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The structures of snake venom metalloproteases (SVMPs) are proposed to be useful models to understand
the structural and functional relationship of ADAM (a disintegrin and metalloprotease) which are mem-
brane-anchored proteins involved in multiple human diseases. We have purified, sequenced and deter-
mined the structures of two new P-IIl SVMPs - atragin and kaouthiagin-like (K-like) from Naja atra.
Atragin exhibits a known C-shaped topology, whereas K-like adopts an I-shaped conformation because
of the distinct disulfide pattern in the disintegrin-like (D) domain. K-like exhibits an enzymatic specificity

ﬁg’xﬁrds" toward pro-TNFo with less inhibition of cell migration, but atragin shows the opposite effect. The spec-
P-IIl SVMP ificity of the enzymatic activity is indicated to be dominated mainly by the local structures of SVMP in the
ADAMalysin metalloprotease (M) domain, whereas the hyper-variable region (HVR) in the cysteine-rich (C) domain is
Metzincin involved in a cell-migration activity. We demonstrate also a pH-dependent enzymatic activity of atragin

that we correlate with the structural dynamics of a Zn?"-binding motif and the Met-turn based on the
structures determined with a pH-jump method. The structural variations between the C- and I-shapes
highlight the disulfide bond patterns in the D domain of the ADAM/adamalysin/reprolysins family

Zinc-binding motif

proteins.

Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.

1. Introduction

P-1II snake venom metalloproteases (SVMPs)! comprising the
metalloprotease (M), disintegrin-like (D), and cysteine-rich (C) do-
mains belong to the ADAM/adamalysin/reprolysin family (Fox and
Solange, 2005; Gomis-Ruth, 2003; Paine et al., 1992; White, 2003).
The proportion of SVMPs in the elapid venom is much lower than
that in the viper venom (~30%) (Calvete et al., 2007; Li et al,,
2004; Sanz et al., 2008), resulting in the limited investigation on
SVMPs in the elapid venom in contrast to the extensive study in

* Corresponding authors. Addresses: 101, Section 2, Kuang-Fu Road, Hsinchu
30013, Taiwan. Fax: +886 3 578 9816 (W.-g. Wu), 101 Hsin-Ann Road, Hsinchu
30076, Taiwan. Fax: +886 3 578 3813 (C.-]. Chen).

E-mail addresses: wgwu@nsrrc.org.tw (W.-g. Wu), cjchen@nsrrc.org.tw (C.-J.
Chen).

! Abbreviations used: SVMP, snake venom metallorprotease; ADAM, a disintegrin
and metalloprotease; ECM, extracellular matrix; PSGL-1, P-selectin glycoprotein
ligand-1; SARS, severe acute respiratory syndrome; MMP, matrix metalloprotease;
TACE: tumor necrosis factor-o converting enzyme; MALDI-TOF; matrix-assisted laser-
desorption ionization-time-of-flight; NSRRC, National Synchrotron Radiation
Research Center; DLS, dynamic light scattering; ACE, angiotensin-converting enzyme;
ICAM-1, intercellular adhesion molecule-1.

the viper venom. The viper P-IIl SVMPs can inhibit platelet aggrega-
tion (Fox and Bjarnason, 1995; Wang et al., 2003; Zhou et al., 1996)
and involve the digestion of ECM molecules and the cleavage of
some plasma proteins that are crucial for hemostasis (Kamiguti
et al., 1996; Serrano et al., 2007), whereas the elapid P-1II SVMPs
show various functions. For example, cobrin from Naja naja has been
identified as a human complement component C3-cleaving protease
(O’Keefe et al., 1988); mocarhagin from Naja mossambica can cleave
the PSGL-1 and GPIb components of a GPIb-IX-V complex (Ward
et al,, 1996); mikarin from Micropechis ikaheka can activate pro-
thrombin (Gao et al., 2002); atrahagin from Naja atra has a hista-
mine-releasing activity (Wei et al., 2006). The SVMPs of both types
belong to metzincins with a consensus zinc binding sequence, HEX-
XHXXGXXHD, and one conserved methionine-containing turn in the
M domain (Gomis-Ruth, 2003). The zinc atom is ligated by three his-
tidines with a distance of about 2-2.5 A and by one glutamate resi-
due in the consensus zinc binding sequence. The zinc-binding motif
is responsible for the substrate cleavage (Ramos and Selistre-de-Ara-
ujo, 2006). The regulation of its activity is needed in consideration of
its diverse substrate specificity and the lack of the proteolytic activ-
ity in the gland.

1047-8477[$ - see front matter Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.
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The crystal structures of three P-IIl SVMPs from the viper ve-
nom - including a P-IV lectin containing SVMP, reclassified as
the P-IIId based on a lack of the P-IV mRNA transcript in the venom
- indicate a dynamic C-shaped MDC modular architecture (Igarashi
et al., 2007; Takeda et al., 2006, 2007). The widely conserved cys-
teine residues in P-IIl SVMPs and mammalian ADAMs have been
observed to reveal the MDC domain architecture in the ADAM/
adamalysin/reprolysins family (Takeda et al., 2006), even though
the disulfide patterns of P-I, P-II and P-IIl SVMPs are known to vary
significantly and might play a role in the post-translational prote-
olytic process and their venom complexity (Fox and Serrano, 2008).
The notable RGD loop in the disintegrin domain of the P-II class be-
comes modified into a cysteine-contained loop (XXCD) in the P-III
disintegrin-like domain (Ramos and Selistre-de-Araujo, 2006).
Much evidence indicates that the functional region, which was pre-
viously attributed to the D domain, is located at the C domain to
interact with the VWA domain (Pinto et al., 2007; Serrano et al.,
2006) existing in integrin molecules while the C domain has been
indicated to be involved in multiple biological functions and the
target selection (Kamiguti et al., 2003; Serrano et al., 2005,
2006). Further functional and structural characterizations of other
P-III SVMPs are thus warranted.

ADAMs (a disintegrin and metalloproteases) are transmembrane
proteins from various species of ~40 kinds in total, of which 19 adam
genes exist in humans (Seals and Courtneidge, 2003; White, 2003).
Both ADAM and P-IIl SVMPs belong to the ADAM/adamalysin/repr-
olysins family. The shedding events by these ADAM molecules can
produce cytokines and growth factors. For example, ADAM17 (TACE;
tumor necrosis factor-o converting enzyme) can release TNFo as one
important immunomodulatory and pro-inflammatory cytokine
(Moss et al., 1997), and TGFo (Peschon et al., 1998). ADAMO is impli-
cated in releasing HB-EGF (heparin-binding EGF) from membrane-
anchored HB-EGF that can bind to the a3p1 integrin to inhibit the
proliferation of neighboring cells (Raab and Klagsbrun, 1997) and
beinvolved in the EGF receptor transactivated by G-protein-coupled
receptors (Prenzel et al., 1999). ADAM10 (Kuzbanian) can shed Delta
affecting the Delta/Notch pathway (Lieber et al., 2002; Pan and Ru-
bin, 1997), which is critical in the development of the nervous sys-
tem. The shedding events by ADAMs are also correlated with
multiple human diseases - cancer, asthma, cardiac hypertrophy,
SARS (severe acute respiratory syndrome), etc. (Asakura et al.,
2002; Haga et al., 2008; Van Eerdewegh et al., 2002; Wu et al.,
1997). Although the shedding events of ADAMs are crucial, the full
ADAM structure is not yet available. Our current understanding of
the shedding mechanism of ADAMs relies on a model based on the
available crystal structures of the viper P-IIl SVMPs (Igarashi et al.,
2007; Muniz et al., 2008; Takeda et al., 2006, 2007; Zhu et al.,
2009). Further investigation of the structures and functions of
SVMPs from other sources, such as the elapid venom can aid not only
the development of therapeutics for envenomation from various
species of snakes but also the future toxin-based drug discovery. In
this study, we have purified, sequenced and determined the crystal
structures of two newly identified P-III SVMPs named atragin and
Kaouthiagin-like (K-like) from N. atra. The structural information
about their MDC architectures provides an improved understanding
of shedding events of ADAMs and various biological activities,
including the proteolytic specificity against pro-TNFo and the effect
on cell migration from atragin and K-like.

2. Experimental
2.1. Purification of two P-IIl SVMPs atragin and K-like from N. atra

The crude venom of Taiwan cobra (acquired from the Tainan
snake farm in Taiwan) was lyophilized. This lyophilized crude

venom was dissolved in a phosphate buffer (50 mM, pH 7.4) con-
taining NaCl (0.5 M) and then centrifuged (9000g) for 15 min.
The supernatant was filtered through a 0.22-pum filter and then
loaded into a G75 column (GE Healthcare). The HMF (high-My,
fraction) from the eluted proteins was dialyzed against the phos-
phate buffer (50 mM, pH 8.5). Dialyzed proteins were loaded into
a Hitrap Heparin HP column (GE Healthcare) and eluted with a
phosphate buffer (50 mM, pH 8.5) with a gradient of NaCl from 0
to 2 M. Purified venom proteins were analyzed by SDS-PAGE
(10%) and visualized with Coomassie blue staining.

2.2. Primary sequence determination

The purified atragin was sent outside (Mission Bio. Co., Taiwan)
to determine the N-terminal sequence, from which we obtained a
sequence of ten amino acids (TNTPEQDRYL) from the N-terminal. A
search of the sequence similarity with NCBI-BLAST (Basic Local
Alignment Search Tool) disclosed two homologous venom pro-
teins: cobrin from N. naja and mocarhagin from N. mossambica.
The total RNA was extracted from the snake gland of Taiwan cobra
(purchased from the Tainan snake farm) using the TRIzol reagent
(GIBCO BRL). The cDNA was prepared with a reverse transcription
reaction using reverse transcriptase (Superscript II, Invitrogen).
The forward primer (5-CACCAGAAGAGCTCAGGTTGGCTTGGAA
-3’) and the reverse primer (5-AGAAATAGGATGATCATTTAGTGAG
AATCGAAAGT-3') were synthesized according to the conserved
nucleotide sequence in the untranslated region (UTR) of mRNAs
between cobrin and mocarhagin. The polymerase chain reaction
(PCR) products of two kinds were acquired with Taqg DNA polymer-
ase (Invitrogen), and subsequently ligated into PET102 vectors
(Invitrogen). The nucleotide sequences and deduced primary se-
quences of atragin and K-like were determined on sequencing.

2.3. Crystallization

Initial crystallization conditions of purified atragin (10 mg/mL)
and K-like (10 mg/mL) were screened with crystallization Kits
(Hampton and Emerald). We obtained crystals of atragin with
PEG6000 (7%) in a sodium citrate buffer (100 mM, pH 5) using a va-
por-diffusion hanging-drop method at 20 °C in 3 days, and crystals
of K-like with ethandiol (8%) and PEG8000 (10%) in a Hepes buffer
(100 mM, pH 6.8) at 20 °C in 2 weeks. The gradients of pH and PEG
concentrations were varied to yield the best crystals suitable for X-
ray diffraction of satisfactory quality.

2.4. Absorption and fluorescence spectra of atragin crystals

Crystals of atragin grown in the acid buffer (citrate, pH 5.0)
were back-soaked and transferred into a neutral solution (Hepes,
100 mM, pH 7.4) for 10-20 s for the experiment of the pH jump.
The crystals with and without the pH-jump procedure were dipped
in ethandiol (15%, in citrate, pH 5.0, and Hepes, pH 7.4, respec-
tively) for 10 s, and then frozen with liquid nitrogen. With the crys-
tals under a nitrogen stream at 100 K, we conducted the energy-
scanned experiment with X-ray near the K-absorption edge of Zn
and the fluorescence signals from these two crystals were recorded
with a PIPS detector (Canberra) at the beamline NSRRC-13B1
(Hsinchu, Taiwan).

2.5. Data collection and structure determination

Crystals of atragin dipped briefly in ethandiol (15%) were imme-
diately frozen with liquid nitrogen. With these frozen crystals un-
der a nitrogen stream at 100 K, we collected X-ray diffraction data
at a wavelength of 1.0 A on beamlines NSRRC_13B1/C1 (Hsinchu,
Taiwan); the anomalous data of the zinc absorption edge were col-
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lected at a wavelength of 1.2822 A on the beamline SPring8_12B2
(Harima, Japan). Crystals of K-like were dipped in glycerol (20%)
and other procedures were the same as for atragin. The space
groups of both crystals belong to P432,2 with different unit-cell
dimensions: for atragin, a= 91.65 A and c= 124.24 A; for K-like,
a= 63.00 A and c=273.43 A. The data were indexed and processed
with HKL2000 program (Otwinowski and Minor, 1997). Molecular
replacement was performed using the M-D domain (a.a. 185-
513) and the C domain of VAP1 (2ERO) as the search model with
MOLREP in suite CCP4 (CCP4, 1994). Several cyclic model refine-
ments were performed according to density maps of [2F, — F|
and |F, — F¢| coefficients with CNS v1.2 (Brunger et al., 1998) and
the Maximum-Likelihood method using default weights with REF-
MACS5 (Murshudov et al., 1998). The flexible parts of the M and C
domains in the structures, which will be discussed later, mainly
cause the high root-mean-square deviations from ideal bond
lengths and angles at medium-high resolutions. The final R/Rgee
of atragin was 22.40/23.37% at a resolution of 2.5 A. The structures
of the M and C domains of atragin then served as search models
using molecular replacement to obtain an initial model of K-like.
The D domain structure of K-like was manually constructed, fol-
lowed by several cyclic refinements. The final R/Rg.. of K-like
was 23.36/24.11% at a resolution of 2.3 A.

During the crystallography refinement of atragin, the Zn?* atom
was placed near the zinc-binding motif based on the |2F, — F|
composite omit density map and Zn-anomalous difference-Fourier
map; it exhibited a large temperature B-factor (Table 1). To ensure

Table 1
Crystal diffraction and structural statistics.
Atragin (PDB ID K-like (PDB ID
3K7L) 3K7N)
L Crystal data
Wavelength (A) 1.00 1.00
Temperature (K) 100 100

Resolution range (A)
(outermost shell)

30-2.5 (2.59-2.5) 30-2.3 (2.38-2.3)

Space group P435242 P452,2

Unique reflections 17,673 25,453

Completeness (%) 96.0 (100) 99.3 (100)

I/(al) 30.0 (4.0) 18.2 (3.5)

Average redundancy 199 7.3

Rsym (%) 7.1 (36.0) 7.4 (12.1)

Mosaicity (°) 0.67 0.86

Unit-cell parameters (A) a=91.65, a=63.00,
c=124.24 c=273.27

No. of protein molecules per A.U. 1 1

II. Refinement results

Final refinement R =22.40%, R=23.36%,
Rfree =23.37% Rfree = 24.11%

rmsd bond length (A) 0.0326 0.0294

rmsd bond angles (°) 2.75 2.56

B-factors:

Protein 49.5 51.2

Zn? 107.3 51.5

Water 46.4 50.2

Total number of residues (built) 422 (409) 397 (396)

Total number of protein atoms 3207 3067

(non-hydrogen)
Total number of N-acetyl 14 56
glucosamine atoms

Total number of Ca®*/Zn** 3/1 3/1

Total number of water molecules 75 117

Ramachandran plot:

Most favored (%) 89.4 93.7

Allowed (%) 10.1 6.3

Disallowed (%) 0.5 (F355, C358) 0

Rsym = > Y_i [IliCh) — (ICh))|/>"k Yoi Ii(h)], where [; is the ith measurement and (I(h))
is the weighted mean of all measurements of I(h).

Reflections of 201 cutoff were applied in generating the statistics. R= Yy | F, — Fc|/
>~n Fo, where F, and F. are the observed and calculated structure factor amplitudes
of reflection.

the correct assignment of this Zn?* instead of a water molecule in
the electron density, we performed an additional refinement cycle
using REFMAC5 with a water molecule to replace the Zn?* in both
acidic and neutral conditions after the pH jump. The results
showed that the replacement of water in acidic and neutral condi-
tions significantly decreased the B-factors from 107.3 to 61.0 A®
and 51.5 to 11.0 A%, respectively. The B-factor (11.0 A%) of the
replacing water was much lower than those of the nearby water
molecules (averaged B-factor ~50 A?) in the neutral condition,
indicating that the maximum electron density was properly as-
signed as Zn?" rather than a water molecule. In the acidic condi-
tion, the B-factor (61.0A2) of the replacing water was still
slightly larger than those of the neighboring waters, suggesting
that the Zn?* atom exhibits much dynamic motion.

2.6. Dynamic light scattering (DLS) of atragin and K-like

DLS analysis (Zetasizer Nano-S, Malvern Instruments) was per-
formed at 25 °C. DLS data in each set for purified proteins (0.8 mg/
mL) of atragin and K-like in 10 mM Tris buffer (1 mL, pH 7.4) were
analyzed with DTS software. All protein solutions were filtered
through a membrane (porosity 0.22 pm) and centrifuged (10 min
at 10,000 rpm) to remove dust before admission to the sampling
cell (DTS0012-disposable sizing cuvette) for measurements of
DLS. The populations of the hydrodynamic radius were calculated
with correlation functions from an average of 20 measurements.

2.7. The metalloprotease activity on pro-TNFo assays

The assays of the peptide cleavage were performed with a fluo-
rogenic peptide substrate, Abz-LAQAVRSSSR-Dpa (SDP-3818-PI,
Peptide International). A typical reaction solution (10 mL) contain-
ing Tris-HCI (50 mM, pH 7.4), NaCl (25 mM), glycerol (4%), and the
peptide substrate (10 ;tM) was incubated with various venom sam-
ples (10 pg/mL) - crude venom, CRISP, aPLA2, atragin, and K-like,
respectively, at 37 °C for 2 h. Each venom component was purified
from the crude cobra venom (from the Tainan Snake Farm) as de-
scribed previously (Wang et al.,, 2004; Yang and Chang, 1988).
ADAM17|TACE (10 nM, PF133, Calbiochem) and BSA (10 pg/mL,
A6003, Sigma) served as controls. All assays were performed in
96-well plates; the increased fluorescence was monitored with
exciton at lexy 320 nm and emission at Aem 420 nm on a fluores-
cence plate reader (Wallace Victor 140, Perkin-Elmer). The proteo-
lytic fragments were purified with reverse-phase HPLC (System
Gold, Beckman); the cleavage site of the resulting peptide fragment
was confirmed with mass spectra. For the protein substrate-cleav-
age assay, the pro-TNFo fusion protein substrates (1012-PS, R&D)
were mixed with each enzyme in a reaction buffer (Tris-HCI,
50 mM, pH 7.4) containing NaCl (100 mM), and incubated at
37 °C for 6 h. The molar ratio of the enzyme to the substrate in
the reaction is 1:1. The reactions were terminated on boiling with
SDS. The products were sequentially analyzed by SDS-PAGE fol-
lowed by silver staining.

2.8. The effect of pH on enzymatic activity and fluorescence
spectroscopy

The enzymatic activity of atragin was analyzed with an azoca-
seinolytic assay. The azocasein (from Sigma Co., 2% in 100 mM
Hepes at pH 7.5 and 7.0; 100 mM MES at pH 6.5 and 6.0;
100 mM acetic acid at pH 5.5 and 5.0, respectively) was incubated
with SVMP atragin (5 pg) at 37 °C for 2 h in the reaction volume
(30 pL). The reaction was terminated on adding trichloroacetic acid
(30 uL, 0.4 M) for 30 min. Tubes were centrifuged at 500 g for
15 min; the absorbance of supernatant solutions was recorded
against a reaction blank at 1 440 nm. The fluorescence data of tyro-
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sine in atragin proteins at varied pHs (2 mM in 100 mM Hepes, pH
7.5 and 7.0; 100 mM MES, pH 6.5 and 6.0; 100 mM acetic acid pH
5.5 and 5.0, respectively, total volume 3 mL) were recorded
(Zem =305 nm and Jex = 275 nm) with a fluorimeter (Varian).

2.9. Transwell cell migration assay

Polycarbonate membranes of the cell culture insert (Becton
Dickinson) with a pore size of 8.0 um were coated overnight at
4 °C in a solution of fibronectin (10 pg/mL). After incubation with
BSA (1%, 37 °C), a DMEM medium supplemented with FBS (0.5%),
BSA (0.1%), and SVMPs (100 nM) or their peptides atragin-P and
K-like-P (at various concentrations) derived from the HVR
(peptides synthesized by protection of cysteine residues with ace-
tamidomethylated group) was applied to the lower chamber of a
24-well plate. Cells (mouse fibroblast NIH 3T3 cells or Chinese
hamster ovary CHOK1 cells) in a suspension containing 5 x 10*
cells in the same medium were added to each upper transwell.
After incubation (37 °C, 5 h), cells were fixed with formaldehyde
(4%) in PBS and stained in methanol (30%), acetic acid (10%), and
crystal violet blue (1.0%) for 10 min. The membrane was washed
in the same solution without Coomassie Blue for 10 min. The
images of cell migration were captured with an inverted micro-
scope, and the migrated cells on the membrane were counted in
three microscopic fields per transwell. Experiments were per-
formed in duplicate.

3. Results and discussion
3.1. Purification and sequencing of two new P-III SVMPs from N. atra

Two SVMPs from N. atra acquired with gel filtration and subse-
quent heparin affinity chromatography were characterized as atra-
gin (M 49.7 kDa and theoretical pI 8.6) and K-like (M 49.3 kDa
and theoretical pI 6.7) (Fig. S1). The cDNA-deduced amino acid se-
quences of atragin and K-like were determined using a molecular-
cloning method (Fig. S2) and the protein sequences were validated
with mass spectra (data not shown). The sequence search of the
two proteins with NCBI-BLAST confirmed that both atragin and
K-like belong to P-IIl SVMP containing the M, D, and C domains
with 60% identities (Fig. S3). The signal peptides and prodomains
of these two SVMPs are identical in the primary sequences
(Fig. S2). The N-terminal sequencing shows that atragin beginning
with amino acids TNTPEQ shares a sequence identity of 96% with
cobrin (accession: AAF00693) from N. naja, whereas K-like begin-
ning with QDRYLQ shares a sequence identity of 91% with kaou-
thiagin (accession: P82942) from Naja kaouthia. In total only six
cysteine residues, but no seventh cysteine residue, were found in
the M domain of both atragin and K-like SVMPs (Fig. S3), confirm-
ing the previous observations that elapid SVMPs lack a seventh
cysteine in the M domain (Fox and Solange, 2005; Ito et al.,
2001). Consistent with the seventh cysteine residue being corre-
lated with the autolytic activity in SVMPs from the viper venom
(Fox and Solange, 2005), there was also no detectable autolytic
activity in our two SVMP preparations. The sequence alignment
of the two toxins shows a notable difference at the D domain re-
gion: atragin contains a.a. 442-458 with four cysteine residues
whereas this segment is absent in K-like (Fig. S3). Notably, K-like
contains one RGD motif (a.a. 538-540 according to the sequence
number of atragin) in the C domain that is similar to kaouthiagin
(Fig. S3) (Fox and Bjarnason, 1995; Ito et al., 2001), which is poten-
tially involved in integrin-binding (Bridges and Bowditch, 2005;
Xiong et al., 2002), but such a motif was not found in atragin. Struc-
turally, the relation between the RGD motif on the C domain of K-
like and integrin molecules is worthy of address.

3.2. Overall MDC architectures

With X-ray crystallography, we determined the structures of
two SVMPs - atragin and K-like. The data collection and refine-
ment statistics are listed in Table 1. In a Ramachandran plot, all
main-chain dihedral angles of residues are in the most favored or
additionally allowed regions except Phe355 and Cys358 of atragin.
An inspection of the atragin structure shows that these two resi-
dues are near the dynamic loop (a.a. 361-373). The overall archi-
tecture of atragin shows a C-shaped structure similar to the first
P-III SVMP structure of VAP1 (Takeda et al., 2006), whereas that
of K-like exhibits an I-shaped structure (Fig. 1). To exclude an influ-
ence of crystal packing making such a large conformational varia-
tion between atragin and K-like, we measured the hydrodynamic
radius of atragin (peak at 6.1 nm) and K-like (peak at 7.5 nm) using
dynamic light scattering (DLS) (Fig. S4). This data shows that K-like
molecules have an area exposed to solvent larger than those of
atragin, consistent with the dimensions of the determined crystal
structures of atraign (63 x 52 x 67 A3) and K-like (47 x 42 x
92 A3). Notably, whereas the recognition site of the C domain faces
toward to the catalytic cleft of the M domain with a linear orienta-
tion in the C-shaped structure of atragin, the activity sites of the C
and M domains form a non-linear orientation in the I-shaped struc-
ture of K-like. These structural features suggest that the target rec-
ognized by the C domain differs from the substrate molecules
catalyzed by the M domain or the substrate molecules of K-like ex-
hibit a long non-linear conformation. The K-like structure contains
two N-glycans located at the M and C domains, respectively
(Asn319, Asn490), of which that at Asn319 is near the active site
(Fig. 1) and differs from the common glycosylated site of hemor-
rhagin near the C-terminal of the M domain (Ramos and Selistre-
de-Araujo, 2004). In contrast, there is only one N-glycan site
(Asn436) on the D domain of the atragin structure. In view of an
increasing importance of the post-translational modification of
proteins for their biological functions, it will be of interest to inves-
tigate how the glycosylations in various domains might affect the
biological activities of SVMPs.

3.3. M domain

As shown in Fig. 2A, the overall M-domain structures of four P-
111 SVMPs show a great similarity with rmsd 2.3 A between atragin
and K-like. The M-domain structure of atragin exhibits a rmsd
(1.85 and 1.92 A) greater than that of K-like (0.92 and 0.89 A) in
comparison with those of VAP1 and VAP2, respectively. Six o-heli-
ces and five stranded B-sheets constitute the M domain of the atra-
gin structure with one cleft comprising the zinc-binding motif
H3*EXXH245XXGXXH?*'D to accommodate the substrate binding
for proteolysis. In contrast, in the lack of an initial N-terminal o-he-
lix, only five o-helices are found in the M domain of the K-like
structure (Fig. 1). The long helix a3 is located at the back, helices
o1 and o6 are located at the right, and o2 as well as o4 are located
at the left with respect to the center cleft. One zinc atom is readily
observable as being ligated by the side chains of His341, His345 lo-
cated at the o5-helix and His351 at the following turn as being
responsible for the catalytic reaction (Gomis-Ruth, 2003). Oppos-
ing the active-site cleft, Ca®* (I) are observable in structures of both
atragin and K-like but invisible in the VAP1 structure because of
the substitution of Glu208 to Lys (Takeda et al., 2006).

3.3.1. The pH-dependent zinc-binding motif

The venom gland lumen appears at an acidic pH, and lacks the
proteolytic activity in the presence of citrate (58-125 mM) (Odell
et al, 1998) and the tripeptide pyroglutamyl-lysyl-tryptophan
enzymatic inhibitor in the gland (Marques-Porto et al.,, 2008).
Our crystals of atragin happened to be grown in a citrate buffer
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K-like Atragin

Fig. 1. Crystal structures of two SVMPs - atragin and K-like from Naja atra. The
overall architectures of atragin and K-like from Naja atra are presented with
metalloprotease domains aligned in the similar orientation. Both SVMP structures
contain an M (yellow), a linker domain (pink), a D (blue), and a C (green) domain. N-
glycans are colored in cyan. Gray spheres represent zinc ions and orange spheres
represent calcium ions located at Ca(I):E208/D292/N398, Ca(1l):N413/D417/E420/
D423, and Ca(lll):D474/E477/D489. A black line represents the missing loop
containing the conserved Met-turn in the atragin structure.

(100 mM, pH 5), a medium similar to the environment of the ve-
nom gland lumen. In contrast, most previously reported crystal
structures of SVMPs, including K-like (100 mM Hepes, pH 6.8),
were solved near at a neutral pH. This circumstance provides an
opportunity to understand the structural basis of the mechanism
of the self-proteolytic regulation of SVMPs.

As shown in Fig. 2A and B, there is no detectable electron den-
sity at the flexible loop (a.a. 361-373) containing the so-called
Met-turn (Bode et al., 1993) between helices a5 and a6 of atragin
at an acidic pH, relative to those of previous SVMP and the K-like
structure at the neutral pH. The lack of a Met-turn is not due to
the self-proteolytic activity, as indicated by the SDS-PAGE analy-
sis and mass spectra (data not shown). The best fit of the electron
density of atragin at an acidic pH reveals a possible double con-
formation of the side chain of His341 and an elliptically diffuse
electron density near the original ligation position of Zn?*
(Fig. 2D). We speculate that, under an acidic condition (pH 5.0),
the protonation of histidines causes a structural change of the
main chain of His351 and a double conformation of the side chain
of His341 because of the repulsive force between the imidazole
side chains of the histidines and Zn?*. This conformational alter-
ation induces Zn?" to have a large temperature B-factor (Table
1), as shown in the |2F, — F¢| composite omit map (Fig. 2D), even
though this character is imperceptible in the anomalous differ-
ence-Fourier map.

To prove this hypothesis, we transferred the crystals grown at
an acidic pH into a neutral solution (Hepes, 100 mM, pH 7.4) for
10-20s. The data collection and structural refinement statistics
of crystals after the pH jump were shown in Table S1. The struc-
tures from these soaked crystals show that the three histidines in
the zinc-binding motif under the acidic condition converted into
the conventional conformation state and that Zn?* was firmly lo-
cated from the anomalous difference-Fourier map (Fig. 2C) (data
collected at a wavelength 1.2822 A at the K-absorption edge of
zinc). The X-ray absorption and fluorescence-emission spectra of
atragin crystals under both acidic and neutral conditions show
similar signals and profiles of the zinc atom, indicating that Zn?*
exist in both crystal forms (Fig. S6). These results indicate that
the pH switches do not alter the binding of zinc atoms in the struc-
tures but that the dynamic Met-tern and histidines (His341 and
His351) of the zinc-binding motif with multi-conformations result
in the unfixed positions of Zn®* atoms. Moreover, the electron
density of the flexible loop that is absent under acidic conditions
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Fig. 2. The pH-dependent zinc-binding motif on the metalloprotease domain and
the associated proteolytic activity. (A) Superimposition of M domains of four P-III
SVMPs: atragin (green), K-like (orange), VAP1 (cyan), and VAP2 (pink). The major
variable region is located at the loop containing the Met-turn (enclosed by the
dotted circle), which is disordered in the atragin structure. (B) The atragin structure
in the acidic crystal (pH 5.0) (green) reveals an unconventional zinc-binding motif
resulting in the missing loop from Asn361 to Ala373, whereas in a neutral crystal
(pH 7.4) (light green), the binding motif switches to the conventional state and the
electron density of the missing loop appears to allow model building. (C)
Superimposition of three histidine residues in zinc-binding motifs of four P-III
SVMPs shows the unconventional zinc-binding motif of atragin (green) in acidic
crystallization conditions (citric acid, pH 5.0) and the conventional motif of atragin
in the soaked neutral condition (Hepes, pH 7.4). The zinc anomalous difference-
Fourier map (cutoff=50, red mesh) confirms the zinc location in the neutral
condition but not in the acidic condition. (D) The composite omit |2F, — F.| map
(cutoff = 1.50, blue mesh) shows the well fit of three histidine residues in an
unconventional binding motif and the putative range of the zinc position which is
unobservable in the anomalous difference-Fourier map in the acidic pH crystal. The
side chain of His341 has two conformations, and the backbone of His351 is repelled
compared with a conventional zinc-binding motif. (E) The pH effect on the Tyr
fluorescence and enzymatic activity of atragin. At pH 5.0 (acidic crystallization
buffer), the enzymatic activity decreased to ~20%, and the Tyr fluorescence also
decreased ~20% relative to assays at the neutral pH (pH 7.4). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

becomes observable to allow the model building (Fig. S5), and
the conserved Met365 in the Met-turn among metzicins makes
the hydrophobic contact with Met349 beneath the pyramidal base
of three histidines (Fig. 2B). The hydrophobic contact might be cru-
cial for the enzymatic activity, corresponding to the previous
mutagenesis study on protease C from Erwinia chrysanthemi show-
ing that only the substitutions of hydrophobic residues for the



H.-H. Guan et al./Journal of Structural Biology 169 (2010) 294-303 299

methionine on the Met-turn produce the enzymatic activity (Hege
and Baumann, 2001).

To examine the structural effect of the zinc-binding motif on
the enzymatic activity, we measured the influence of pH on the
activity and monitored the conformational modification using
Tyr374 at the end of the flexible loop (a.a. 361-373) as a fluores-
cence probe. The other 16 tyrosines in the atragin show no obvious
conformational change in the previous pH-jump experiment. As
shown in Fig. 2E, under an acidic pH, the enzymatic activity of atra-
gin decreases greatly, and the fluorescence intensity of Tyr alters
significantly. The data indicate that both the zinc-binding motif
and the Met-turn undergo dynamic structural alternations in the
M domain under a condition of low pH to account for the small
enzymatic activity.

3.3.2. Specificity on the proteolysis of pro-TNFo

Moura-da-Silva et al. demonstrated that two viper venom
SVMPs from Bothrops jararaca and a 54-kDa protein from Echis
pyramidum leakeyi can induce cell necrosis on releasing TNFao
(Moura-da-Silva et al., 1996). To examine whether the elapid atra-
gin and K-like can also release TNFa, we used the fluorometric pep-
tide Abz-LAQAVRSSSR-Dpa, which was derived from the linker
domain of pro-TNFa, for a cleavage test. As shown in Fig. 3A, K-like
digests the fluorometric peptide as ADAM17 exhibits, whereas
atragin shows no such effect. To confirm the TACE activity of K-like,
we used a pro-TNFa fusion substrate to validate the activity in the
SDS-PAGE analysis. The result indicates that the pro-TNFa diges-
tion pattern of K-like is the same as that of ADAM17 (Fig. 3B), sup-
porting the conclusion that the TACE activity of K-like is the same
as that of ADAM17.

A close inspection of the cleft active sites in the M domain of the
two P-III SVMP structures reveals that the S1’ site of K-like is more
hydrophobic than that of atragin (Fig. S7). A hydrophobic S1’ site is
critical for the pro-TNFa cleavage at Ala76-Val77 by ADAM17
(Maskos et al., 1998) and the drug design for TACE (Lu et al.,
2008). We suggest that the hydrophobic S1’ site of K-like could
accommodate Val77, and a negatively charged region formed by
Asp301, Asp327, and Tyr328 (Fig. S7) of K-like could also accom-
modate the positively charged side chain of Arg78 of the pro-TNFa
linker peptide. With the additional hydrophobic regions (S1 and S2
sites) to accommodate P1 and P2 (Ala76 and GIn75) of the sub-
strate (Fig. S7) relative to atragin, the result of the peptide docking
of QAVRSS might explain the specificity of K-like in the proteolytic
activity of pro-TNFa (Fig. S7). The data indicates that the TACE
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Fig. 3. The enzymatic effect of atragin and K-like on Pro-TNFa. (A) Fluorometric
measurements of the pro-TNFo-derived peptide (Abz-LAQAVRSSSR-Dpa) cleavage
in the presence of various snake venom components. Both crude venom and
purified K-like SVMP show a TACE activity as great as ADAM17 but not the other
venom proteins. The HPLC profile (inserted panel) of the peptide fragments digested
with the metalloprotease indicates that the specificity of K-like on a TNFa-derived
peptide is identical to that of ADAM17. (The cleavage site of the peptide was
identified with mass spectra.) (B) The SDS-PAGE analysis of cleavage patterns of
pro-TNFa fusion substrates with two SVMPs. Lane 1: the pro-TNFo fusion substrate
for the control; lane 2: pro-TNFo randomly digested by atragin; lane 3: TNFo
released by K-like; lane 4: TNFa released by ADAM17.

activity of the two SVMPs is dominated mainly by the structures
and hydrophobicity of the cleft active sites of M domains.

3.4. D domain

The D domain (a.a. 410-493, according to the sequence number
of atragin) following the M domain and the linker S region (a.a.
401-409) plays an important role in the relative orientation of the
M and C domains in the architectures of P-IIl SVMPs. As shown in
Fig. 4A and B, atragin maintains a C-shaped architecture as its struc-
ture adopts a similar D-shoulder (Ds) domain (a.a. 410-442) with
three disulfide bonds (pairs of 3, 4, and 5) and a D-arm (Da) domain
(a.a. 443-493) with another three disulfide bonds (pairs of 7, 8, and
9) constituting the C-shaped arm as in VAP1 and VAP2 (Igarashietal.,
2007; Takeda et al., 2006). Furthermore, one disulfide bond (a pair of
6) connects these two subdomains and another disulfide bond (a pair
of 0) connects Da and C-wrist (Cw) comprising one cystine residue in
the disintegrin-like loop (XXCD) that cause it to become inaccessible
for integrin-binding as in VAP1 and VAP2. In the structure of K-like,
the disulfide patterns alter significantly as one long segment of 17
amino acids is absent in comparison of the sequence (a.a. 442-
458) of atragin (Fig. 4A). Hence, Cys434 forms a new disulfide bond
with Cys462 (corresponding to Cys434 and Cys479, respectively, in
the sequence of atragin) in the K-like structure (Fig. 4A). The re-shuf-
fle of the disulfide bond pattern in the D domain affects the C-shaped
arm and causes the K-like structure to adopt an I-shaped
architecture.

The C-shaped scaffold has been suggested to play an important
role in the substrate recognition and shedding in proteins of the
ADAM/adamalysin/reprolysins family (Takeda et al., 2006). The se-
quence alignment of the D domains in human ADAMs reveals that
all ADAMs, except for ADAM17, have an arrangement of conserved
cysteine residues in the D domain the same as atragin (Fig. 4B).
Furthermore, K-like and the disintegrins, such as rhodostomin
and trimestatin, contain varied numbers of cysteine residues in
the primary sequences of the D domain, revealing an important
structural role in the disulfide pattern to account for the relative
orientations of the putative M and D domains (Fujii et al., 2003)
(Fig. 4B and C).

The disulfide pattern in the D domain also possibly varies from
the same protein sequence as the cases of DC domains of VAP2B
and processed catrocollastatin C (Fox and Serrano, 2008), or from
the same arrangement of cysteine residues in the primary se-
quences. For example, the MALDI-TOF mass analysis of Bitistatin
shows that the disulfide pairs are different from conventional
ADAMs (the same disulfide pairs with atragin or VAP1) mainly
on the Ds domain, even though they consist of similar conserved
cysteine residues in the D domain (Calvete et al., 2000) (Fig. 4B).
Moreover, the structure of the DC domain in ADAM10 shows that
another disulfide bond pair Cys435-Cys457 was formed, rather
than Cys434-Cys457 (disulfide bond pair 6) in atragin, and the var-
ied Cys434 and Cys435 are also located at the Ds domain (Janes
et al., 2005). The Ds domain of ADAM10 is, however, mainly disor-
dered, indicating that the Ds domain is dynamic. Furthermore, the
primary sequence alignment on D domains of proteins in the
ADAM/adamalysin/reprolysins family and disintegrins shows that
the significant variation is located at the Ds domain (Fig. 4B). The
great difference in the Ds domain increases the opportunity of
re-shuffling disulfide pairs in ADAM/adamalysin/reprolysins fam-
ily proteins, which is verified by the novel finding on the distinct
disulfide patterns of K-like and ADAM10.

3.5. C domain

As shown in Fig. 5A, the superimposed C domains comprising the
C-wrist (Cw) (a.a. 494-511) and C-hand (Ch) (a.a. 512-613) of four
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Fig. 4. Disulfide bond patterns in Ds and Da domains of ADAMalysin family proteins affect the relative orientations of M and C domains. (A) The disulfide pattern in the D
domain causes great conformational changes of two SVMPs. In the atragin structure, there are totally eight disulfide bonds in the D domain (numbers in black), of which
C434-C457 and C453-C479 are enclosed in blue circles, whereas in the K-like structure, one new disulfide bond C434-C479 is formed and enclosed in red. The absent
segment of K-like is colored in red in the atragin structure. (B) Sequence alignment of Ds and Da domains derived by ADAM/adamalysin/reprolysins family proteins and
disintegrins. Above the black line, protein sequences with the same cysteine arrangement are aligned, whereas, below the line, protein sequences with significantly different
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PIII-SVMPs reveal the major structurally distinct region to be located
at the hyper-variable region, HVR (a.a. 567-586), which has been
suggested to play an important role in the target selection based
on the C-shaped scaffold in the MDC domain (Takeda et al., 2006).
Another structurally variable region at the loop (a.a. 535-555) re-
mains to be characterized (Fig. 5A). The C domain of atragin consists
of seven disulfide bonds, in contrast to the six conserved disulfide
bonds revealed in the VAP1 and VAP2 structures. The additional
disulfide bond Cys542-Cys575 in atragin is connected to the HVR,
indicating that it might play a crucially functional role. Notably,
one important RGD motif (a.a. 538-540 according to the sequence
number of atragin) located at the end of the n4 helix of K-like in a po-
sition similar to kaouthiagin (Ito et al., 2001) is inaccessible for inte-
grin molecules (Fig. S8), implying that K-like could bind to the
integrin through another non-RGD region, such as the HVR (Pinto
et al., 2007). We cannot, however, exclude a possibility that such a
loop containing an RGD motif can be exposed accessibly for inte-
grin-binding through a large conformational alteration. In fact, the
B-factor distributions of atragin and K-like show that most parts of
C-domains exhibit flexible features with higher B-factors (Fig. S8).
Accordingly, a close inspection of the water distributions and molec-
ular surfaces of both proteins reveals that the dynamic C domain and
the regions near the Met-turn loop of the M-domain result in fewer
water molecules bound in these areas.

3.5.1. Different cell-migration inhibitory activities of these two SVMPs
Jararhagin, a P-III SVMP from the viper venom, has been shown
to inhibit platelet aggregation and to stimulate the migration of

epithelial cells (Costa and Santos, 2004). The peptide sequence de-
rived from the HVR of jararhagin can also inhibit platelet aggrega-
tion by binding to the VWA domain (Kamiguti et al., 2003; Pinto
et al., 2007). How the two SVMPs from the elapid venom might af-
fect such similar activities is therefore of interest. As shown in
Fig. 5B, atragin exhibits an inhibitory activity toward cell migration
of both NIH3T3 and CHOK1 much stronger than K-like, rather than
stimulation. To examine whether the amino acid sequence from
the HVR of the two related SVMPs might be responsible for the
inhibitory effect, we synthesized two peptides according to their
respective HVR regions and tested the effect on cell migration. De-
spite nine of fifteen amino-acid residues being the same for the
two peptides, the one derived from the HVR of atragin shows a
clear inhibitory effect (Fig. 5C). A comparison of two peptide se-
quences and the related 3D structures shows that the consensus
sequence V°°°KCGRL>% is located at an inaccessible region in both
structures, whereas the variable sequences (FP®®CKRRNSMIAt38in/
YCTEKNTMSK*¢) correspond to the HVR (Fig. 5A). Our result fur-
ther supports the idea that the HVR in SVMPs is exposed for the
target recognition and might play important functional roles to-
ward cell migration.

3.6. Implication of ADAM shedding mechanism

As we report above, the distinct disulfide bond pattern in the D
domain alters greatly the relative orientations of the M and C do-
mains in proteins of the ADAM/adamalysin/reprolysins family.
The varied relative orientations of the M and C domains might ex-
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Fig. 5. The inhibitory effect of atragin, K-like and peptides derived from the HVR in
C domains, respectively, on cell migration. (A) Superposition of C domains from four
P-III SVMP structures colored as Fig. 2A. The Cw domain structures are similar and
rigid among SVMPs, whereas the Ch domains show larger variations, especially in
the HVR (in the rectangle). The HVR of atragin is indicated in blue. Another notably
variable region is at amino acids 535-555 (in the circle). The peptide residues,
V°5°KCGRLFCKRRNSMI®?4, are indicated by arrows. (B) The inhibitory effect on cell
NIH3T3 and CHOK1 migration with atragin and K-like, respectively. (C) The
inhibitory effect on cell NIH3T3 migration with two peptides atragin-P and K-like-P
derived from HVRs of atragin and K-like, respectively.

plain some shedding processes of ADAMs that are difficult to be
interpreted based on only a C-shaped scaffold. For example, in
the event of the pro-TNFa cleavage by ADAM17, an experiment
of a deletion on the linker domain of pro-TNFa indicated that the
linking domain must contain at least nine amino acids (length
~3.5 nm maximally) for the cleavage (Tang et al., 1996). The ADAM

Fig. 6. Implications for shedding models of ADAMs based on two SVMP structures
from Naja atra. The shedding models of ADAMs are placed on the membrane
(purple region). The shedding model (I) is based on the C-shaped MDC architecture,
whereas the shedding models (II, IIl) are based on the I-shaped MDC architecture.
The EGF-like domains are shown as brown octagons. The distance between the
membrane and zinc ions (gray spheres) in the cleft active site is about 5 nm in the

model (I). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

with a C-shaped scaffold can shed molecules with a height of
~5 nm (Fig. 6, I), which is little too great for ADAM 17 to act on
the linker domain of pro-TNFa. Additionally, MICA (a MHC-en-
coded molecule) has been identified to be released by ADAM17
and ADAM10 on cancer cells. The shedding event depends on the
stalk length that ranges from 9 to 18 residues, rather than on the
properties of amino acids of the MICA stalk (Waldhauer et al.,
2008). The length of nine residues is also somewhat too short for
the C-shaped scaffold. Several other shedding events of ADAMSs,
including the growth hormone receptor, L-selectin, ACE, and
ICAM-1, also reflect the importance of the stalk lengths, which is
the distance from the membrane, rather than the sequences of
the stalks (Hinkle et al., 2004; Migaki et al., 1995; Sadhukhan
et al,, 1999; Tsakadze et al., 2006). These biological phenomena
suggest that some ADAMs might adopt another strategy to shed
shorter substrates by altering the disulfide pairs on the D domain
as in the case of K-like (Fig. 6, IlI) or by a geometric flexibility
through the dynamic Ds domain.

Another unexplained shedding event is that ADAM10 can recog-
nize EphA3 and shed ephrinA5 in a trans fashion (Janes et al.,
2005). According to the geometric constraint of the C-shaped scaf-
fold, such a shedding effect can occur only if the C-shaped ADAM
can undergo a significant dynamic alteration of the structure. For
example, the OG domain of MMP9/gelatinase B adopts a spring-
like action to confer a flexibility between the recognition and pro-
teolysis of a substrate (Rosenblum et al., 2007), or the I-shaped K-
like adopts another orientation through the re-shuffle of its disul-
fide pairs in the D domain as presented in this work (Fig. 6, II).

In summary, we report the crystal structures of two newly iden-
tified SVMPs - atragin and K-like - from the elapid venom of N.
atra. The MDC domains of K-like adopts an I-shaped scaffold be-
cause of its novel patterns of disulfide bonds in the ADAM/adamal-
ysin/reprolysins family, providing direct evidence to support the
structural role of the D domain in orientating the M and C domains
for its function. Using a pH-jump method, we report also the struc-
tural difference of the M domain of atragin under acidic and neu-
tral conditions and correlate its structural variation with the
proteolytic activity. The two newly identified P-IIl SVMPs exhibit
distinct activities in terms of the substrate specificity of pro-TNFo
and the inhibition of cell migration.

The nucleotide sequences and deduced primary sequences
(atragin: FJ177517; K-like: FJ177516) have been deposited in the
GeneBank  (http://www.ncbi.nlm.nih.gov/Genbank/index.html),
and the atomic coordinates and structure factors (code, atragin:
3K7L; K-like: 3K7N) have been deposited in the Protein Data Bank,
Research Collaboratory for Structural Bioinformatics, Rutgers Uni-
versity, New Brunswick, NJ (http://www.rcsb.org/).
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