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Abstract: Hemorrhage is the most prominent effect of snake venom metalloproteinases (SVMPs)
in human envenomation. The capillary injury is a multifactorial effect caused by hydrolysis of the
components of the basement membrane (BM). The PI and PIII classes of SVMPs are abundant in
viperid venoms and hydrolyze BM components. However, hemorrhage is associated mostly with
PIll-class SVMPs that contain non-catalytic domains responsible for the binding of SVMPs to BM
proteins, facilitating enzyme accumulation in the tissue and enhancing its catalytic efficiency. Here we
report on Atroxlysin-la, a PI-class SVMP that induces hemorrhagic lesions in levels comparable to
those induced by Batroxrhagin (PIll-class), and a unique SVMP effect characterized by the rapid onset
of dermonecrotic lesions. Atroxlysin-la was purified from B. atrox venom, and sequence analyses
indicated that it is devoid of non-catalytic domains and unable to bind to BM proteins as collagen IV
and laminin in vitro or in vivo. The presence of Atroxlysin-Ia was diffuse in mice skin, and localized
mainly in the epidermis with no co-localization with BM components. Nevertheless, the skin lesions
induced by Atroxlysin-la were comparable to those induced by Batroxrhagin, with induction of
leukocyte infiltrates and hemorrhagic areas soon after toxin injection. Detachment of the epidermis
was more intense in skin injected with Atroxlysin-la. Comparing the catalytic activity of both toxins,
Batroxrhagin was more active in the hydrolysis of a peptide substrate while Atroxlysin-Ia hydrolyzed
more efficiently fibrin, laminin, collagen IV and nidogen. Thus, the results suggest that Atroxlysin-Ia
bypasses the binding step to BM proteins, essential for hemorrhagic lesions induced by PII- and P-III
class SVMPs, causing a significantly fast onset of hemorrhage and dermonecrosis, due to its higher
proteolytic capacity on BM components.

Keywords: snake; venom; metalloproteinase; dermonecrosis; hemorrhage; Bothrops atrox;
extracellular matrix

1. Introduction

Many pathological effects caused by snakes of the genus Bothrops in human envenomings
are related to the direct or indirect activity of snake venom metalloproteinases (SVMPs), such as
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hemorrhage [1], skeletal muscle necrosis [2], skin damage [3,4], inhibition of platelet aggregation and
coagulopathies [5], edema and inflammatory reactions [6-8]. SVMPs are zinc-dependent multi-domain
proteins, which have been classified in three classes according to their domain composition in mature
form. The PI-class SVMPs have only a catalytic domain (MP), whereas those of the PII-class contain
a MP domain and a disintegrin domain, which is generally processed to generate free disintegrins.
PlIlI-class SVMPs have, in addition to the MP domain, disintegrin-like and cysteine-rich domains
(DC) [9]. Hemorrhage is a very important effect induced by SVMPs and is directly correlated to the
hydrolysis of the basement membrane (BM) proteins from micro vessels [10-12]. Three factors are
important for this effect: the binding of the enzymes to the BM components of the capillaries [11];
the localization at BM enhancing the hydrolysis of BM and cell proteins involved in capillary stability
and cell anchorage [13]; and the hemodynamic forces within the microcirculation contribute to the
distension and rupture of the capillary wall, with consequent hemorrhage [10].

SVMPs are generally capable of degrading BM components in vitro, however, only particular
types of SVMPs are able to induce hemorrhage in vivo [12,14]. Baldo et al. [11] and Herrera et al. [15]
demonstrated that PII-class and PlIlI-class SVMPs accumulated in the BM due to specific binding
of their DC domains to collagen IV, thus facilitating the hydrolysis and consequent hemorrhage.
Conversely, the PI-class SVMPs would not be able to bind to BM molecules and as a consequence
would spread through the tissue explaining their reduced ability to generate hemorrhage.

Furthermore, there are marked differences between enzymes of the PI-class SVMPs isolated from
Bothrops venoms in their ability to cause hemorrhage. For example, Neuwiedase from B. neuwiedi [16],
BjussuMP-II from B. jararacussu [17], BmooMP-«1 from B. moojeni [18] and Leucurolysin-A from
B. leucurus [19] do not induce any hemorrhage. On the other hand, BpirMP from B. pirajai [20], BmHF-1
from B. marajoensis [21], BaP1 from B. asper [22], and Batroxase from B. atrox [23] are able to induce
certain levels of hemorrhage exhibiting minimal hemorrhagic dose (MHD) of 10-50 pg/mice, which is
very high compared to the MHD of PlI-class and PIII-class SVMPs that is frequently below 1 pg/mice.
However, many issues about the mechanism of hemorrhage induction by PI-class SVMPs still need to
be resolved.

In a recent study, we isolated and characterized the major PIII-class SVMP (Batroxrhagin)
from B. atrox venom [24]. B. atrox is considered to be the major cause of snakebite in the Amazon
region [25] and the symptoms of human envenoming by B. atrox are strongly correlated with the
high abundance of PIII-class SVMPs in this venom [26,27]. Following the protocol for Batroxrhagin
purification, we detected a highly hemorrhagic fraction that also caused necrosis in the mouse skin,
and, interestingly, contained proteins with the molecular masses of Pl-class SVMPs. In this study,
we isolated and characterized a highly hemorrhagic P-I SVMP, named Atroxlysin-Ia, and describe
its hemorrhagic and dermonecrotic activities in comparison to Batroxrhagin, a typical hemorrhagic
PIII-class SVMP from the same venom. Our data indicate that a high hydrolytic activity of Atroxlysin-la
towards extracellular matrix (ECM) proteins, including laminin, might explain its ability to cause
a fast disruption of capillary vessels and detachment of epidermis layers, allowing the induction of
hemorrhage and dermonecrosis, despite the absence of non-catalytic domains in the enzyme.

2. Results

2.1. Purification and Identification of the Major PI-Class SVMP of B. atrox Venom

The purification of a PI-class SVMP from B. atrox venom was carried out by size-exclusion and
anion-exchange chromatographies (Figure 1). In size exclusion chromatographies, venom samples
(50 mg) were fractionated in five major peaks (Figure 1A) and fractions concentrating 25 kDa proteins
and showing hemorrhagic and dermonecrotic activities (continuous line under the peak F4) were
pooled, applied into an anion-exchange column and eluted in two peaks both presenting bands of
approximately 25 kDa (Figure 1B). However, only fraction F4b showed preserved dermonecrotic
activity and was recovered as our target protein with a purification yield of approximately 4%.
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The fraction F4b was resolved in SDS-PAGE as a band of the 25 kDa under non-reducing or reducing
conditions (Figure 1B), which was excised from the gel and submitted to mass spectrometric protein
identification. The tryptic peptide sequences, identified using a B. atrox venom gland transcriptome
database, are summarized in Table 1 and match the complete sequence corresponding to the mature
protein of a single abundant transcript of B. atrox venom gland (BATXSVMPI5). Figure 2 shows
the sequence alignment of the isolated protein with other Pl-class SVMPs: Atroxlysin-I [28] and
Batroxase [23] from B. atrox venom, BaP1, a hemorrhagic PI-class SVMP from B. asper venom [29] and
Leucurolysin-A, a non-hemorrhagic PI-class SVMP from B. leucurus venom [19]. The isolated SVMP
showed 99% identity with Atroxlysin-I, with only one substitution at residue 135 (methionine for
lysine), 89% with Batroxase, 57% with BaP1 and 52% with Leucurolysin-A. Thus, based on the high
identity with Atroxlysin-I, we concluded that we isolated an isoform of this toxin and in the rest of the
work the isolated PI-class SVMP (F4b) will be called Atroxlysin-Ia.
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Figure 1. Purification of the PI-class SVMP from B. atrox venom. Venom samples (50 mg) were applied
to HiPrep 16/60 Sephacryl S-200 HR column and eluted at flow rate of 0.5 mL/min in 20 mM Tris/HCl
buffer, pH 7.8, containing 150 mM of NaCl (A). Fractions containing ~25 kDa proteins presenting
hemorrhage and dermonecrosis activities (continuous line under the peaks) were pooled, applied into
a Mono Q 5/50 GL anion exchange column and eluted at flow rate of 1 mL/min with a gradient from 0
to 1 M of NaCl (B). Pooled fractions (10 pg) indicated in the graphs by continuous line under the peaks
were subjected to SDS-PAGE under reducing (R) or non-reducing conditions (NR) and silver-stained.
The band indicated by * was excised and submitted to MS/MS.

Table 1. Identification of the peptides generated by in gel trypsin digestion of protein band shown in

Figure 1B by *.
Identified Protein#  Mascot Protein Score Expect Identified Peptides

1.4 x1073 TDLLNR
9.8 x 107 KTDLLNR
13 x 107! TDLLNRK
3.5 x 1072 KTDLLNRK
15 x10~* THQMVNIMK
14 x 1074 ENPQCILNK
2.0 x 10~ RIHQMVNIMK
1.7 x 1072 ENPQCILNKR
5x 1078 STGVIQDHSEQDLK
9.2 x 107° RSTGVIQDHSEQDLK

BATXSVMPI5 4966 83 x 10-° YVELLIVVDHGMFMK
59 x 1076 YFSDCSYIQCWDFIMK
49 x 10713 DLINVQPAAPQTLDSFGEWR
9.6 x 1077 DLINVQPAAPQTLDSFGEWRK
9.3 x 1076 EAYSTMYIDILLTGVEIWSNK
1.3 x 107° SHDNAQLLTSTDFNGPTIGLAYVGSMCDPK
9.2 x 1076 KSHDNAQLLTSTDENGPTIGLAYVGSMCDPK
2.8 x 101 SHDNAQLLTSTDENGPTIGLAYVGSMCDPKR
33 %1076 KSHDNAQLLTSTDENGPTIGLAYVGSMCDPKR

1.0 x 103 VAITMAHELGHNLGISHDTGSCSCGGYSCIMSPVLSHEPSK
4.0 x 1072 EAYSTMYIDILLTGVEIWSNKDLINVQPAAPQTLDSFGEWR

# Amino acid sequences were identified using a B. atrox venom gland transcriptome database, described in
Methods section.
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Figure 2. Sequence alignment of the isolated toxin with snake venom metalloproteinases (SVMPs)

from different species of Bothrops. Amino acid sequence of the protein isolated in the fraction F4b
was aligned with PI-class SVMPs: Atroxlysin-I (P85420) and Batroxase [23] from B. atrox venom, BaP1
(P83512) from B. asper venom and Leucurolysin-A (P84907) from B. leucurus using ClustalW [30]. Dots
indicate identical residues to the first sequence. Functional motifs corresponding to the zinc-binding

and Met-Turn are underlined.

2.2. Hemorrhagic and Dermonecrotic Activities of Atroxlysin-la

Figures 3 and 4 show the characterization of the hemorrhagic and dermonecrotic activities of
Atroxlysin-la. Figure 3A shows the establishment of the hemorrhagic process, in particular the
rupture of the capillary wall (arrow) detected by intravital microscopy of mice cremaster muscle
at 5 min after the topical application of 5 pg of Atroxlysin-la. Hemorrhage and dermonecrosis

induced by Atroxlysin-la presented a dose-dependent pattern (Figure 3B), while only hemorrhage
shows a pattern of time response, whereas dermonecrosis appears to be a rapidly triggered process
and does not evolve to a bigger area after 20 min (Figure 3C). The macroscopic view of the
internal and external face of the mice skin is shown in Figure 3D evidencing the hemorrhage and
dermonecrosis at 3 and 24 h after injection of 10 ug Atroxlysin-la. In addition, hemorrhagic and
dermonecrotic activities of Atroxlysin-la were evaluated in the presence of metalloproteinase and
serine proteinase inhibitors. Both hemorrhagic and dermonecrotic activities were inhibited by
1,10-Phenanthroline, a Zn(2+)-chelating metalloproteinase inhibitor, but not by Phenylmethylsulfonyl
fluoride, a serine proteinase inhibitor (data not show), indicating that these activities are dependent on
the metalloproteinase catalytic activity of Atroxlysin-la.
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Figure 3. Hemorrhagic and dermonecrotic activities of Atroxlysin-Ia. (A) Intravital micrograph of
mice cremaster muscle after local administration of Atroxlysin-Ia (5 pug) evidencing the rupture of the
capillary vessels indicated by arrow. (B) Size of hemorrhagic and dermonecrotic lesions induced by
different doses of Atroxlysin-Ia, evaluated at 24 h after the intradermal injection. (C) The progression
of the lesions evaluated at 20 min, 3, 6 and 24 h after injection of 10 ug Atroxlysin-Ia. (D) Macroscopic
view of hemorrhagic (inner dorsal skin) and dermonecrosis (outer dorsal skin) activities evaluated at 3 h
and 24 h after the intradermal injection of 10 pg Atroxlysin-la. (A,D) Figures are representative of three
independent mice. (B,C) Results are expressed as mean and SEM of three independent experiments.

Considering Atroxlysin-Ia high hemorrhagic activity and its ability to induce dermonecrosis,
we next proceeded to the investigation of mechanisms involved in these effects by comparing the
morphological alterations induced by Atroxlysin-la and Batroxrhagin. Because hemorrhage and
skin damage induced by Atroxlysin-la are effects of rapid onset, we selected the time of 20 min
after injection to focus on the direct action of the toxins and that of 24 h after injection to evaluate
the cutaneous lesion after local reaction. Paraffin embedded sections were prepared from the sites
injected with 10 pg of Atroxlysin-la or Batroxrhagin, and the histological analysis of these sections
were carried out by hematoxylin and eosin staining. The group injected with phosphate-buffered
saline (PBS) showed the normal histological pattern of skin (Figure 4A,C), and arrows indicate the
preserved blood capillaries (Figure 4B) and the undamaged epidermis (Figure 4D). Tissues injected
with Atroxlysin-Ia (Figure 4E,F) showed hemorrhage especially in the epidermis region (arrow in
Figure 4E), and a marked epidermis detachment followed by an extensive lesion in the epidermis and
dermis as soon as 20 min after injection (arrow in Figure 4F). Batroxrhagin-induced hemorrhage was
concentrated in the hypodermis region (arrow in Figure 4]) and characterized by reduced levels of
epidermis detachment (arrow in Figure 4K). After 24 h the group injected with Atroxlysin-Ia presented
a large area of necrosis in epidermis/dermis region (Figure 4G), exacerbated inflammatory infiltrate
around the lesion (Figure 4H), evidences of fibrin clots (arrow), and (*) cells with pycnotic nuclei
(Figure 41). Batroxrhagin did not show such signs of tissue necrosis at the injected region, presenting
only a few regions of epidermis loss (arrows in Figure 4L) and inflammatory infiltrate (arrows in
Figure 4M,N) concentrated in the hypodermis.
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Despite the strong hemorrhagic activity of Atroxlysin-Ia, it did not induce relevant myotoxic
activity as the serum levels of creatine-kinase activity were not increased in mice at 3 h after
intramuscular injection of the toxin (data not show).

PBS

Atroxlysin-I

Batroxrhagin

Figure 4. Action of Atroxlysin-la and Batroxrhagin in the skin of mice. Histological analysis
(hematoxylin and eosin staining of paraffin embedded sections) of the site of injection of 10 pug of toxins.
The group injected with phosphate-buffered saline (PBS) showed the normal histological pattern of
skin (A,C) with preserved capillaries (arrow in B) and the undamaged epidermis (arrow in D). Tissues
injected with Atroxlysin-la showed hemorrhage especially in the epidermis region (arrow in E) and
Batroxrhagin induced hemorrhage predominantly in the hypodermis region (arrow in J). Both toxins
induced epidermis detachment (arrows in F,K). Atroxlysin-la induced a large lesion in the epidermis
and dermis (G), which evolved to the necrosis of the tissue characterized by exacerbated inflammatory
infiltrate (H), deposit of fibrin clot (arrow in I) and pycnotic nuclei of the cells (* in I). Batroxrhagin
induced a loss of epidermis (arrows in L) and inflammatory infiltrate especially in the hypodermis
region (arrows in M,N).

2.3. Binding of SVMPs to Plasma and Extracellular Matrix Proteins In Vitro

The binding to the components of the extracellular matrix and basement membrane of the
capillaries through adhesive domains is considered as the first and fundamental step in the onset
the hemorrhage induced by P-II and P-III classes SVMPs. Thus, to explain the strong hemorrhage
generated by Atroxlysin-la, we hypothesized that it would bind to BM proteins by a distinct motif
present in its catalytic domain. To test this hypothesis, we first evaluated the binding to fibrinogen,
fibronectin, collagens I and 1V, laminin and nidogen in solid-phase binding assays. Atroxlysin-Ia
was not able to bind to any ECM or plasma protein tested in contrast to the high affinity binding of
Batroxrhagin to collagen I and collagen IV (Figure 5), once more suggesting that this activity is limited
to motifs present in non-catalytic DC domains.

Tissue-binding of Atroxlysin-Ia was also evaluated in vivo in comparison to Batroxrhagin. Initially,
distribution of toxins labeled with Alexa488 in the skin extension of the mice was evaluated by confocal
microscopy at 20 min after injection (Figure 6). Atroxlysin-la showed a weak and diffuse fluorescence
that accumulated more in the epidermis/dermis region. By contrast, Batroxrhagin was distributed
throughout the skin’s extension and concentrated near the structures of the appendages of the skin
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including the skeletal muscle adjacent to the hypodermis in which Batroxrhagin appeared with a higher
fluorescence mainly around the bundles of muscle fibers. The mice which received bovine serum
albumin instead of toxins (BSA) did not show any fluorescence in the analyzed regions. Batroxrhagin
but not Atroxlysin-la was co-localized with BM proteins as observed by co-staining with laminin
represented by yellow dots in Figure 7C. Taken together, in vitro and in vivo experiments demonstrated
that the strong hemorrhage induced by Atroxlysin-Ia is independent of binding to ECM proteins and
therefore, follows a mechanism that does not involve the steps which are fundamental for PIII-class
SVMP-induced hemorrhage.

Atroxlysin-la (Pl-class) Batroxrhagin (Plll-class)
344 3.5+
£ 3.0 E 3.0 4
= =
3 254 % 2.5 —— Collagen IV
% 20 % o0 —+ Collagen |
2 a2 - Laminin
£ 15 £ 15 i
s = = Nidogen
5 1.0 5 1.0 M
3 2
S 05 2 05 f
0.0 & S 0.0 T T = 1
04 1 10 100 1000 0.1 1 10 100 1000
Concentration of toxin (nM) Concentration of toxin (nV)

Figure 5. Binding of Atroxlysin-la and Batroxrhagin to extracellular matrix components. Microtiter
plates were coated with type I and IV collagens, laminin and nidogen for 18 h at 4 °C. Different dilutions
of toxins were then added to the plates and the binding was detected at 492 nm after incubation with
anti-Batroxrhagin serum produced in mice, followed by anti-mouse IgG peroxidase conjugates and the
enzyme substrate. The results correspond to the mean and SEM of three independent experiments.

BSA Atroxlysin-la Batroxrhagin

Epidermis —>

Dermis —

20 ym 20 pm 20 ym

Hypoderms —

Skeletal
Muscle

Figure 6. Distribution of Atroxlysin-la and Batroxrhagin in the skin. Cryosections were obtained
at 20 min after injection of 10 ug in mice skin. Toxins and BSA (control) were labeled with
Alexa488 emitting green fluorescence. Batroxrhagin accumulated in the basement membrane of
epidermis, skin structures and skeletal muscle cells (arrows). Atroxlysin-la shows a weaker diffuse
fluorescence and BSA did not show any fluorescence. The nuclei of the cells were stained in blue
(4’ 6-diamidino-2-phenylindole) and sections were examined with a confocal microscope.
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Figure 7. Co-localization of Atroxlysin-Ia and Batroxrhagin with basement membrane proteins in the
skin. Cryosections were obtained at 20 min after intradermal injection of 10 pg in mice skin. BSA
(A), Atroxlysin-Ia (B) and Batroxrhagin (C) were labeled with Alexa488 emitting green fluorescence.
The laminin was stained with rabbit polyclonal anti-laminin labelled with Tetramethyl Rhodamine
Isothiocyanate (red). Batroxrhagin co-staining with laminin is represented by yellow dots (arrows in C).
The nuclei of the cells were stained blue (4',6-diamidino-2-phenylindole) and sections were examined
with a confocal microscope.

2.4. Hydrolytic Activity of Hemorrhagic SVMPs In Vitro

Since Atroxlysin-la showed no binding to BM components, we decided to evaluate if differences
in catalytic activity could explain the high levels of hemorrhage observed after injection of the
toxin. For this purpose, we compared Atroxlysin-lIa and Batroxrhagin catalytic activities towards
distinct substrates. Batroxrhagin hydrolyzed more efficiently than Atroxlysin-la a peptidic synthetic
substrate (Abz-AGLA-EDDnp), while Atroxlysin-Ia hydrolyzed fibrin more efficiently (Figure 8A,B,
respectively). Furthermore, due to the importance of degradation of basement membrane components
in the hemorrhage induction process, we compared the hydrolysis of these components in vivo and
in vitro.

A Abz-AGLA-EDDnp B Fibrin
50001 20
£
H N
g £ 1.5
= 5 Atroxlysin-la
2 - Atrodysin-la (50nh) 2 o (AToNly
3 -8 Batroxrhagin (50 nM) 5 1.0 B BaroxiEgin
o
g 5 041
i z
0.04 T T T 1
0 2 4 6 8
Time (min) Concentration of toxin (nM)

Figure 8. Hydrolytic activity of the Atroxlysin-la and Batroxrhagin in vitro. (A) Hydrolysis of synthetic
peptide Abz-AGLA-EDDnp was assayed by fluorimetric assays using 200 nM of the Abz-AGLA-EDDnp
peptide and 50 nM of toxins at 37 °C monitored by fluorescence at AEM 420 nm and AEX 320 nm
using a spectrofluorometer. (B) The fibrinolytic activity was carried out in solidified fibrin-agarose gels.
Different concentrations of the toxins were applied in the gel and the hydrolysis area was measured
after incubation for 18 h at 37 °C. Results are expressed as the area of lysis (cm?). The results are the
mean and standard error (SEM) from three independent experiments.

In the in vitro assays, the hydrolysis of the BM components was executed by incubation of
Atroxlysin-lIa and Batroxrhagin with Matrigel, a reconstituted basement membrane preparation, which
contains laminin as a major component, collagen IV, heparan sulfate proteoglycan, nidogen and
other minor components. Figure 9A shows the kinetics of Matrigel degradation using 8 uM of each
enzyme evaluated by SDS-PAGE. The control lane shows the non-hydrolysed Matrigel with prominent
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bands of laminin (~400 and 225 kDa, a and b, respectively), collagen IV (~400 and ~225 kDa, a and
b, respectively) and nidogen (~102 and 52 kDa, c and d, respectively). The band of ~400 kDa was
hydrolyzed by both SVMPs, however hydrolysis by Atroxlysin-la was faster and degradation was
complete in 3 h of incubation. Hydrolysis of 225 kDa band by Atroxlysin-la was complete within
3 h while hydrolysis by Batroxrhagin was not complete to the end of the experiment. The band of
~102 kDa was not fully depleted within 3 h incubation with both metalloproteinases. Next, we focused
on the specific hydrolysis of laminin, collagen IV and nidogen, by Western blotting of products
generated during a 30 min incubation of matrigel and the SVMPs. Figure 9B, control lane, shows the
intact laminin chains as two major bands, the first corresponding to the «1 chain (~400 kDa) and the
second composed by the 31 and y1 chains (~225 kDa). After incubation with Atroxlysin-la (lane 2),
the a-chain was completely degraded and substantial hydrolysis of the other two chains was also
observed, whereas Batroxrhagin partially hydrolyzed all the chains but not to the same extent. Both
collagen IV chains (~225 and ~400 kDa) were completely hydrolyzed by Atroxlysin-Ia, resulting in
two visible fragments of 52 kDa and 102 kDa, while incubation with Batroxrhagin resulted again
in a weaker degradation. Regarding nidogen, the bigger chains were hydrolyzed by both enzymes,
generating a fragment ~40 kDa, however, the efficiency of Atroxlysin-la hydrolysis was higher and
differed from that of Batroxrhagin, which generated a fragment ~60 kDa.

A B
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
kDa kDa kDa kDa kDa KDa
a .
- —
250—|p 225 225 4 — 225
250— 250_] 150 -
1504 102 150
150— 7 76 4
102_| e 150 10520— 76 52 1024 ) o
102 102 _ 38
76— 76 76 —| 52 317 76|
52— e N - 2 = 38 2 A
38| 38 | 38 ] - 314 17 4 52 . ==
25— 25_| | 25 - J 38|
20 —| S— 20— 20— 24 317
15— |15 15— 17 24
10— -l 10|
30 min 1h 3h Laminin Collagen IV Nidogen
SDS-PAGE Western Blotting

Figure 9. Hydrolysis of the basement membrane components by Atroxlysin-la and Batroxrhagin
in vitro. (A) Matrigel (50 ug) was incubated with 8 pM of each toxin at 37 °C and the products
of hydrolysis were evaluated by SDS-PAGE under reducing conditions. (B) Matrigel (50 ug) was
incubated with 10 pg of each toxin (Atroxlysin-la 16 uM and of Batroxrhagin 8 uM) and the products of
hydrolysis of the laminin, collagen IV and nidogen were evaluated by Western Blotting using specific
antibodies to each basement membrane (BM) protein. Molecular mass markers are indicated on the
left. Experimental groups are: 1—Matrigel (control); 2—Atroxlysin-Ia + Matrigel; 3—Batroxrhagin +
Matrigel. The most abundant components in the control correspond to laminin «1 chain and one chain
of collagen IV (a), laminin 31 and y1 chains and the second chain of collagen IV (b) and nidogen chains
(c and d) and toxin bands are marked with *.

The differences between Atroxlysin-Ia and Batroxrhagin in their proteolytic potency in vitro were
significant, so we decided to evaluate the process in vivo. The hydrolysis of the BM components
was analyzed by immunodetection of laminin and collagen IV in the skin of mice after injection of
the toxins. In Figures 10 and 11, the normal distribution of collagen and laminin in the BM of the
epidermis/dermis interface, around the appendages of the skin and skeletal muscle can be observed
in the control group (BSA). After injection of the toxins, discrete hydrolysis of collagen and laminin
was observed in tissues treated with Batroxrhagin. In contrast, Atroxlysin-la hydrolyzed laminin and
collagen IV immunolocalized in BM of the epidermis/dermis interface, around the appendages of the
skin and skeletal muscle (arrows in Figures 10 and 11). In summary, in vitro Atroxlysin-Ia degraded
laminin and collagen IV faster and more efficiently than Batroxrhagin. In in vivo experiments, collagen
IV and laminin were depleted in the group injected with Atroxlysin-la. These results suggest that the
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higher catalytic activity of Atroxlysin-Ia towards ECM proteins bypasses the binding to ECM, a crucial
step for hemorrhage induced by PIII SVMPs.

BSA Atroxlysin-la Batroxrhagin

Epidermis —

Dermis -

Hypodermis -

Skeletal s
Muscle

Figure 10. Hydrolysis of the laminin by Atroxlysin-la and Batroxrhagin in vivo. Cryosections were
obtained at 20 min after injection of 10 ug of toxins in mice skin. Laminin is stained in red by rabbit
polyclonal anti-laminin labelled with Tetramethyl Rhodamine Isothiocyanate and the nuclei of the
cells was stained blue (4,6-diamidino-2-phenylindole). The control group (BSA) show the normal
distribution of laminin in the BM of the epidermis/dermis interface, around the appendages of the
skin and skeletal muscle. Atroxlysin-Ia hydrolyzed more laminin in BM (arrows) than Batroxrhagin.
Sections were examined with a Confocal Microscope.

BSA Atroxlysin-la
Epidermis —
Dermis -

Batroxrhagin

Hypodermis -
Skeletal
Muscle ~

Figure 11. Hydrolysis of the collagen IV in the skin of mice by Atroxlysin-la and Batroxrhagin

in vivo. The cryosections were obtained at 20 min after injection of 10 pg of toxins in mice skin.
Collagen is stained in red with rabbit polyclonal anti-collagen IV labelled with Tetramethyl Rhodamine
Isothiocyanate and the nuclei of the cells was stained blue (4',6-diamidino-2-phenylindole). The control
group (BSA) show the normal distribution of collagen IV in the BM of the epidermis/dermis interface,
around the appendages of the skin and skeletal muscle and Atroxlysin-Ia hydrolyzed more collagen IV
in BM than Batroxrhagin. Sections were examined with a Confocal Microscope.
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3. Discussion

In this paper we describe unique activities of a PI-class SVMP isolated from Bothrops atrox venom,
Atroxlysin-Ia, that induces strong hemorrhage and dermonecrosis in the skin of mice. Other PI-class
SVMPs have already been isolated from B. atrox venom as HI-5 [31], Batx-I [32] and Batroxase [23,33].
Batroxase showed 89% identity with Atroxlysin-la, while HI-5 and Batx-I have not a complete amino
acid sequence and thus alignment was not possible. Alignment of the sequence obtained with other
Pl-class SVMPs, purified from the B. atrox venom, revealed that the toxin isolated in this work
is an isoform of Atroxlysin-I already isolated from B. atrox venom originating from snakes from
Peru [28]. Interestingly, all these Pl-class SVMPs were considered weakly hemorrhagic, and no
induction of dermonecrosis was described in the former studies. Although the difference observed
between Atroxlysin-la and the previously isolated Atroxlysin-I is only one amino acid, in the previous
study [28] the ability of Atroxlysin-I to induce dermonecrosis have not been reported and the MHD
was much higher than the MHD reported here for Atroxlysin-la. Some hypotheses may be upraised
to explain this difference in hemorrhagic activity. The presence of post-translational modifications
such as the glycosylation pattern may contribute to the complexity of the venom [34]. In this sense,
it has already been demonstrated that the N-glycosylation is very important for the hemorrhagic
activity of SVMPs from B. jararaca venom [35]. However, we searched for putative N-glycosylation
sites in the Atroxlysin-la sequence and no evidence to support this hypothesis was found. Perhaps,
despite the similarity in the purification protocols, some steps may have led to the decrease/loss of
Atroxlysin-I activity during the first purification process [28]. Moreover, differences in animal strains
or experimental procedures may have masked the peculiar hemorrhagic and dermonecrotic activities
of Atroxlysin-I when it was first isolated. As described here, hemorrhage caused by Atroxlysin-Ia was
comparable to hemorrhage induced by Plll-class SVMPs. Atroxlysin-la MHD was 2.2 ug, which is very
similar to the values detected for the PIIl-class SVMPs Batroxrhagin (1.4 ng/mice) [24] and Jararhagin
(1.5 pg/mice) [36] and much higher than the MHD observed for most of the other PI-class SVMP
described in the literature ranging from 10 to 50 pug/mice [20-23], besides many others that do not
cause hemorrhage at all [17-19].

The hemorrhagic process and skin damage are associated with the hydrolysis of the components
of the basement membrane [4,10,11]. The mechanisms of hemorrhage induced by SVMPs currently
accepted in the literature are dependent on non-catalytic domains, which would facilitate hydrolysis
of PII and PIII-class by binding with high affinity to these components. In several activities of SVMPs,
such as inhibition of platelet aggregation, the non-catalytic domains play an important role in the
recognition and selectivity of substrates [37]. However, in this work we describe that Atroxlysin-Ia,
devoid of such domains, shows hemorrhagic activity similar to a PIlI-class SVMP. This observation
indicates that a different mechanism modulates Atroxlysin-la-induced hemorrhage. Thus, we initially
hypothesized that other binding sites present in the metalloproteinase domain could be responsible
for adhesion with targets in the basement membrane. To test this hypothesis, we carried out in vitro
and in vivo binding assays using the different components of extra cellular matrix (ECM). In our
experiments, P-III class SVMP Batroxrhagin was able to bind to collagen 1V, in vitro and in vivo,
and also co-localized with laminin in vivo in a similar fashion as previously described for Jararhagin,
a Plll-class SVM with high level of identity with Batroxrhagin, which is able to bind to collagen
IV [11,38,39]. In contrast, Atroxlysin-Ia did not bind to any tested ECM components and presented
only diffuse tissue-distribution after injection in mice skin. These results reinforce that the binding to
BM components is an important part of induction of hemorrhage by PIII-class SVMPs, nevertheless,
it is not involved in the mechanism of Atroxlysin-la action.

Hydrolysis of the basement membrane components has been ascribed as the key mechanism
responsible for SVMPs hemorrhagic activity. Thereby, the next step was to analyze the hydrolytic
activity of Atroxlysin-la and Batroxrhagin using different substrates. In the in vitro assays,
Batroxrhagin was more active in the hydrolysis of a synthetic peptide substrate (Abz-AGLA-EDDnp)
and Atroxlysin-la was more active in the hydrolysis of macromolecular substrates, such as fibrin,
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and induced almost complete hydrolysis of laminin, collagen IV and nidogen assembled in Matrigel.
In the in vivo experiments, both toxins degraded laminin and collagen IV, although Atroxlysin-Ia
has totally depleted collagen IV at the lesion site. In a different study, the catalytic activity of
BaP1, considered as weakly hemorrhagic, and Leucurolysin-A, devoid of hemorrhagic activity was
compared [12]. Both BaP1 and Leucurolysin-A showed a similar pattern of hydrolysis of laminin,
nidogen and perlecan in vitro, although collagen IV was digested in vivo only by BaP1. The hydrolysis
of collagen IV by SVMPs is attributed as the main event for the development of bleeding through
the rupture of the capillaries [11,12,15,40]. The degradation of collagen IV in vivo by Jararhagin,
a hemorrhagic Plll-class SVMP, and BnP1, a very weakly hemorrhagic Pl-class SVMP, has also been
compared showing marked degradation of collagen IV by Jararhagin [11]. Our results are in agreement
with the role of collagen IV hydrolysis as a crucial point to generate hemorrhage, since both toxins
degrade this component very well in vivo. In addition, hydrolysis of laminin may be a contributory
factor to Atroxlysin-la-induced hemorrhage. Collagen IV and laminin individually self-assemble into
superstructures and these networks are very important for BM stability [41,42]. The laminin and
collagen IV networks are connected by nidogen and perlecan bridge and thus influence the structural
integrity of BM [43]. Atroxlysin-Ia depleted almost entirely the laminin present in the basal lamina
below the epidermis. Although Batroxrhagin was co-localized with laminin in that region, the extent
of degradation was lower than in the case of Atroxlysin-Ia.

Based on these results we reinforce that the hydrolysis of BM components, especially collagen
IV, acts as a key factor for the induction of hemorrhage. Although Atroxlysin-la does not exhibit DC
domains and is not be able to co-localize with BM components in the skin, it is able to deplete collagen
IV and hydrolyze laminin in vivo. Our data suggest that Atroxlysin-Ia bypasses the binding step
characteristic of the PIII-class SVMPs due to its high catalytic activity towards BM proteins. In the
literature, differences were described in the region close to the active site, which could explain this
discrepancy in activities between SVMPs. The region which comprises residues 153-176, could
influence the interaction with substrates of the ECM [44,45]. In addition, hemorrhagic Pl-class
SVMPs exhibit extensive acidic aminoacid spots, which would facilitate the attraction of positive
charges of the substrates [46]. In a recently published article [47], the authors compare two dynamical
models of Atroxlysin-I with Leucurolysin-A, considered in this study as examples of hemorrhagic and
non-hemorrhagic PI-class SVMP respectively. The analysis revealed some changes in local structure,
surface and flexibility that could contribute to explain the differences in activity between the two
toxins. The region corresponding to residues 149-178 (long Q2-loop) is more flexible in Atroxysin-I, and,
in addition, marked differences were observed in the surface electrostatic potential around the active
site. Thus, probably this region of Atroxlysin-la around the active site, that presents more flexibility
and greater electrostatic potential, is facilitating the attraction and anchoring of the substrates of the
ECM. In this way, it would explain in part the high catalytic activity observed in this work, but more
in-depth studies regarding the specificity to BM substrates are necessary to better understand the
higher catalytic activity of Atroxlysin-la compared to other weakly-hemorrhagic PI-class SVMPs.

Atroxlysin-Ia also induced necrosis in mice skin in a very peculiar fashion. First, necrosis was
rapidly established inducing a detachment of the epidermis layer within 20 min. Interestingly,
the lesion did not increase macroscopically in a time-dependent pattern. However, drastic and
more extensive alterations were microscopically observed, characterized by loss of epidermis, necrosis
of the dermis, strong inflammatory infiltrate and formation of eschar after at 24 h after an injection.
The minimum necrotizing dose (MND) of Atroxlysin-la was of 1.8 ug when analyzed at 24 h after
the injection, which is a dose much smaller than those observed for any other PI- or PIII-class SVMPs.
One reason why the skin lesion does not increase macroscopically could be related to the fast diffusion
of the toxin, as it does not exhibit the adhesive domains present in the PIll-class SVMPs to localize in
the tissue. This may be supported by results showing the diffuse distribution of Atroxlysin-Ia in the
skin after injection of Alexa-488-labeled toxin, while Batroxrhagin was co-localized with the basement
membrane. One hypothesis to explain the unique dermonecrotic action of Atroxlysin-la could be its
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efficacy in laminin hydrolysis. In other studies reporting epidermal damages as human junctional
epidermolysis bullosa [48] it was shown that mutations in the laminin molecule result in impaired
anchorage and detachment of the epidermis, similar to the lesions described here.

The identification of a potent dermonecrotic factor in B. atrox venom has a clinical implication
explaining why some patients bitten by B. atrox present more severe local lesions. Moreover,
dermonecrosis induced by B. atrox venom in mice is not neutralized by antivenom, except if the
antivenom is administrated soon after venom injection [49]. Thus, our results are important since they
indicate that dermonecrosis is a direct effect of toxins and Atroxlysin-Ia may contribute greatly to the
patient’s local condition thus deserving special attention for its neutralization by antivenoms.

In conclusion, we propose that a different mechanism is responsible for the induction of
hemorrhage by Atroxlysin-la. While PIll-class SVMPs cause hemorrhage primarily due to their
adhesive capacity to collagen IV and laminin, Atroxlysin-la bypasses the binding step due to its high
hydrolyzing activity on the components of the basement membrane, mainly laminin and collagen
IV. Laminin degradation may be the key factor in the development of dermonecrosis observed in the
skin of mice and the hydrolysis of collagen IV may be the main event causing hemorrhage. Therefore,
with these data, we describe another mechanism of induction of hemorrhage based mainly on a high
catalytic activity specific to ECM components.

4. Materials and Methods

4.1. Venom

B. atrox venom pool was obtained by Herpetology Laboratory, Instituto Butantan, Sao Paulo,
Brazil. The venom was extracted from snakes maintained in captivity at Herpetology Laboratory,
collected in distinct States of the Brazilian Amazon and maintained for more than 10 years in captivity
under controlled light and temperature and fed with rodents. The IBAMA license for Management
Authorization of Wildlife was 3550.6429/2012-SP. The venom was lyophilized and stored frozen
until use.

4.2. Animals

Swiss mice of both sexes (18-20 g) were obtained from the central animal house of Instituto
Butantan. The animal protocols used in this work were evaluated and approved by the Animal
Use and Ethic Committee (CEUAIB) of the Instituto Butantan (Protocol 1270/14). They are in
accordance with COBEA guidelines and the National law for Laboratory Animal Experimentation
(Law No. 11.794, 8 October 2008).

4.3. Purification of SVMPs

The PIII-class SVMP named Batroxrhagin was isolated from B. atrox venom was isolated as
previously described [24], and used for comparison of biological activities. The PI-class SVMP was
isolated by size exclusion and ion exchange chromatographies (AKTA explorer 10S, GE Healthcare,
Pittsburgh, PA, USA). Approximately 50 mg of B. atrox venom were dissolved in 200 uL of elution
buffer (20 mM Tris-HCl + 150 mM NaCl + 1 mM CaCl,, pH 7.8) and centrifuged at 14,000 g for 10 min.
After centrifugation, the pellet was discarded and the supernatant was injected into the column HiPrep
16/60 Sephacryl 5-200 HR (120 mL 16 x 600 mm, GE Healthcare, Pittsburgh, PA, USA). The parameters
for elution were flow rate at 0.5 mL/min, detection system UV,g0nm and isocratic elution for 260 min.
The fractions possessing hemorrhagic and dermonecrotic activities were dialyzed against buffer A
(20 mM Tris-HC1 + 1 mM CaCly, pH 8.5). After dialysis, samples were manually injected (loop of 2 mL)
into an anion exchange column (Mono Q 5/50 GL, 1 mL 5 x 50 mm; GE Healthcare, Pittsburgh, PA,
USA) and the elution was performed with buffer A at a flow rate of 1 mL/min, detection system
UVag0nm, with a gradient of 0 to 1 M NaCl, as follows: 0 M NaCl for 6 min, followed by 0 to 0.2 M NaCl
over 20 min, 0.2 to 1 M NaCl over 7 min and 1 M NaCl for 7 min. Again the fractions were evaluated
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for their ability to cause hemorrhage and dermonecrosis and the selected fraction was stored at —80 °C
until use.

4.4. Protein Identification

The selected protein fraction was analyzed previously SDS-PAGE method as described by [50]
using a 12.5% gel, under native or reducing condition by treatment with 2-Mercaptoethanol (58.3 mM).
Gels were stained with 0.1% Coomassie Brilliant Blue R-250 and after destaining the gel, the protein
band was excised and in gel digested with trypsin [51]. For desalinization the sample was loaded in
Sep-pak C18 cartridges (Waters, Milford, USA) previously conditioned with 0.1% TFA and eluted with
0.1% TFA in H,O/acetonitrile (ACN) (50:50). The resulting peptide eluate was dried using a speedvac
concentrator and dissolved in 20 pL of 0.1% formic acid (solution A). Each peptide mixture (5 uL)
was injected into a 4 cm C-18 trap column 10 pm Aqua C-18 beads (Phenomenex, Torrance, CA, USA)
(100 um LD.) coupled to an LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, Waltham,
MA ,USA). Chromatographic separation of tryptic peptides was performed on 10 cm long column
(75 pm LD.) packed in-house with 5 um Aqua C-18 beads (Phenomenex, Torrance, CA, USA).
Peptides were eluted with a linear gradient of 5-40% acetonitrile in 0.1% formic acid (solution B)
at 300 nL/min in 45 min. Spray voltage was set at 2.0 kV and the mass spectrometer was operated
in data dependent mode, in which one full MS scan was acquired in the m/z range of 200-2000
followed by MS/MS acquisition using collision-induced dissociation of the ten most intense ions from
the MS scan. MS spectra were acquired in the Orbitrap analyzer at 60,000 resolution (at 400 m/z)
whereas the MS/MS scans were acquired in the linear ion trap. Isolation window, activation time
and normalized collision energy were set to, respectively, 2 m/z, 10 ms and 35%.The search in
the database and identification of peptides/proteins was performed using the Mascot program
(version 2.4.1; Matrix Science, London, UK) using as database composed of 152 transcript sequences
derived from the analysis of venom glands from five adult specimens of B. atrox captured at Tapajos
National Forest (n = 3) and at pasture area in the municipality of Oriximina (n = 2), in Para State, Brazil
(Gene Bank SRA SRP(056745); sequences available under accession numbers JAV01810.1 to JAV01961.1.
Search parameters were: parent tolerance of 10 ppm and fragment tolerance of 0.5 Da; iodoacetamide
derivatives of cysteine and oxidation of methionine were specified in Mascot, respectively, as fixed
and variable modifications.

4.5. Proteolytic Activity Assays In Vitro

4.5.1. Fluorimetric Assays

The fluorimetric assays were performed using FRET (Fluorescence Resonance Energy Transfer)
peptides as described [52] and modified [53]. The FRET peptide used was Abz-AGLA-EDDnp
(MM 657.65 Da) from GenOne Biotechnologies (Rio de Janeiro, R], Brazil). For assays the concentration
of FRET peptide was 200 uM in the reaction buffer (50 mM Tris-HCI, 10 mM CaCl,, 150 mM NaCl,
0.05% Brij 35™, pH 7.5). Toxins were diluted with the same buffer in equimolar concentrations.
The reactions was carried out at 37 °C and were monitored by measuring fluorescence at Agy; 420 nm
and Apx 320 nm using a spectrofluorimeter (SpectraMax M2, Molecular Devices, Sunnyvale, CA, USA)
in kinetics mode. The activity was expressed as mean and standard error (SEM) of relative fluorescence
units of three independent experiments.

4.5.2. Hydrolysis of Fibrin

The hydrolysis of fibrin was accessed according to the method described by [54] and modified
by [55]. Samples (50 pL) of isolated SVMPs at different concentrations were applied to small holes
made in plates containing a layer of solidified fibrin-agarose gel (2% low melting agarose; Amresco®,
Solon, OH, USA), 3 mg/mL of bovine fibrinogen (Sigma-Aldrich, St. Louis, MO, USA) and 2 U/mL of

thrombin (Sigma-Aldrich, St. Louis, MO, USA) in 50 mM Tris-HCI containing 200 mM NaCl, 50 mM
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CaCl,, pH 7.3. Plates were incubated at 37 °C for 18 h and the hydrolysis halo was obtained by
subtracting the area of lysis from the area of the sample well. Results are expressed as mean and
standard error (SEM) of the area of lysis (cm?) from three independent experiments.

4.5.3. Hydrolysis of Proteins of the Basement Membrane

Proteolysis of the BM components was evaluated as described [12], with some modifications.
The SVMPs were incubated with Matrigel (Sigma-Aldrich, St. Louis, MO, USA), a reconstituted BM
extracted from the Engelbreth-Holm-Swarm mouse sarcoma, at an enzyme/substrate ratio of 0.5:10
and 1:10 (w:w); incubations were maintained for 30 min, 1 h and 3 h, at 37 °C. Matrigel incubated
without SVMPs was used as control. Reactions were stopped by addition of SDS-PAGE sample buffer,
with reducing agent (58.3 mM of 2-Mercaptoethanol), boiled for 5 min and analyzed by SDS-PAGE
and Western Blotting.

For SDS-PAGE, contents of the reaction mixture were separated using a 5 to 15% gradient gel under
reducing conditions. Gels were stained with 0.1% Coomassie Brilliant Blue R-250 and the molecular
masses calculated by comparison with the rainbow molecular mass standards (GE Healthcare,
Pittsburgh, PA, USA). For Western Blotting, after SDS-PAGE the proteins were electro-transferred to
nitrocellulose membranes for 1 h (30 V and 60 mA). Membranes were blocked for 2 h with 5% low-fat
milk in TBS (Tris-buffered saline) and incubated overnight at 4 °C with 0.35 pg/mL rabbit polyclonal
anti-laminin (Novus Biologicals, Littleton, CO, USA), 10 pg/mL rabbit polyclonal anti-collagen
IV (Fitzgerald, Acton, MA , USA), or 0.6 ng/mL goat polyclonal anti-nidogen 1(R&D Systems,
Minneapolis, MN, USA). After incubation the membranes were washed with TBS and incubated
with peroxidase-conjugated anti-rabbit IgG (1:1000) or anti-goat IgG (1:250) (Sigma-Aldrich, St. Louis,
MO, USA) at room temperature for 1 h and the reactive bands were detected by incubation with
4-chloro-a-naphthol (Sigma-Aldrich, St. Louis, MO, USA) and H,0,.

4.6. Binding of SVMPs to Plasma and Extracellular Matrix Proteins In Vitro

The adhesion of SVMPs with fibrinogen, fibronectin, collagens I and IV, laminin and nidogen was
estimated according to the method reported previously [39] with some modifications. Microtiter plates
(Costar® High Binding/Corning, Corning, NY, USA) were coated with collagens I and IV, laminin,
fibrinogen, fibronectin (10 pg/mL) and nidogen (5 pg/mL) in carbonate-bicarbonate buffer (pH 9.6),
and incubated for 18 h at 4 °C. Plates were washed with TBS and incubated for 2 h with 2% low-fat
milk in TBS at 37 °C. Different dilutions of toxins were added to the wells and incubated for 1 h at
37 °C, followed by washing and an additional incubation with mouse anti-Batroxrhagin serum at
a dilution of 1:100 for 1 h at 37 °C. After washing, plates were incubated with peroxidase-conjugated
anti-mouse IgG (Sigma-Aldrich, St. Louis, MO, USA) at a dilution of 1:2000 for 1 h at 37 °C. Reaction
were revealed by adding 15 mg/mL of O-Phenylenediamine (Sigma-Aldrich, St. Louis, MO, USA)
containing 0.06% of HyO, and stopped with 30% H,SO4. The binding was detected at 492 nm in
a plate reader (SpectraMax M2, Molecular Devices, Sunnyvale, CA, USA) and results are expressed as
mean and SEM of the reading from three independent experiments.

4.7. Biological Activities In Vivo

Hemorrhagic and Dermonecrotic Activities

The activities were determined according on the method previously described [56] with some
modifications. Different concentrations of the isolated PI-class SVMP in 50 pL of phosphate-buffered
saline (PBS) were injected intradermally into the dorsal skin of mice. The animals were euthanized
in a CO; chamber at 20 min, 3, 6 and 24 h after an injection and the dorsal skin was removed,
digitized and saved in RGB (Red, Green and Blue) format files for processing in a Matlab script [57]
using the procedure described previously [58]. The different components of the image were selected
using a threshold device [59] and a morphological gradient processor to obtain the hemorrhagic area.
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The area was measured using the approach of Dougherty and Lotufo [60]. The minimum hemorrhagic
dose (MHD) was defined as the protein dose (ug) that produced hemorrhages with a mean diameter
of 10 mm at 3 h after injection. The minimum necrotizing dose (MND) was considered as the least
amount of toxin in pug injected intradermally that resulted in a necrotic lesion of 5 mm diameter 24 h
after injection. Groups of 3 animals were tested in three independent experiments for the determination
of MHD and groups of 4 animals were tested for the determination of MND. The hemorrhage and
dermonecrosis were also investigated with SVMPs pre-incubated for 30 min at 37 °C with PMSF
(20 mM of Phenylmethylsulfonyl fluoride diluted in ethanol) or O-Phe (20 mM of 1,10-Phenanthroline
diluted in dimethyl sulfoxide). Inhibition of activities was analyzed at 3 h after the injection and
groups of 4 animals were used.

4.8. Histological Analysis and Detection of ECM Components

Histological analysis of the lesions induced by toxins was carried out after injection of 10 pg
of pure toxins or conjugated with Alexa Fluor 488 for immunodetection of toxins in the tissue. PBS
or Alexa Fluor 488 conjugated BSA (bovine serum albumin) were used as controls. The animals
were euthanized at 20 min or 24 h after the injection and the dorsal skin corresponding to the site of
the injection was carefully dissected out and subjected to paraffinization or frozen in OCT (Optimal
cutting temperature). After paraffinization sections of 5 mm were adhered to glass slides using 0.1%
poly-L-Lysine (Sigma-Aldrich, St. Louis, MO, USA) and dried at room temperature. The histological
sections were dewaxed in xylol, hydrated in distilled water and staining the sections using hematoxylin
and eosin staining for general tissue inspection. After this process, the slides were subjected to
dehydration, diaphanization and assembly.

The distribution of toxins and distribution of basement membrane components was analysed by
immunofluorescence. Sections (5 mm) from frozen tissues were adhered to glass slides using 0.1%
poly-L-Lysine and fixed in 3.7% formaldehyde for 15 min at room temperature. The sections were
blocked by incubating for 2 h at room temperature with PBS containing 1% triton X-100, 5% normal
goat serum, 1% BSA, 0.5% glycine and 0.5% fish skin gelatin. After this, sections were incubated with
rabbit polyclonal anti-laminin (Novus Biologicals, Littleton CO, USA), 10 pg/mL rabbit polyclonal
anti-collagen IV (Fitzgerald, Acton, MA, USA) for 18 h at 4 °C. The sections were washed with PBS and
incubated with TRITC-labeled (Tetramethyl Rhodamine Isothiocyanate) goat anti-rabbit IgG (Jackson
ImmunoResearch, West Grove, PA, USA) and 4’,6-diamidino-2-phenylindole (DAPI) (Molecular Probes,
Thermo Fisher Scientific, Waltham, MA, USA), at a 1:100 and 1:5000 dilution respectively, for 90 min at
room temperature. The sections were examined at least 10 different fields with a Confocal Microscope
Zeiss LSM 780-NLO (Zeiss, Oberkochen, Germany).

4.9. Statistical Analysis

The results are expressed as the mean and standard error (SEM) of the mean. Analysis of Variance
(ANOVA) One-Way followed by Tukey post-test (for multiple comparisons) were used for comparison
of means. The level of significance was set at p < 0.05.

Acknowledgments: This study was supported by Coordination for the Improvement of Higher Level Education
Personnel—CAPES (063 /2010-Toxinology—AuxPE 1209/2011, 1224/2011 and 1519/2011), Sao Paulo Research
Foundation—FAPESP (2013/07467-1, 2014/26058-8 and 2016/50127-5) and Brazilian National Council for
Scientific and Technological Development—CNPq (131820/2014-1). The authors wish to thank José Anténio Portes
Junior, Juliana Lech Bernardoni, Paloma Knittel and Michelle Almeida for technical support in the standardization
and development of enzymatic and biological tests.

Author Contributions: Conceptualization: L.A.F-d.-S. and A.M.M.-d.-S.; Experimental design: L.A.F.-d.-S.,
M.C.,, SM.T'S., M.L.-F;; Data analysis: L.A.F.-d.-S. and A.M.M.-d.-S.; Manuscript writing: L.A.F.-d.-S., SM.T.S,,
AMM.-d.-S,; Funding acquisition: A.M.M.-d.-S.

Conflicts of Interest: The authors declare no conflict of interest.



Toxins 2017, 9, 239 17 of 20

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Hati, R.; Mitra, P.; Sarker, S.; Bhattacharyya, K.K. Snake venom hemorrhagins. Crit. Rev. Toxicol. 1999, 29,
1-19. [CrossRef] [PubMed]

Gutiérrez, J.M.; Romero, M.; Nufiez, J.; Chaves, F.; Borkow, G.; Ovadia, M. Skeletal muscle necrosis and
regeneration after injection of bah1l, a hemorrhagic metalloproteinase isolated from the venom of the snake
Bothrops asper (terciopelo). Exp. Mol. Pathol. 1995, 62, 28-41. [CrossRef] [PubMed]

Gutiérrez, ].M.; Rucavado, A.; Chaves, F; Diaz, C.; Escalante, T. Experimental pathology of local tissue
damage induced by Bothrops asper snake venom. Toxicon 2009, 54, 958-975. [CrossRef] [PubMed]

Jiménez, N.; Escalante, T.; Gutiérrez, ].M.; Rucavado, A. Skin pathology induced by snake venom
metalloproteinase: Acute damage, revascularization, and re-epithelization in a mouse ear model.
J. Investig. Dermatol. 2008, 128, 2421-2428. [CrossRef] [PubMed]

Moura-da-Silva, A.M.; Butera, D.; Tanjoni, I. Importance of snake venom metalloproteinases in cell biology:
Effects on platelets, inflammatory and endothelial cells. Curr. Pharm. Des. 2007, 13, 2893-2905. [CrossRef]
[PubMed]

Moura-da-Silva, A.M.; Laing, G.D.; Paine, M.].; Dennison, ].M.; Politi, V.; Crampton, J.M.; Theakston, R.D.
Processing of pro-tumor necrosis factor-alpha by venom metalloproteinases: A hypothesis explaining local
tissue damage following snake bite. Eur. J. Immunol. 1996, 26, 2000-2005. [CrossRef] [PubMed]

Laing, G.D,; Clissa, P.B.; Theakston, R.D.; Moura-da-Silva, A.M.; Taylor, M.]. Inflammatory pathogenesis
of snake venom metalloproteinase-induced skin necrosis. Eur. J. Immunol. 2003, 33, 3458-3463. [CrossRef]
[PubMed]

Lopes, D.S.; Baldo, C.; Oliveira, C.E.F,; de Alcantara, T.M.; Oliveira, ].D.; Gourlart, L.R.; Hamaguchi, A.;
Homsi-Brandeburgo, M.I.; Moura-da-Silva, A.M.; Clissa, P.B.; et al. Characterization of inflammatory
reaction induced by neuwiedase, a p-i metalloproteinase isolated from Bothrops neuwiedi venom. Toxicon
2009, 54, 42-49. [CrossRef] [PubMed]

Fox, ].W.; Serrano, S.M. Structural considerations of the snake venom metalloproteinases, key members of
the m12 reprolysin family of metalloproteinases. Toxicon 2005, 45, 969-985. [CrossRef] [PubMed]
Gutiérrez, J.M.; Rucavado, A.; Escalante, T, Diaz, C. Hemorrhage induced by snake venom
metalloproteinases: Biochemical and biophysical mechanisms involved in microvessel damage. Toxicon 2005,
45,997-1011. [CrossRef] [PubMed]

Baldo, C.; Jamora, C.; Yamanouye, N.; Zorn, T.M.; Moura-da-Silva, A.M. Mechanisms of vascular
damage by hemorrhagic snake venom metalloproteinases: Tissue distribution and in situ hydrolysis.
PLoS Negl. Trop. Dis. 2010, 4, e727. [CrossRef] [PubMed]

Escalante, T.; Ortiz, N.; Rucavado, A.; Sanchez, E.F.,; Richardson, M.; Fox, J.W.; Gutiérrez, J.M. Role of
collagens and perlecan in microvascular stability: Exploring the mechanism of capillary vessel damage by
snake venom metalloproteinases. PLoS ONE 2011, 6, €28017. [CrossRef] [PubMed]

Shannon, ].D.; Baramova, E.N.; Bjarnason, J.B.; Fox, ].W. Amino acid sequence of a Crotalus atrox venom
metalloproteinase which cleaves type iv collagen and gelatin. J. Biol. Chem. 1989, 264, 11575-11583. [PubMed]
Escalante, T.; Shannon, J.; Moura-da-Silva, A.M.; Gutiérrez, ].M.; Fox, ].W. Novel insights into capillary
vessel basement membrane damage by snake venom hemorrhagic metalloproteinases: A biochemical and
immunohistochemical study. Arch. Biochem. Biophys. 2006, 455, 144-153. [CrossRef] [PubMed]

Herrera, C.; Escalante, T.; Voisin, M.B.; Rucavado, A.; Morazan, D.; Macédo, J.K.; Calvete, ].J.; Sanz, L.;
Nourshargh, S.; Gutiérrez, ].M.; et al. Tissue localization and extracellular matrix degradation by pi, pii and
piii snake venom metalloproteinases: Clues on the mechanisms of venom-induced hemorrhage. PLoS Negl.
Trop. Dis. 2015, 9, e0003731. [CrossRef] [PubMed]

Rodrigues, V.M.; Soares, A.M.; Andriao-Escarso, S.H.; Franceschi, A.M.; Rucavado, A.; Gutiérrez, ].M.;
Giglio, ].R. Pathological alterations induced by neuwiedase, a metalloproteinase isolated from Bothrops
neuwiedi snake venom. Biochimie 2001, 83, 471-479. [CrossRef]

Marcussi, S.; Bernardes, C.P.; Santos-Filho, N.A.; Mazzi, M.V.; Oliveira, C.Z.; Izidoro, L.F,; Fuly, ALL,;
Magro, AlJ.; Braz, A.S.; Fontes, M.R.; et al. Molecular and functional characterization of a new
non-hemorrhagic metalloprotease from Bothrops jararacussu snake venom with antiplatelet activity. Peptides
2007, 28, 2328-2339. [CrossRef] [PubMed]


http://dx.doi.org/10.1080/10408449991349168
http://www.ncbi.nlm.nih.gov/pubmed/10066158
http://dx.doi.org/10.1006/exmp.1995.1004
http://www.ncbi.nlm.nih.gov/pubmed/7556589
http://dx.doi.org/10.1016/j.toxicon.2009.01.038
http://www.ncbi.nlm.nih.gov/pubmed/19303033
http://dx.doi.org/10.1038/jid.2008.118
http://www.ncbi.nlm.nih.gov/pubmed/18449209
http://dx.doi.org/10.2174/138161207782023711
http://www.ncbi.nlm.nih.gov/pubmed/17979734
http://dx.doi.org/10.1002/eji.1830260905
http://www.ncbi.nlm.nih.gov/pubmed/8814237
http://dx.doi.org/10.1002/eji.200324475
http://www.ncbi.nlm.nih.gov/pubmed/14635056
http://dx.doi.org/10.1016/j.toxicon.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19285999
http://dx.doi.org/10.1016/j.toxicon.2005.02.012
http://www.ncbi.nlm.nih.gov/pubmed/15922769
http://dx.doi.org/10.1016/j.toxicon.2005.02.029
http://www.ncbi.nlm.nih.gov/pubmed/15922771
http://dx.doi.org/10.1371/journal.pntd.0000727
http://www.ncbi.nlm.nih.gov/pubmed/20614020
http://dx.doi.org/10.1371/journal.pone.0028017
http://www.ncbi.nlm.nih.gov/pubmed/22174764
http://www.ncbi.nlm.nih.gov/pubmed/2745407
http://dx.doi.org/10.1016/j.abb.2006.09.018
http://www.ncbi.nlm.nih.gov/pubmed/17055999
http://dx.doi.org/10.1371/journal.pntd.0003731
http://www.ncbi.nlm.nih.gov/pubmed/25909592
http://dx.doi.org/10.1016/S0300-9084(01)01282-2
http://dx.doi.org/10.1016/j.peptides.2007.10.010
http://www.ncbi.nlm.nih.gov/pubmed/18006118

Toxins 2017, 9, 239 18 of 20

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Bernardes, C.P.; Santos-Filho, N.A.; Costa, T.R.; Gomes, M.S.; Torres, FS.; Costa, J.; Borges, M.H.;
Richardson, M.; dos Santos, D.M.; de Castro Pimenta, A.M.; et al. Isolation and structural characterization of
a new fibrin(ogen)olytic metalloproteinase from Bothrops moojeni snake venom. Toxicon 2008, 51, 574-584.
[CrossRef] [PubMed]

Bello, C.A.; Hermogenes, A.L.; Magalhaes, A.; Veiga, S.S.; Gremski, L.H.; Richardson, M.; Sanchez, E.F.
Isolation and biochemical characterization of a fibrinolytic proteinase from Bothrops leucurus (white-tailed
jararaca) snake venom. Biochimie 2006, 88, 189-200. [CrossRef] [PubMed]

Bernardes, C.P.; Menaldo, D.L.; Camacho, E.; Rosa, ]J.C.; Escalante, T.; Rucavado, A.; Lomonte, B.;
Gutiérrez, ].M.; Sampaio, S.V. Proteomic analysis of Bothrops pirajai snake venom and characterization
of bpirmp, a new p-i metalloproteinase. J. Proteom. 2013, 80, 250-267. [CrossRef] [PubMed]

Torres-Huaco, ED.; Ponce-Soto, L.A.; Martins-de-Souza, D.; Marangoni, S. Purification and characterization
of a new weak hemorrhagic metalloproteinase bmhf-1 from Bothrops marajoensis snake venom. Protein J. 2010,
29, 407-416. [CrossRef] [PubMed]

Gutiérrez, ].M.; Romero, M.; Diaz, C.; Borkow, G.; Ovadia, M. Isolation and characterization of a
metalloproteinase with weak hemorrhagic activity from the venom of the snake Bothrops asper (terciopelo).
Toxicon 1995, 33, 19-29. [CrossRef]

Cintra, A.C.; De Toni, L.G.; Sartim, M.A.; Franco, J.J.; Caetano, R.C.; Murakami, M.T.; Sampaio, S.V. Batroxase,
a new metalloproteinase from B. atrox snake venom with strong fibrinolytic activity. Toxicon 2012, 60, 70-82.
[CrossRef] [PubMed]

Freitas-de-Sousa, L.A.; Amazonas, D.R.; Sousa, L.F; Sant’Anna, S.S.; Nishiyama, M.Y.; Serrano, S.M.;
Junqueira-de-Azevedo, L.L.; Chalkidis, H.M.; Moura-da-Silva, A.M.; Mourao, R.H. Comparison of venoms
from wild and long-term captive Bothrops atrox snakes and characterization of batroxrhagin, the predominant
class piii metalloproteinase from the venom of this species. Biochimie 2015, 118, 60-70. [CrossRef] [PubMed]
Melgarejo, A.R. Serpentes pegonhentas do Brasil. In Animais Peconhentos no Brasil, 2nd ed.; Cardoso, J.L.C.,
de Siqueira Franga, FO., Wen, FH., Mdlaque, CM.S.A., Haddad, V., Jr., Eds.; Sarvier: Sao Paulo, Brazil, 2009; p. 56.
Pardal, PP; Souza, S.M.; Monteiro, M.R.; Fan, HW.; Cardoso, J.L.; Franga, F.O.; Tomy, S.C.; Sano-Martins, L.S.;
de Sousa-e-Silva, M.C.; Colombini, M.; et al. Clinical trial of two antivenoms for the treatment of bothrops
and lachesis bites in the north eastern amazon region of brazil. Trans. R. Soc. Trop. Med. Hyg. 2004, 98, 28—42.
[CrossRef]

Sousa, L.F,; Nicolau, C.A.; Peixoto, P.S.; Bernardoni, J.L.; Oliveira, S.S.; Portes-Junior, J.A.; Mourao, R.H.;
Lima-dos-Santos, I.; Sano-Martins, 1.S.; Chalkidis, H.M.; et al. Comparison of phylogeny, venom composition
and neutralization by antivenom in diverse species of Bothrops complex. PLoS Negl. Trop. Dis. 2013, 7, €2442.
[CrossRef] [PubMed]

Sanchez, E.F,; Schneider, FS.; Yarleque, A.; Borges, M.H.; Richardson, M.; Figueiredo, S.G.; Evangelista, K.S.;
Eble, ].A. The novel metalloproteinase atroxlysin-i from peruvian Bothrops atrox (jergdn) snake venom acts
both on blood vessel ecm and platelets. Arch. Biochem. Biophys. 2010, 496, 9-20. [CrossRef] [PubMed]
Watanabe, L.; Shannon, ].D.; Valente, R.H.; Rucavado, A.; Alape-Girén, A.; Kamiguti, A.S.; Theakston, R.D.;
Fox, J.W.; Gutiérrez, ].M.; Arni, RK. Amino acid sequence and crystal structure of bap1, a metalloproteinase
from Bothrops asper snake venom that exerts multiple tissue-damaging activities. Protein Sci. 2003, 12,
2273-2281. [CrossRef] [PubMed]

ClustalW. Available online: https:/ /npsa-prabi.ibcp.fr (accessed on 17 March 2017).

Petretski, ].H.; Kanashiro, M.M.; Rodrigues, EG.; Alves, EW.; Machado, O.L.T.; Kipnis, T.L. Purification and
identification of a 25 kda hemorrhagin from B. Atrox venom. Protein Pept. Lett. 2001, 8, 187-192. [CrossRef]
Patifio, A.C.; Pereafiez, J.A.; Nufiez, V.; Benjumea, D.M.; Fernandez, M.; Rucavado, A.; Sanz, L,;
Calvete, J.J. Isolation and biological characterization of batx-i, a weak hemorrhagic and fibrinogenolytic pi
metalloproteinase from colombian Bothrops atrox venom. Toxicon 2010, 56, 936-943. [CrossRef] [PubMed]
Menaldo, D.L.; Jacob-Ferreira, A.L.; Bernardes, C.P; Cintra, A.C.; Sampaio, S.V. Purification procedure for the
isolation of a p-i metalloprotease and an acidic phospholipase a2 from Bothrops atrox snake venom. J. Venom.
Anim. Toxins Incl. Trop. Dis. 2015, 21, 28. [CrossRef] [PubMed]

Fox, ].W.; Serrano, S.M. Insights into and speculations about snake venom metalloproteinase (svmp)
synthesis, folding and disulfide bond formation and their contribution to venom complexity. FEBS J.
2008, 275, 3016-3030. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.toxicon.2007.11.017
http://www.ncbi.nlm.nih.gov/pubmed/18187176
http://dx.doi.org/10.1016/j.biochi.2005.07.008
http://www.ncbi.nlm.nih.gov/pubmed/16139412
http://dx.doi.org/10.1016/j.jprot.2013.01.021
http://www.ncbi.nlm.nih.gov/pubmed/23385358
http://dx.doi.org/10.1007/s10930-010-9267-z
http://www.ncbi.nlm.nih.gov/pubmed/20607373
http://dx.doi.org/10.1016/0041-0101(94)00138-X
http://dx.doi.org/10.1016/j.toxicon.2012.03.018
http://www.ncbi.nlm.nih.gov/pubmed/22483847
http://dx.doi.org/10.1016/j.biochi.2015.08.006
http://www.ncbi.nlm.nih.gov/pubmed/26276061
http://dx.doi.org/10.1016/S0035-9203(03)00005-1
http://dx.doi.org/10.1371/journal.pntd.0002442
http://www.ncbi.nlm.nih.gov/pubmed/24069493
http://dx.doi.org/10.1016/j.abb.2010.01.010
http://www.ncbi.nlm.nih.gov/pubmed/20102699
http://dx.doi.org/10.1110/ps.03102403
http://www.ncbi.nlm.nih.gov/pubmed/14500885
https://npsa-prabi.ibcp.fr
http://dx.doi.org/10.2174/0929866013409535
http://dx.doi.org/10.1016/j.toxicon.2010.06.016
http://www.ncbi.nlm.nih.gov/pubmed/20600221
http://dx.doi.org/10.1186/s40409-015-0027-6
http://www.ncbi.nlm.nih.gov/pubmed/26273288
http://dx.doi.org/10.1111/j.1742-4658.2008.06466.x
http://www.ncbi.nlm.nih.gov/pubmed/18479462

Toxins 2017, 9, 239 19 of 20

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Oliveira, A K; Paes Leme, A.F,; Asega, A.F; Camargo, A.C.; Fox, ].W,; Serrano, S.M. New insights into
the structural elements involved in the skin haemorrhage induced by snake venom metalloproteinases.
Thromb. Haemost. 2010, 104, 485-497. [CrossRef] [PubMed]

Moura-da-Silva, A.M.; Baldo, C. Jararhagin, a hemorrhagic snake venom metalloproteinase from bothrops
jararaca. Toxicon 2012, 60, 280-289. [CrossRef] [PubMed]

Kini, RM.; Koh, C.Y. Metalloproteases affecting blood coagulation, fibrinolysis and platelet aggregation from
snake venoms: Definition and nomenclature of interaction sites. Toxins 2016, 8, E284. [CrossRef] [PubMed]
Moura-da-Silva, A.M.; Ramos, O.H.; Baldo, C.; Niland, S.; Hansen, U.; Ventura, J.S.; Furlan, S.; Butera, D.;
Della-Casa, M.S.; Tanjoni, I; et al. Collagen binding is a key factor for the hemorrhagic activity of snake
venom metalloproteinases. Biochimie 2008, 90, 484-492. [CrossRef] [PubMed]

Tanjoni, I.; Butera, D.; Bento, L.; Della-Casa, M.S.; Marques-Porto, R.; Takehara, H.A.; Gutiérrez, ].M.;
Fernandes, I.; Moura-da-Silva, A.M. Snake venom metalloproteinases: Structure/function relationships
studies using monoclonal antibodies. Toxicon 2003, 42, 801-808. [CrossRef] [PubMed]

Herrera, C.; Macédo, J.K.; Feoli, A.; Escalante, T.; Rucavado, A.; Gutiérrez, ].M.; Fox, J.W. Muscle tissue
damage induced by the venom of Bothrops asper: Identification of early and late pathological events through
proteomic analysis. PLoS Negl. Trop. Dis. 2016, 10, e€0004599. [CrossRef] [PubMed]

Poschl, E.; Schlbtzer-Schrehardt, U.; Brachvogel, B.; Saito, K.; Ninomiya, Y.; Mayer, U. Collagen iv is essential
for basement membrane stability but dispensable for initiation of its assembly during early development.
Development 2004, 131, 1619-1628. [CrossRef] [PubMed]

Miner, J.H.; Li, C;; Mudd, J.L.; Go, G.; Sutherland, A.E. Compositional and structural requirements for
laminin and basement membranes during mouse embryo implantation and gastrulation. Development 2004,
131, 2247-2256. [CrossRef] [PubMed]

LeBleu, V.S.; Macdonald, B.; Kalluri, R. Structure and function of basement membranes. Exp. Biol. Med. 2007,
232,1121-1129. [CrossRef] [PubMed]

Wallnoefer, H.G.; Lingott, T.; Gutiérrez, ].M.; Merfort, I.; Liedl, K.R. Backbone flexibility controls the activity
and specificity of a protein-protein interface: Specificity in snake venom metalloproteases. J. Am. Chem. Soc.
2010, 132, 10330-10337. [CrossRef] [PubMed]

Akao, PK.; Tonoli, C.C.; Navarro, M.S.; Cintra, A.C.; Neto, ].R.; Arni, R K.; Murakami, M.T. Structural studies
of bmoompalpha-i, a non-hemorrhagic metalloproteinase from Bothrops moojeni venom. Toxicon 2010, 55,
361-368. [CrossRef] [PubMed]

Dagda, R K.; Gasanov, S.E.; Zhang, B.; Welch, W.; Rael, E.D. Molecular models of the mojave rattlesnake
(Crotalus scutulatus scutulatus) venom metalloproteinases reveal a structural basis for differences in
hemorrhagic activities. J. Biol. Phys. 2014, 40, 193-216. [CrossRef] [PubMed]

De Souza, R.A.; Diaz, N.; Nagem, R.A.; Ferreira, R.S.; Suarez, D. Unraveling the distinctive features of
hemorrhagic and non-hemorrhagic snake venom metalloproteinases using molecular simulations. J. Comput.
Aided Mol. Des. 2016, 30, 69-83. [CrossRef] [PubMed]

Adair-Kirk, T.L.; Griffin, G.L.; Meyer, M.].; Kelley, D.G.; Miner, ].H.; Keene, D.R.; Marinkovich, M.P;
Ruppert, ].M.; Uitto, J.; Senior, R. M. Keratinocyte-targeted expression of human laminin y2 rescues skin
blistering and early lethality of laminin y2 deficient mice. PLoS ONE 2012, 7, e45546. [CrossRef] [PubMed]
Santos Barreto, G.N.; de Oliveira, S.S.; Dos Anjos, 1.V.; Chalkidis, H.M.; Mourao, R.H.; Moura-da-Silva, A.M.;
Sano-Martins, I.S.; Gongalves, L.R. Experimental Bothrops atrox envenomation: Efficacy of antivenom therapy
and the combination of Bothrops antivenom with dexamethasone. PLoS Negl. Trop. Dis. 2017, 11, e0005458.
[CrossRef] [PubMed]

Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage t4. Nature
1970, 227, 680-685. [CrossRef] [PubMed]

Hanna, S.L.; Sherman, N.E.; Kinter, M.T.; Goldberg, ].B. Comparison of proteins expressed by Pseudomonas
aeruginosa strains representing initial and chronic isolates from a cystic fibrosis patient: An analysis by 2-d
gel electrophoresis and capillary column liquid chromatography-tandem mass spectrometry. Microbiology
2000, 146, 2495-2508. [CrossRef] [PubMed]

Kuniyoshi, A.K.; Rocha, M.; Cajado Carvalho, D.; Juliano, M.A.; Juliano Neto, L.; Tambourgi, D.V,;
Portaro, F.C. Angiotensin-degrading serine peptidase: A new chymotrypsin-like activity in the venom
of Bothrops jararaca partially blocked by the commercial antivenom. Toxicon 2012, 59, 124-131. [CrossRef]
[PubMed]


http://dx.doi.org/10.1160/TH09-12-0855
http://www.ncbi.nlm.nih.gov/pubmed/20664911
http://dx.doi.org/10.1016/j.toxicon.2012.03.026
http://www.ncbi.nlm.nih.gov/pubmed/22534074
http://dx.doi.org/10.3390/toxins8100284
http://www.ncbi.nlm.nih.gov/pubmed/27690102
http://dx.doi.org/10.1016/j.biochi.2007.11.009
http://www.ncbi.nlm.nih.gov/pubmed/18096518
http://dx.doi.org/10.1016/j.toxicon.2003.10.010
http://www.ncbi.nlm.nih.gov/pubmed/14757212
http://dx.doi.org/10.1371/journal.pntd.0004599
http://www.ncbi.nlm.nih.gov/pubmed/27035343
http://dx.doi.org/10.1242/dev.01037
http://www.ncbi.nlm.nih.gov/pubmed/14998921
http://dx.doi.org/10.1242/dev.01112
http://www.ncbi.nlm.nih.gov/pubmed/15102706
http://dx.doi.org/10.3181/0703-MR-72
http://www.ncbi.nlm.nih.gov/pubmed/17895520
http://dx.doi.org/10.1021/ja909908y
http://www.ncbi.nlm.nih.gov/pubmed/20617834
http://dx.doi.org/10.1016/j.toxicon.2009.08.013
http://www.ncbi.nlm.nih.gov/pubmed/19706302
http://dx.doi.org/10.1007/s10867-013-9339-3
http://www.ncbi.nlm.nih.gov/pubmed/24522289
http://dx.doi.org/10.1007/s10822-015-9889-5
http://www.ncbi.nlm.nih.gov/pubmed/26676823
http://dx.doi.org/10.1371/journal.pone.0045546
http://www.ncbi.nlm.nih.gov/pubmed/23029085
http://dx.doi.org/10.1371/journal.pntd.0005458
http://www.ncbi.nlm.nih.gov/pubmed/28306718
http://dx.doi.org/10.1038/227680a0
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://dx.doi.org/10.1099/00221287-146-10-2495
http://www.ncbi.nlm.nih.gov/pubmed/11021925
http://dx.doi.org/10.1016/j.toxicon.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22093545

Toxins 2017, 9, 239 20 of 20

53.

54.

55.

56.

57.

58.

59.

60.

Knittel, P.S.; Long, PF; Brammall, L.; Marques, A.C.; Almeida, M.T.; Padilla, G.; Moura-da-Silva, A.M.
Characterising the enzymatic profile of crude tentacle extracts from the south atlantic jellyfish olindias
sambaquiensis (cnidaria: Hydrozoa). Toxicon 2016, 119, 1-7. [CrossRef] [PubMed]

Jespersen, J.; Astrup, T. A study of the fibrin plate assay of fibrinolytic agents. Optimal conditions,
reproducibility and precision. Haemostasis 1983, 13, 301-315. [PubMed]

Baldo, C.; Tanjoni, I.; Ledn, LR ; Batista, LE.; Della-Casa, M.S.; Clissa, P.B.; Weinlich, R.; Lopes-Ferreira, M.;
Lebrun, I.; Amarante-Mendes, G.P; et al. Bnp1, a novel p-i metalloproteinase from Bothrops neuwiedi venom:
Biological effects benchmarking relatively to jararhagin, a p-iii svmp. Toxicon 2008, 51, 54—65. [CrossRef]
[PubMed]

Theakston, R.D.; Reid, H.A. Development of simple standard assay procedures for the characterization of
snake venom. Bull. World Health Organ. 1983, 61, 949-956. [PubMed]

Gonzalez, R.C.; Woods, R.E.; Eddins, S.L. Digital Image Processing Using Matlab, 2nd ed.; Gatesmark
Publishing: Knoxville, TN, USA, 2009.

Dougherty, E.R. Foundations of morphological image processing. In Encyclopedia of Imaging Science and
Technology; Hornak, J.P., Ed.; John Wiley & Sons: New York, NY, USA, 2002.

Guerra, C.E,; Xavier, AR.; Andrade, A.J.N. Watershed threshold and gray level morfology applied to object
detecting in remote sensing and petrographics images. In Proceedings of the 12th International Congress of
the Brazilian Geophysical Society & EXPOGEEF, Rio de Janeiro, Brazil, 15-18 August 2011.

Dougherty, E.R.; Lotufo, R.A. Hands-On Morphological Image Processing; SPIE—The International Society for
Optical Engineering: Bellingham, WA, USA, 2003.

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.toxicon.2016.04.048
http://www.ncbi.nlm.nih.gov/pubmed/27169682
http://www.ncbi.nlm.nih.gov/pubmed/6360818
http://dx.doi.org/10.1016/j.toxicon.2007.08.005
http://www.ncbi.nlm.nih.gov/pubmed/17889921
http://www.ncbi.nlm.nih.gov/pubmed/6609011
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Purification and Identification of the Major PI-Class SVMP of B. atrox Venom 
	Hemorrhagic and Dermonecrotic Activities of Atroxlysin-Ia 
	Binding of SVMPs to Plasma and Extracellular Matrix Proteins In Vitro 
	Hydrolytic Activity of Hemorrhagic SVMPs In Vitro 

	Discussion 
	Materials and Methods 
	Venom 
	Animals 
	Purification of SVMPs 
	Protein Identification 
	Proteolytic Activity Assays In Vitro 
	Fluorimetric Assays 
	Hydrolysis of Fibrin 
	Hydrolysis of Proteins of the Basement Membrane 

	Binding of SVMPs to Plasma and Extracellular Matrix Proteins In Vitro 
	Biological Activities In Vivo 
	Histological Analysis and Detection of ECM Components 
	Statistical Analysis 


