Gibbs et al, 2008), are also conserved in the
carboxyl-terminal CAP domain. Only the CAP3 motif is
present in the amino-terminal CAP domain of Na-ASP-1.

All one-CAP-domain proteins have a large central charged
cavity containing key conserved charged residues from the
CAP motifs; these correspond to His295, Glu306, Glu332,
His358 and Ser296 in the carboxyl-terminal CAP domain. The
CAP domain is a highly conserved cysteine-rich domain of
approximately 15 kDa that has been implicated in conditions
requiring cellular defense or proliferation such as plant
responses to pathogens and human brain tumor growth (Ding
et al., 2000; Hawdon et al., 1999; Zhan et al., 2003; Gao et al.,
2001). There is no confirmed common function for CAP
proteins; however, the substrate-specific endoprotease Tex31
from the cone snail Conus textile has been demonstrated to be
a serine protease with known substrates (Milne et al., 2003).
The tertiary structure of Tex31 is undetermined but it has been
speculated based on sequence similarity to Tex31 that CAP
proteins may be substrate-specific Ser proteases (Gibbs et al.,
2008). Analysis of the reported structures of CAP proteins
revealed that neither their monomers nor crystallographic
dimers are capable of forming the catalytic triad of a
conventional serine protease (Gibbs et al, 2008). Since most
one-domain CAPs assemble as dimers in solution it was
important to identify if two-CAP-domain ASPs had inter-
actions across the covalently linked CAP domains suggestive
of CAP functions, such as forming a conventional Ser protease
catalytic triad. To offer insights into the potential functions of
ASPs and understand the structural basis of their vaccine
potential, the first structure of a two-CAP-domain protein,
Na-ASP-1, was determined.

2. Materials and methods
2.1. Crystallization and data collection

The crystallization of Na-ASP-1 has been described
previously (Asojo, Loukas et al., 2005). X-ray diffraction data
were collected at the Eppley Institute crystallography core
facility using an F-RE Superbright rotating-anode generator
(Rigaku-MSC) operating at 45kV and 45 mA with Osmic
MicroMax optics and an R-AXIS IV*™" image-plate detector
(Rigaku-MSC) and were processed and scaled as described in
Asojo et al. (2010). Data statistics are listed in Table 1.

Table 1

Statistics for data collection and model refinement.

Values in parentheses are for the last shell.

Space group R P2,

Unit-cell parameters (A, °) a=678,b="74.6,
c=847,8=1121

30.8-2.2 (2.3-2.2)

15.4 (4.7)

272397 (35542)

37195 (5261)

Resolution limits (A)
(o (D))

No. of reflections

No. of unique reflections

Multiplicity 7.3 (6.8)
RmergeT (%) 10.7 (557)
Completeness (%) 93.6 (91.4)
Rerysit 0.18 (0.19)
Riree$ 0.24 (0.26)
Correlation coefficients

F, — F, 0.946

F, — F. (free) 0911
R.m.s. deviations _

Bond lengths (A) 0.020

Bond angles (°) 1.812
Mean B factors (A%)

Protein 16.1

All atoms 24.5
Model composition

Monomers 2

Residues 798

Water molecules 211

T Ruerge = Do 2 Ii(hkl) — (I(RKD)| /D0 > I;(hkl), where I;(hkl) and (I(hkl)) are the
intensity of measurement i of / and the mean intensity of the reflection with indices Ak,
respectively.  $ Reryst = Yt [|Fobs] = |Feaiel |/ nit | Fops |, Where Fopg are observed and
F are calculated structure-factor amplitudes. § The Ry.. set used 5% of randomly
chosen reflections.

2.2. Structure determination and refinement

Attempts at molecular replacement (MR) using residues
12-180 of Na-ASP-2 yielded one monomer of Na-ASP-1 in the
asymmetric unit with a reasonable solvent content (Asojo,
Loukas et al., 2005). However, Ry, stayed in the high 40% and
the electron-density maps were not consistent with the reso-
lution limits of the data set. Thus, MR was repeated with the
program Phaser (McCoy et al., 2007) using a truncated poly-
alanine search model consisting of the core CAP region of
Na-ASP-2 (residues 20-160) with all the long loops removed.
This approach provided an initial MR solution with four
identical polyalanine search models per asymmetric unit
(Fig. 2a). When the loops were not removed from the search
model the MR result was a monomer in the asymmetric unit.
The variation in the length and the orientation of the removed
loops proved vital in generating the correct MR phases for
Na-ASP-1.

The correct MR solution implied a dimer of Na-ASP-1 per
asymmetric unit with a Matthews coefficient (Kantardjieff &
Rupp, 2003; Matthews, 1968) of 2.24 A’Da™! and a solvent
content of 45.1%. Owing to the high quality of the initial
2F, — F., ¢. electron-density maps calculated from MR
phases, the carboxyl-terminal and amino-terminal CAP
domains could be visually distinguished. MR molecules A and
C could be assigned as amino-terminal CAP domains, while
molecules B and D were assigned as carboxyl-terminal CAP
domains (Fig. 2a). In addition, 160 amino-acid residues of the
B and D molcules as well as 150 amino-acid residues of the two
amino-terminal domains were manually built through iterative
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cycles of model building in the program O (Jones et al., 1991),
followed by structure refinement in REFMACS (Murshudov et
al., 2011). Owing to the proximity of the four CAP domains
there were two options to covalently link the domains. Option
1 has monomer 1 with CAP domain A linked to CAP domain
B and monomer 2 with CAP domain C linked to CAP domain
D, while option 2 has monomer 1 with CAP domain A linked
to CAP domain D and monomer 2 with CAP domains C and B
linked (Fig. 2a). The amino-acid residues were renumbered to
generate models for each option. Both models were subse-
quently automatically built with the CCP4 statistical protein
chain-tracing program Buccaneer (Cowtan, 2006). The Ry
for option 1 remained unreasonably high (47%), while that for

N

Monomer A

Monomer B

. (®)
Figure 2

option 2 fell to 27% after ten cycles of automatic building with
iterative refinement using REFMACS. The main chains and
side chains of 395 residues for both monomers as well as all the
linker residues were also automatically built for option 2,
which was not the case for option 1.

The model was improved through manual model-building
cycles using Coot (Emsley & Cowtan, 2004) followed by
REFMACS refinement using a maximume-likelihood refine-
ment procedure with Engh and Huber geometric parameters
(Engh & Huber, 1991) and Ry, (Briinger, 1992) to yield a
crystallographic dimer of two Na-ASP-1 monomers (Fig. 2b).
The refined structure was validated using PROCHECK
(Laskowski et al., 1993). Unless otherwise noted, figures were
generated using PyMOL (DeLano, 2002). The refined struc-
ture is reported to 22 A resolution following conventions
requiring a completeness of at least 50% in the outermost shell
(Table 1). The atomic coordinates and structure factors of
Na-ASP-1 have been deposited in the PDB with accession
code 3nt8.

3. Results and discussion
3.1. Structure of Na-ASP-1

The refined model has two monomers of Na-ASP-1 in the
asymmetric unit (Fig. 2b). Overall, the monomers align well,
with an average r.m.s. deviation of 0.43 A for all main-chain
atoms. Both monomers of Na-ASP-1 in the asymmetric unit
are quite similar, having a buried surface area of 875.9 A? by
PISA analysis (http://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/
piserver). The total surface area of chain A is 17 886.8 A2,
while that of monomer B is 17 874.7 A2 There are only ten

")
i

©

Structure of Na-ASP-1. (a) A ribbon diagram of the molecular-replacement solution shows the proximity of the four CAP domains and illuminates the
difficulty in assigning the connectivity of the domains. (b) Ribbon diagram of crystallographic dimer of Na-ASP-1 rainbow colored from blue
(N-terminus) to red (C-terminus). (c) Topology plot of Na-ASP-1 generated with PDBSum (http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/).
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atoms that interact across the crystallographic dimer interface
at a distance of 3.5 A or less (Table 2).

Each monomer of Na-ASP-1 has two CAP domains
connected by an extended ‘linker loop’ region. The amino-
terminal CAP domain includes residues 24-215, the carboxyl-
terminal CAP domain spans residues 234-424 and the linker
loop includes residues 216-233 (Fig. 2¢). The tertiary structure
of the core of each CAP domain of Na-ASP-1 is a three-layer
o—f—a sandwich in which a three-stranded antiparallel g-sheet
lies between two layers of w-helices. One o-helical layer
is composed of two parallel a-helices, while the other has
a solitary «-helix. The r.m.s. deviation between the
amino-terminal CAP domains is 0.24 A and that for the
carboxyl-terminal CAP domains is 0.39 A. Overall, the

Na-ASP-1 Signal peptide.
Na-ASP-1
Ac-ASP-1
Ad-AsSP-1
Acy-ASP-1
Cre-VAP-1
Cbr-VAP-1
Ce-VAP-1
Acy-ASP-5
0o-ASP-4
Cre-SCL22
Cp-ASP1b
Hc-ASP1
Na-ASP-2
Na-ASP-1 20000
30
Na-ASP-1 [EC/SNSGITDSDRQ g. .
Ac-ASP-1 3CSNSGITDKDRQ. . Sle
Ad-ASP-1  [GC|SNNGITDSDRQ iy
Acy-ASP-1 [3CSNSGITDSDRQ Nl .
Cre-VAP-1 [SCANTKLINDQARK INf. o
Cbr-VAP-1 [GCTNAKSSDRARK L
Ce-VAP-1 [ECSNTKINDQARK. . Nl .
Acy-ASP-5 [GCGSDLKIDGKLR.. L
0o-ASP-4 GCPRSLTQSDRTR L
Cre-SCL22 [GSGDDNLIEQSVWNT . IN|. .
Cp-ASP1lb [LCSLNNGMTDEVR NPV
Hc-ASP1 LCIPSDNGMTNEVR [KAKN|. A
Na-ASP-2  [3C|P.DNGMSEEAR vaLEoaxi.
p1 p2 a2 nl 3
Na-ASP-1 - T
79 50 110 129
Na-ASP-1 [LNpRKNMYKL]sq loDAT|oSCPSGFA. . . VAONTMSWSSSGGYPDPSVKIEPTLSG
Ac-ASP-1 NPJAKNMYKIL| IQDAITIQSICIPSGFA. . .\IAQNTMSWSSSGGFPDPSVKIEPTLSG
Ad-ASP-1 IAKNM Y KIL| IQDATIOSICIPGGSA. . FSONVMSWSNSGGFPNSSEKIEST|LISG
Acy-ASP-1 {AKNM Y/KIL| IQDAI|OS|ICIPGGFA. . < VAONIISWSGSGGFPNPSEKIINSTLAS
Cre-VAP-1 SGIGKNVYEIL| IQEWAIDG|ICPSSFQ. . TFDPITWGONYMTYTGS . . FPDPVSTIAASAVISF
Cbr-VAP-1 ICKNVYE[L| FQ..EEDPTYCONIMTFECT. . FADPVATAAESAVINE
Ce-VAP-1 S|GIGKNV Y[E[L| QEWADGCPSSFQ . . TFDPTHGIONYATYMGS . . IADPLP YAISMAVNG
Acy-ASP-5 A KN M Y/KIL| RH[I[0S|CIPSQVOGLGS TIGANNMMWT ISGGSFDKSRVEKMIKDTILIDK
00-ASP-4 {AXNMYE[L] ILEQI|S s|cla: PlGLAONIIRMTFR. .GYGEEAIILKFAQKA
Cre-scL22 IARNM YKIL| ANWS/AS|CIPQHFMPQS VLGS NAQLFKRFYFYFDGHDSTVHMRNAMKY
Cp-ASPlb ARMLIK| KWAIQAQCAYAPFKSDK|.[HYGRNTWGMGIPNYNKT. . AAAES SVDD
Hc-ASP1 IAARMLKV| K KQLHL‘YHPPPAYRNYHGQNIYMVGDAYYNFTW"SIAETRVIS
Na-ASP-2 KA AK 1 K|T{] NNAKQ|CVFKESQPNQRIKGLGENIFMSSDSGMDKA « U, slka
2
ad 5 i3]
Na-ASP-1 00 00000 2000000 1]
o 50 180
Na-AsP-1 ARKNGYG . 5 FSETENCVIYETNG
Ac-ASP-1 IAKKN|GVIG « F IMNGIVGY|IITNQ
Ad-ASP-1 IAKNNGVG . F| miS[8 TN GIT G Y|TITNA
Acy-ASP-1 AKNNGVIA . F| LIS THNG|T G Y|MTGA
Cre-VAP-1 VRAG‘L}TDPD Fl INISI T 4N KT G{Y|MTNA
Cbr-VAP-1 IVRISG|GL{TDPD| Fl \VINILEN KIT GY|MTNA
Ce-VAP-1 IRTVGLTDPD| Fl 1/NJSI T PN K[T G{Y[MTNA
Acy-ASP-5 IAKQY[R .|LDAD| v IL{GLMDE(I AY|IITEK
0Oo-ASP-4 IVRYG[SVIT. . . L RLILIPNH
Cre-scL22 GEERGNEDHKINRF|YAR . . RN|Y FG[i] NE[KAQICEKE
Cp-ASP1lb ILRSY[GVPPDNKYTR . . . NIDAYD|Y| PAGN|IIDGS
Hc-ASP1 ILQVF] ‘VPENNIVVAFD EHKTGH YM) PIGGDNAYW
2 LAEKGV/GONLKL ﬂGGLFSRGﬂHlT () GNMMGK
6 2 p7
Na-ASP-1 g 20.0 T —
190 200 21
na-asp-1  PlWETEARQTGA . DCSFYKN[E|C
Ac-ASP-1  PMWET[HQAQTGA . DCS|TYKN|S
Ad-ASP-1  PMWET[HOARKTGA . DCS[TYKN]S|C
Acy-ASP-1 PMWET[HOARIKAGA . DCT|IFKN|s(|
Cre-VAP-1 I[IFEK[ETAAADS .DCT|T|YAD|S|T]
Cbr-VAP-1 I[IYEK[ETABAANS.DCT[TYA E|
Ce-VAP-1  I1YEKEDARITSDA. ECTIYSDIS/QMIKN. .[GLCYKA.
Acy-ASP-5 IL‘{DAENP T T|TY RKISIT IGLC|VKP.
VILWE| -R s|c sN|s|L| VTGKPVGPKA-
Cre-SCL22 M|IYEN[EK P| |7|Y P G|SK| LVPEGA«C‘QAP.
Cp-ASP1lb L{I YE|L{ED P| [KIC T N|CIT KGEALCIPPG
Hc-ASP1 V|V'Y EM[ED P [KICAGIC|V| SQEERL(_\IPF +EYTPLPPTTTSTTTPKPTTTTTVG..
Na-ASP-2  D|LYEK[GEP) [KcENL|.BpKEKGLAS . v vt v il AMMSSITCLVLLSIAAYSKAG..
5
Figure 3

carboxyl-terminal CAP domain of Na-ASP-1 has greater
tertiary structure similarity to Na-ASP-2 than the amino-
terminal domain of Na-ASP-1. The r.m.. deviation for the
alignment of the carboxyl-terminal CAP domain with
Na-ASP-2 is 0.485 A, whereas it is 1.043 A with the amino-
terminal CAP domain. For the former, 152 of 190 (80%)
amino-acid residues align, while only 137 of 191 (71 %) amino-
acid residues align in the latter.

3.2. Na-ASP-1 as a template for homology modeling of two-
CAP-domain proteins

Two-CAP-domain proteins have only been identified in
nematodes. Sequence alignment of Na-ASP-1 followed by
secondary-structure assignment using the secondary-structure
features of Na-ASP-1 with a representative group of these
proteins reveals that the sequences of both CAP domains are
well conserved (Fig. 3). These representative two-CAP-
domain proteins were chosen from a BLAST search of
Na-ASP-1 against the NCBI nonredundant protein database
and include proteins that have over 90% query coverage with

___Linker loop CAP3 motif
a6 o
Na-ASP-1 T 2000000000000000000 1T
230 240 250 260
Na-ASP-1 P S N[T|GMT ji.“pLs ERJE FRS/sVRRLE B[D]. - 2
Ac-ASP-1 psNricT s vERE FRs s|viRBLE Bl . 2
Ad-ASP-1 clpsNiTii T DisivID TF s LERIG Fids/sVIARISLE PID|. . A
Acy-ASP-1 P S N7/l T D'S[VEID TIF LS LERIE EP[D|. . A
Cre-VAP-1 imiicle G viriplo's Dolaflo Kir 1o TRk LRYs|s|c B E ploic 1 aAlGA F
Cbr-VAP-1 Nimclp G viriplo s ploaRlo iF Lip TERYK LEYs/sILBYEL Ealpic TaAGA R
Ce-VAP-1 TiMiclp s viTiplo s pioafo NiF Lp TERUK LTSIV L EAlDlc T AAlGIA
Acy-ASP-5 INMc|p P S|t T DRTEIR 7|1 LD LERD FIS|LIvEREIO A E[DK L I PING |
0o-ASP-4 [TiciA TNKIGH T DB TIF LT KERIY YIS|¥VEKIQOA KDIKL I !
Cre-scL22 MolciNN (o] [vs DViTEIN FT LEE Of 8y F YIS RILINKEFEWNGET . [Ns 5|
Cp-ASP1b IalHlc|T L N[NjGM T R FLDKESYE ¥ MRIEEAKN. . KT(G). FALgKIY
HC-ASPL . AG|s|CIF[EL NN|GM T DlE] Mr v KERYE YRS Lo A K(G|. . kB{clo Flals
WA-ABPLZ 4 simivasss s s N ;cPDuGMsEEjQKﬂELs'H VIO A KD, .« calclonal]
6
CAP4 motif
a7 10 as a9 alo
Na-ASP-1 00000000000 — TT 20
290 300 320 330
Na-ASP-1 IRHGNK| Jo[F S|H G E D[R] T [BlvLKF DRNK ARIK QA S QT
Ac-AsP-1 TREGNKIY YOl SIHGEDRPGLIIEN T YK TISVLKFDKINKAAKQAS QLY
Ad-ASP-1 TRHGNKIGV Y0 SSGNDIRIPGLIGE N T YKTISV OKF EINKARK QAS EILJUNE
Acy-ASP-1 TRHGNK|SV Y ofti SHGDE[R IVKFEKNKAAKQAS QLI
Cre-vAP-1 RTWAQGIHV Y[E[H STPEQR IS|TNNMPKILQTSIEDS SLiAR
1 RTWAQGIHL Yol S|TNA NLYKI|S{INNMBKTQTAEDS S LA
Ce-VAP-1 RTWAKGJHL Y Off ST S A NP G LIGE N £ ¥ T/S|T NN MBH|T QTAIE DS & KA
Acy-ASP-5 ANYARR[SV YAlE SLPQERDNA ENLVTVS%PDAEKIKAGEWATR:HE
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CAP1 motif CAP2 motif
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Na-ASP-1 g
380 390
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Cp-ASP1b PEoRRIL F{L{P(GIgN TILR H[L T ¥|D I|GiE[P CKRDE D)
He-ASP1 s| WS SWl J8DLE(GEA I YDV(GDIPCTKDAD]
Na-ASP-2 {x] SN . .M lafENMMG KD 1 YEK SKCEN|
8
o
Na-ASP-1 SEQUENCE IDENTITY (%)
NoASP-1 AcASP-1 AASP-1 AcyASP-1 Cre-VAP-1 Chr-VAP-1 CeVAP-1 Acy-ASP-5 Oo-ASP.4 Cre-SCL22 Cp-ASP-1b He ASP1 NaASP2
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Comparison of Na-ASP-1 with selected representative two-CAP-domain proteins. Sequence alignment of selected two-CAP-domain proteins reveals the
sequence conservation across both domains. The highest variability is in the signal peptide and loop regions. This figure was generated with ESPript. The
different secondary-structure elements shown are «-helices as large squiggles labelled «, 3,y-helices as small squiggles labelled 7, B-strands as arrows
labelled B and B-turns labelled TT. Identical residues are shown on a red background, conserved residues are shown in red and conserved regions are
shown in blue boxes. Na-ASP-2 (AAP41952.1) is included as a representative one-CAP-domain ASP. Aligned proteins are Na-ASP-1, N. americanus
ASP-1 (AAD13340.1); Ac-ASP-1, Ancylostoma caninum ASP-1 (AAD318391); Ad-ASP-1, A. duodenale ASP-1 (AAD13339.1); Acy-ASP-1,
A. ceylanicum ASP-1 (AAN11402.1); Cre-VAP-1, Caenorhabditis remanei two-domain activation-associated secreted protein (XP_003106746.1); Cbr-
VAP-1, C. briggsae VAP-1 (CAP3467.2); Ce-VAP-1, C. elegans VAP-1 (NM_001029382.1); Cre-SCL22, C. remanei two-domain activation-associated
secreted protein (XP_003109641.1); Cp-ASP1b, Cooperia punctata two-domain activation-associated secreted protein-like (AAK35199.1); Acy-ASP-5,
A. ceylanicum ASP-5 (ABB53347.1); Oo-VAP-4, Ostertagia ostertagi VAP-4 (CA000417); He-ASP-1, Haemonchus contortus putative secretory protein
precursor (AAC03562). GenBank accession numbers are given in parentheses. The sequence identity of each protein is also listed.
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Table 2 .
Contacts at the Na-ASP-1 crystallographic dimer interface (at 3.5 A

cutoff).

Table 3

Contact of the carboxyl-terminal CAP domain with the linker loop and

the amino-terminal CAP domain (at 3.5 A cutoff).

Source atom Target atom Distance (A)

Source atom

Target atom

Distance (A)

Arg286B NHI (N) Ser284 CB (C) 330
Arg286B CD (C) Ser284 OG (O) 330
Arg286B NE (N) Ser284 OG (O) 322
Arg286B CZ (C) Ser284 OG (O) 315
Arg286B NHI (N) Ser284 OG (O) 3.05
Ala77B CA (C) Ser2294 O (O) 336
Ser28B CB (C) Glu2794 OE2 (O) 341
Ser28B OG (O) Glu2794 OE2 (O) 347
Asp84B OD2 (O) Arg2864 CG (C) 337
Asp84B OD1 (O) Arg2864 NH1 (N) 3.40

Na-ASP-1. The sequence identity among these diverse two-
CAP-domain proteins varies from 23 to 98% (Fig. 3). For the
selected sequences, the Cys residues that form the ten disulfide
bonds either align or are off by one or two amino-acid posi-
tions, suggesting that the disulfide bridges are conserved. The
carboxyl-terminal CAP domain is more conserved than the
amino-terminal CAP domain. In the carboxyl-terminal CAP
domain amino-acid residues that lie in helices or strands are
well conserved and the regions of highest sequence variation
are in the loops. In the amino-terminal CAP domain there
appears to be some additional variations across species, with
variations in the number of amino acids that make up the
helices and B-strands. An additional structural variation for
two-CAP-domain proteins is observed in the linker region,
with canine and human hookworm ASPs having shorter
linker loops than the others. The typical CAP motifs exem-
plified by Na-ASP-2 are only conserved in the carboxyl-
terminal CAP domain. Instead, the amino-terminal CAP
domain has its own conserved residues (Fig. 3). Owing to the
sequence conservation for two-CAP-domain ASPs, the
structure of Na-ASP-1 provides the first template for
homology modeling of two-CAP-domain proteins.

3.3. The CAP cavity

As observed in all previously reported CAP structures, each
CAP domain of Na-ASP-1 has a large central cavity. Both
central cavities of the covalently linked CAP domains of Na-
ASP-1 extend into each other to form a single large cavity
(Fig. 4). The CAP cavity is an exposed central cavity that is
observed in all CAP protein structures. The conserved amino-
acid residues found in the CAP cavity of single-CAP-domain
structures are only present in the carboxyl-terminal CAP
domain and they all align well with those in Na-ASP-2
(Fig. 5a). While the putative cavity in Na-ASP-1 extends from
the amino-terminal CAP domain to the carboxyl-terminal
CAP domain, there is no proximal Ser that could form a Ser
protease catalytic triad Ser/His/Glu as previously hypothe-
sized (Milne et al., 2003). Essentially, the network of inter-
actions formed by the putative catalytic site residues in the
two-domain ASP (Na-ASP-1) is virtually identical to that of
the one-domain ASP (Na-ASP-2). Thus, as was the case with
Na-ASP-2, it is unlikely that Na-ASP-1 is a typical serine
protease.

Met233A C (C) Thr234A N (N) 133
Met233A4 O (O) Thr234A N (N) 2.26
Met233A CA (C) Thr234A N (N) 2.40
Met233A CB (C) Thr234A N (N) 315
Thr2234 O (O) Thr234A CA (C) 332
Met233A C (C) Thr2344 CA (C) 245
Met233A4 O (O) Thr2344 CA (C) 2.84
Thr2234 O (O) Thr2344 CB (C) 3.40
Met233A C (C) Thr2344 CB (C) 3.48
Glu2224 OE1 (O) Thr2344 CB (C) 343
Glu2224 OE1 (O) Thr2344 OG1 (O) 3.01
Thr2234 O (O) Asp235A N (N) 2.81
GIn225A N (N) Asp235A4 CG (C) 3.48
Thr2234 O (O) Asp2354 CG (C) 3.40
GIn226A CB (C) Asp2354 OD1 (O) 327
GIn2264 CG (C) Asp235A4 OD1 (O) 315
GIn225A4 N (N) Asp2354 ODI (O) 335
GIn226A N (N) Asp2354 OD1 (O) 3.08
GIn2254 CG (C) Asp2354 OD2 (O) 3.04
Asn224A N (N) Asp2354 OD2 (O) 337
GIn225A4 N (N) Asp2354 OD2 (O) 2.82
Thr2234 O (O) Asp2354 OD2 (O) 332
Thr2234 OG1 (O) Asp235A0D2 (O) 2.90
Thr223A C (C) Asp2354 OD2 (O) 331
Glu2224 OE1 (O) Ser236A CB (C) 342
Glu2224 CD (C) Ser2364 OG (O) 3.49
Glu2224 OE1 (O) Ser2364 OG (O) 2.80
Glu222A0E2 (O) Ser2364 OG (O) 3.42
Asn224A OD1 (C) Arg2384 CZ (C) 3.14
Asn2244 OD1 (C) Arg2384 NHI (N) 2.67
Cys227A CB (C) Arg2384 NH2 (N) 327
Asn224A OD1 (C) Arg2384 NH2 (N) 2.80
Cys227A O (C) Arg2384 NH2 (N) 347
GIn226A NE2 (N) Asp2394 OD1 (C) 312
Cys227A SG (S) Cys2784 CA (C) 339
Asn2304 ND2 (N) Cys2784 O (C) 3.01
Cys227A SG (S) Cys2784 CB (C) 311
GIn2264 O (O) Cys2784 SG (S) 3.40
Cys227A CA (C) Cys2784 SG (S) 344
Cys227A CB (C) Cys2784 SG (S) 3.03
Cys227A SG (S) Cys2784 SG (S) 2.03
Asn230A ND2 (C) Glu2814 OEL1 (O) 2.93
Asn230A CB (C) Glu2814 OE1 (0) 343
Asn2304 OD1 (O) Ala2824 CB (C) 3.40
Gly984 N (N) Leu3144 O (O) 2.55
Gly984 CA (C) Leu3144 O (O) 325
GIn97A C (C) Leu3144 O (O) 3.40
GIn97A CB (C) Leu3144 O (O) 345
Gly2324 O (O) Lys3184 CE (C) 3.46
Gly2324 O (O) Lys3184 NZ (N) 334
Tyr2044 OH (O) Lys3204 CE (C) 3.40
Tyr2044 OH (O) Lys3204 NZ (N) 345
Met2334 CE (C) Cys3724 O (O) 335

The CAP cavity was revealed to be the major Zn>* binding

site in the Zn** and heparin-sulfate dependent mechanisms of
inflammatory modulation in studies on the cobra CRISP
natrin (Wang et al., 2010). The structure of cobra CRISP natrin
in complex with Zn>* (PDB entry 3mz8) revealed that the two
conserved histidines directly coordinate the Zn>*. Likewise,
the Zn** complex of another CRISP, pseudecin (PDB entry
2epf), also shows similar Zn** binding (Suzuki et al., 2008).
Owing to the highly conserved cavity, it is possible that a Zn**
ion will bind in a very similar fashion in Na-ASP-1 since the
residues in the carboxyl-terminal CAP cavity superpose well
with those of natrin (Fig. 5b). Since ASPs, like CRISPs, are
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produced in conditions involving host immune responses, it is
plausible that their conserved open central conserved cavities
bind Zn** for similar processes, for example modulation of
inflammation; however, more studies are required to verify if
and how ASPs bind Zn*".

3.4. Structural insights into vaccine efficacy

A measure of an effective hookworm vaccine is its ability to
reduce larval load in permissive hosts at comparable levels to
irradiated L3 (Hotez et al., 2010). By this measure Na-ASP-2 is
an effective experimental vaccine, whereas Na-ASP-1 is not
(Ghosh et al., 1996; Hotez et al., 1996, 2003; Goud et al., 2004;
Bethony et al, 2008). The structure of Na-ASP-1 offers
insights into why this is the case. The presence of the amino-
terminal CAP domain as well as the linker loop blocks an
entire face as well as portions of the carboxyl-terminal CAP
domain which are exposed in Na-ASP-2 (Fig. 6). The blocking
includes 53 contacts of less than 3.5 A between the carboxyl-
terminal CAP domain, the amino-terminal CAP domain and
the linker loop (Table 3). The blockage of conserved portions
of the carboxyl-terminal CAP domain may affect how Na-
ASP-1 interacts with other molecules, including host anti-

Figure 4

bodies, suggesting that the binding patterns of the two-domain
ASPs are different from that of the one-domain ASPs. Suffi-
cient regions of the carboxyl-terminal CAP domain are
blocked to render Na-ASP-1 less effective at eliciting
protective antibodies and reducing larval loads when com-
pared with Na-ASP-2.

4. Conclusions

The structure-determination process for Na-ASP-1 reiterates
the importance of using appropriate molecular-replacement
search models and removing flexible regions that may yield
incorrect molecular-replacement solutions. This structure of
Na-ASP-1 is the first structure of a two-CAP-domain protein
and reveals a central cavity that extends across both CAP
domains. Unlike the amino-terminal CAP cavity, the carboxyl-
terminal CAP cavity contains key residues that are virtually
identical to those found in that of Na-ASP-2. The presence of
the amino-terminal CAP domain and linker loop sufficiently
blocks parts of the carboxyl-terminal CAP domain to render
Na-ASP-1 an ineffective experimental vaccine, unlike Na-
ASP-2.

Surface plots of representative CAP structures in green reveal a conserved putative binding cavity. The plots of (a) Na-ASP-1, (b) Na-ASP-2 (1u53), (c)
Ves v 5 (1qnx), (d) snake-venom CRISP (1xx5) and (¢) GAPR-1 (1smb) are shown the same orientation and the location of the two conserved Glu and
His residues are shown in red. The amino-terminal CAP cavity of Na-ASP-1 is colored blue. The extension of the cavity through the entire monomer of
Na-ASP-1 is reminiscent of the CRISPs in which the cavity extends from the amino-terminal CAP to the carboxyl-terminal cysteine-rich domain.

Figure 5

Superposed conserved central cavity of CAPs. (a) The superposed cavities reveal that key residues corresponding to His295, Glu306, Glu332, His358 and
Ser296 superimpose well in representative CAP structures. CAP structures are colored as follows: Na-ASP-1, green; Na-ASP-2, orange; Ves v 5, yellow;
GAPR-1, brown; snake-venom CRISP (1xx5), blue. (») These same residues superpose in Na-ASP-1 (green), with the cobra CRISP natrin (3mz8) in
complex with Zn®*(gray). Zn?* is shown in yellow and a water molecule that is coordinated to the Zn** is shown in blue.
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Figure 6

Domain association of covalently linked CAP domains of Na-ASP-1. The
C-terminal CAP domain of Na-ASP-1 (shown in aquamarine) is blocked
by the N-terminal CAP domain (gray and pink) and the linker loop
(yellow). Also shown are the first 96 residues of the N-terminal CAP
domain (pink) that when truncated expose more of the C-terminal CAP
domain and result in better antibody binding.

This work was supported by the National Institutes of
Health (R03AI065990). Thanks to Drs Peter Hotez and
Raymond Koski for all their assistance, discussions and
comments.
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