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A B S T R A C T   

Rhomb-I, a 23-kDa metalloproteinase was isolated from L. m. rhombeata venom. Its dimethylcasein proteolysis 
was abolished by metal chelators, and slightly enhanced by Ca2+ and Mg2+ ions, but inhibited by Co2+, Zn2+ and 
α2-macroglobulin. In aqueous solution, rhomb-I autoproteolyzed to a 20- and 11-kDa fragments at 37 ◦C. The 
amino acid sequence showed high homology with other snake venom metalloproteinases. Rhomb-I causes 
hemorrhage that may be ascribed to hydrolysis of essential basement membrane, extracellular matrix and plasma 
proteins. It preferentially cleaves the α-chains of fibrin (ogen). Rhomb-I inhibited convulxin- and von Willebrand 
factor (vWF)-induced aggregation on human platelets without significant effect on collagen-stimulated aggre
gation or other effectors. It digests vWF into a low-molecular-mass multimers of vWF and a rvWF-A1 domain to a 
27-kDa fragment as revealed by western blotting with mouse anti-rvWF A1-domain IgG. Incubation of platelets 
with rhomb-I resulted in adhesion to and cleavage of platelet receptors glycoprotein (GP)Ibα and GPVI to release 
a 55-kDa soluble form. Both membrane glycoproteins GPIbα that binds vWF, together with GPVI which binds 
collagen, play a key role in mediating platelet adhesion/activation and can initiate (patho)physiological 
thrombus formation. Conclusions: rhomb-I is implicated in the pathophysiology of Lachesis envenoming by 
disrupting vasculature, hemostasis and platelet aggregation through impairing vWF-GPIb axis and blocking 
GPVI-collagen binding.   

1. Introduction 

Snakebite envenoming represents a danger to human health and is a 
neglected disease worldwide, particularly throughout tropical and sub- 
tropical countries (Chippaux, 2017; Slagboom et al., 2017). On the other 
hand, snake venoms are a goldmine of active compounds responsible for 
the multi-functional activities that perturb vital physiological systems 
including enzymes, receptors or ion channels, and can be broadly 

classified as haemotoxic, neurotoxic or cytotoxic (Vetter et al., 2011; 
Slagboom et al., 2017). In South America, the predominant group of 
venomous pitvipers (Crotalinae subfamily of Viperidae) of medical 
relevance includes the genera Bothrops, Crotalus and Lachesis (Camp
bell and Lamar, 2004; Chippaux, 2017; Slagboom et al., 2017). Of 
particular interest, Lachesis (bushmaster) inhabits lowland tropical 
forested areas in Central and South America, is a terrestrial and 
nocturnal snake, and is the only neo-tropical snake that lays eggs. 

Abbreviations: ADAM, a disintegrin and metalloproteinase; BM, basement membrane; DMC, dimethylcasein; EDTA, ethylenediaminetetraacetic acid; ECM, 
extracellular matrix; Fg, fibrinogen; Fb, fibrin; FN, fibronectin; PMSF, phenyl methyl sulfonyl fluoride; ND, nidogen; SVMPs, Snake venom metalloproteinases; vWF, 
von Willebrand factor; VT, vitronectin. 
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Lachesis is probably the largest viper in the world, up to 3.5 m (Campbell 
and Lamar, 2004; Souza et al., 2007). Literature on human envenomings 
by bushmasters is rare and represents approximately 3% of reported 
accidents in Brazil. However, in the Amazon, snakebites caused by 
bushmasters are around 9% (Souza et al., 2007; Chippaux, 2017) and 
should be considered of a great medical emergency, in part due to the 
quantity of venom delivered by adult snakes around 300–400 mg/snake 
(Sanchez et al., 1992; Souza et al., 2007). Envenomation attributed to 
Lachesis is characterized by immediate local pain and edema within a 
very short time (within 20 min after the bite), mild hemorrhage at the 
bite site, and neurotoxic activity. Furthermore, Lachesis venom degrades 
fibrinogen and prothrombin, provoking disseminated intravascular 
coagulation with fibrinogen consumption and increased bleeding times. 
Systemic manifestations such as diarrhea, vomiting, cardiovascular 
(hypotension), and coagulopathy due to massive hyperfibrinolysis and 
hemorrhage (Torres et al., 1995; Tanus Jorge et al., 1997; Campbell and 
Lamar, 2004; Souza et al., 2007) are often associated with human ac
cidents. L. muta is mainly distributed in equatorial forest, of South 
American tropical countries. In accordance with the phylogenetic re
lationships, two subspecies have been described for L. muta: L. m. muta 
mainly inhabits the equatorial Amazon tropical forest east of the Andes; 
and L. m. rhombeata occurs in the Atlantic forest of Brazil from Rio de 
Janeiro to Ceará State (Campbell and Lamar, 2004; Stephano et al., 
2005; Souza et al., 2007; Pla et al., 2013). 

In spite of the fact that viperid venoms comprise over 100 protein 
compounds, they belong to only a few protein families, including those 
with enzymatic activity: metalloproteinases (SVMPs), serine proteinases 
(SVSPs), L-amino acid oxidases (LAAOs), phospholipases A2 (PLA2s), 
hyaluronidases among others; and proteins/peptides without enzymatic 
effect: disintegrins, C-type lectins, myotoxins, CRISP toxins, proteinase 
inhibitors, natriuretic peptides, cystatin, and Kunitz-type proteinase 
inhibitors (Serrano et al., 2005; Sanz et al., 2008; Calvete, 2011; 
Madrigal et al., 2012). Thus, pathophysiological symptoms and clinical 
evolution of human bite victims of Lachesis are probably a consequence 
of the direct effect of a few molecules already reported from L. muta 
venom, principally SVMPs (Estêvão-Costa et al., 2000; Sanchez, 2004), 
SVSPs of the three groups: fibrinogen-clotting enzymes (thrombin-like) 
(Magalhaes et al., 2003), plasminogen activator (Sanchez et al., 2000, 
2006), and kallikrein-like proteinases (Felicori et al., 2003; Weinberg 
et al., 2004), myotoxic K49 PLA2s and basic D49 PLA2s (Fuly et al., 2000; 
Damico et al., 2006), among other active molecules. 

Among other efforts to improve the characterization of proteins/ 
toxins of Lachesis venom, a comparison of proteomic analysis of the 
protein composition of L. m. rhombeata (Pla et al., 2013; Wiezel et al., 
2019) with those of other Central and South American bushmasters 
(Sanz et al., 2008; Madrigal et al., 2012), provides clues for correlating 
venom composition and the pathological effects of envenomation across 
Lachesis venoms. These studies revealed remarkably similar venom 
phenotypes comprising seven or eight protein families including the 
aforementioned molecules. In connection with proteomic analysis, 
transcriptomic investigations were performed by the generation of 
expressed sequence tags (ESTs) from the venom glands of L. muta 
(Junqueira-de-Azevedo et al., 2006). The main pathological effects such 
as hemorrhage, local inflammation, and coagulopathy induced by the 
majority of viperid venoms are related directly or indirectly to the action 
of SVMPs. SVMPs are major components in most viperid venoms (>30% 
of all proteins), e.g. Lachesis, capable of inducing a diverse array of 
functions and disrupting hemostasis by blocking or triggering several 
steps of the coagulation cascade and impairing platelet functions of 
human envenoming victims (Torres et al., 1995; Tanus Jorge et al., 
1997; Souza et al., 2007). As a result of the extensive representation in 
viperid venoms, SVMPs are the principal causes of life-threatening 
hemorrhagic pathologies detected following viperid snakebites (Case
well et al., 2011, 2013). Evolutionarily, SVMPs seem to have evolved 
from ADAM (A disintegrin and metalloproteinase) genes (Mour
a-da-Silva et al., 1996; Fry et al., 2008; Brust et al., 2013) that have been 

duplicated near the base of advanced snake (Caenophidia) radiation, 
prior to the divergence of the Viperidae from most other Caenophidians 
(Moura-da-Silva et al., 1996; Fry et al., 2008; Brust et al., 2013). In 
accordance with the structural domains, SVMPs are conventionally 
classified into three classes: P–I, P-II, and P-III (Fox and Serrano, 2005; 
Takeda et al., 2006) further divided in several subclasses. The P–I class 
comprises only a metalloproteinase (MP) domain, P-IIs are those 
sequentially extended by a disintegrin (Dis) domain, and P-IIIs by a 
Dis-like and cysteine-rich (Cys-) domains. The P-III class SVMPs share a 
topological similarity that is homologous to the ectodomain of 
membrane-anchored ADAMs and with matrix metalloproteinases 
(MMPs) and are included in the M12 clan (MEROPS database: http:// 
merops.sanger.ac.uk) of metalloproteinases also termed to as adamaly
sins or reprolysins (Gomis-Rüth, 2003; Takeda et al., 2006; Takeda, 
2016). Moreover, after post-translational modification, the SVMPs can 
be found in several isoforms in the venoms, either only with the catalytic 
domain (P–I class) or in combination of the catalytic domain with the Dis 
domain (P-II class) or with Dis and Cys domains (P-III class) (Takeda, 
2016; Moura-da-Silva et al., 2016). P-III SVMPs show a high hemor
rhagic effect and also more diverse and specific biological activities than 
the P–I class. 

Snake venom proteins and peptides have extremely diverse phar
macology with a wide range of molecular targets mainly in the cardio
vascular and nervous systems. Due to the abundance in venoms, their 
structural and functional diversity, SVMPs offer amazing potentials for 
the development of newer bioactive agents for innovative therapeutics 
to treat various thromboembolic and hemostatic disorders and in diag
nosis (Hsu et al., 2008; Vetter et al., 2011; Casewell et al., 2013; Kini and 
Koh, 2016; Sanchez et al., 2017, 2021). With regard to hemostasis and 
thrombosis, platelets are endowed with a repertoire of surface receptors 
that enable them to adhere, activate and aggregate at the sites of tissue 
damage or infection (Andrews et al., 2007). The engagement of the 
adhesion receptors regulating pathophysiological thrombus formation, 
the GPIb-IX-V complex binds to vWF and other ligands, together with 
the major collagen receptor GPVI and play a critical role in the initiation 
of platelet adhesion and activation (Andrews et al., 2007; Vilahur et al., 
2018; Grover et al., 2018; Sanchez et al., 2021). 

The preliminary characterization of a P–I class SVMP, Lmr-MP from 
L. m. rhombeata venom, has been reported previously (Cordeiro et al., 
2018). Searching for fibrinolytic SVMPs that affect hemostasis by dis
rupting blood coagulation, vasculature and platelet function, we 
describe the purification of a P–I SVMP termed rhomb-I, and have 
assessed its effects on basement membrane (BM) components, associated 
extracellular matrix (ECM), and plasma proteins. Particularly, its action 
upon platelet aggregation and coagulation cascade was investigated. We 
have found that rhomb-I binds to and cleaves vWF, and the surface 
platelet receptors GPIb and GPVI, resulting in impaired platelet activ
ities. Like other SVMPs, rhomb-I has important implications for enve
nomed patients as several hemostatic processes and physiological 
targets can be affected by these enzymes. 

2. Materials and methods 

2.1. Venom and animals 

Lachesis muta rhombeata venom was kindly donated by Dr. Rodrigo 
C.G. de Sousa from Serra Grande Center for Lachesis muta Breeding, 
with Authorization of Instituto do Meio Ambiente e Recursos Hídricos 
No: 2016.001.002764/INEMA/Lic-02764, Bahia State. Swiss Webster 
mice (female, 18–22 g) from FUNED were used for in vivo experiments 
in accordance with the guidelines of the Brazilian College for Animal 
Experimentation and approved by the local Ethics Committee, Protocol 
number CEUA/FUNED: June 2019. 
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2.2. Reagents 

Bacterial expression and purification of recombinant A1 domain of 
human vWF (rvWF-A1 domain) was performed as reported (Sanchez 
et al., 2016). Convulxin (CVX) was purified from South American rat
tlesnake Crotalus durissus terrificus venom as described (Polgár et al., 
1997), ADP (A2754), thrombin (112,374), prostaglandin E1 (P5515), 
fibronectin (F2006), vitronectin (5051), bovine (F8630), and human 
fibrinogen (F4129) essentially plasminogen free were obtained from 
Sigma Chemical (St. Louis, MO, USA). Von Willebrand factor (vWF, 681, 
300) was from Merck (Darmstadt, Germany), type I collagen (5368) and 
ristocetin (001226) were from Helena Laboratories (Beaumont, TX, 
USA). The GPVI polyclonal antibody (AF3627) from human platelets 
and antihuman CD42b/GPIbα polyclonal antibody (AF4067) were from 
R&D Systems (Minneapolis, USA). Secondary peroxidase conjugated 
antibody (A6154) was from Sigma. Protein G peroxidase conjugated 
(P21041) and the ECL chemiluminescent blotting substrate (32,106) 
were from Thermo Scientific (Waltham, MA USA). N-glycosidase F 
(PNGase F–P0704S) was from New England Biolabs (Massachusetts, 
MA,USA). All other chemicals were of analytical grade. 

2.3. Purification 

The proteinase rhomb-I was isolated from L. m. rhombeata venom by 
a two-step purification procedure with size exclusion chromatography. 
Lyophilized venom (2400 mg) was dissolved in 8 ml of 0.05 M ammo
nium acetate buffer (pH 7.3) containing 0.3 M NaCl, and centrifuged at 
6000×g to remove insoluble material. Step A: the supernatant solution 
(2160 mg) was loaded onto two Sephacryl S-200 (2.5 × 100 cm) col
umns in series, equilibrated and eluted with the same buffer. The flow 
rate was 7 ml/h and fractions were collected at 4 ◦C. Active fractions 
(Peak 5) of approximately 25 kDa containing proteolytic and low 
hemorrhagic activity were pooled, dialyzed against distilled water 
containing 1 mM CaCl2 and lyophilized. Step B: fractions of peak 5 (471 
mg, 21.82% m/v) still containing impurities was applied to a Sephadex 
G-50 fine (1.5 × 100 cm) column equilibrated and eluted with 20 mM 
Hepes buffer, pH 7.5 containing 1 mM CaCl2 at a flow rate of 6 ml/h at 
4 ◦C. Proteins were monitored at 280 nm. Proteinase activity on dime
thylcasein (DMC) and hemorrhagic activity on mice were also assessed 
and SDS-PAGE was performed on selected fractions according to 
Laemmli (1970). Aliquot of the peak from the B step was diluted in 1 ml 
trifluoroacetic acid (0.1% TFA, v/v) and submitted to an HPLC system 
using a reverse phase column (C4 Vydac, 250 × 4.6 mm). Column was 
washed with 0.1% TFA and subsequently eluted with a linear gradient of 
0–80% acetonitrile (ACN) in 0.1% aqueous TFA at a flow rate of 1 ml/h. 
The peak was collected for further structural characterization. 

2.4. Mass spectrometry analysis by MALDI-TOF 

The relative molecular mass (Mr) of rhomb-I was determined by 
matrix-assisted laser desorption ionization time of flight mass spec
trometry (MALDI-TOF) according to (Naumann et al., 2011). Spectra 
were recorded and analyzed using an Autoflex III Smartbean in
struments in a linear positive mode controlled by the proprietary 
COMPASS™ 1.2 as described previously (Naumann et al., 2011). The Mr 
of the isolated protein was also estimated by SDS-PAGE (12.5% gels) 
from reducing gels and stained with Coomassie blue 250. 

2.5. Amino acid sequence determination 

To determine its amino acid sequence, rhomb-I (50 μg protein) was 
purified by RP-HPLC and submitted to liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) by the University of São Paulo 
BIOMASS-Core Facility for Scientific Research (CEFAP-USP). The sam
ple was then denatured with urea, reduced by triethylphosphine, and 
alkylated by iodoethanol before treatment with trypsin (0.2 μg/μl) at 

25 ◦C, overnight. For the LC-MS/MS, peptide samples were redissolved 
in 0.1% TFA and analyzed using an EASY-nLC system (Thermo Scien
tific) coupled to a LTQ-Orbitrap Velos mass spectrometer (Thermo Sci
entific) according experimental conditions reported recently (Nachtigall 
et al., 2022). 

2.6. 3D model of rhomb-I 

The theoretical rhomb-I 3D model was predicted by comparative 
homology modeling (Šali and Blundell, 1993). A BLASTp search was 
performed to identify appropriated rhomb-I homologue templates. Five 
templates were selected for modeling: 3GBO (Bothrops moojeni), 1DTH 
(Crotalus atrox), 4AIG (Crotalus adamanteus), 4Q1L (Bothrops leucu
rus) and 1ND1 (Bothrops asper). Modeller v 9.16 (Fiser and Šali, 2003) 
was used to generate rhomb-I structure in.pdb format. The best model 
was selected based on the least discrete optimized protein energy 
(DOPE) and modeller objective function (MOF) scores. Root Mean 
Square Deviation (RMSD) was calculated using the program VMD v 
1.9.2 (Humphrey et al., 1996). Validation analysis was conducted using 
SAVES Sever (https://services.mbi.ucla.edu/SAVES/) which includes 
PROCHECK WHATCHECK, ERRAT, VERIFy-3D and Ramachandran 
counter map calculations. Finally, the structure visualization was 
generated by using the Pymol software (Delano, 2002). 

2.7. Effects of divalent cations and enzyme inhibitors 

Proteolytic activity was tested using DMC as substrate as reported in 
(Sanchez et al., 2000). Rhomb-I (1 μg) was incubated with 10 mM of 
CaCl2, MgCl2, BaCl2, ZnCl2 and CoCl2 in 20 mM Hepes buffer, pH 7.4 for 
30 min at 37 ◦C before proteolytic activity was assayed. In addition, 
enzymatic activity was challenged with several proteinase inhibitors: 
batimastat (Bat), marimastat (Mar) (0.5 μM each), MMP inhibitor-III 
(i-MMP-III, ratio of 1:50), iodoacetamide (IAA, 1 mM), ethyl
enediaminetetracetic acid (EDTA, 5 mM), phenyl methane sulfonyl 
fluoride (PMSF, 5 mM). To determine the stoichiometry of inhibition of 
rhomb-I with plasma inhibitor α2-macroglobulin (α2-M), increasing 
amounts of α2-M (7.9–63 μg) were incubated with a fixed concentration 
of rhomb-I (1 μg) in 250-μl of 20 mM Hepes buffer, pH 7.4 at 37 ◦C for 5 
min. The molar ratios of α2-M: proteinase varied from 0.5 to 2.0. The 
results of enzyme-α2-M interaction were analyzed by SDS-PAGE. The 
residual activity was performed with DMC. 

2.8. Hemorrhagic activity 

To elucidate if rhomb-I induces hemorrhage, the skin assay proced
ure (Sanchez et al., 1992) was modified in a murine model as follows. 
Three doses of 10, 25 and 50 μg venom or rhomb-I were inoculated 
subcutaneously into a dorsal shaved skin of three animals (20–22 
g)/dose. After 4 h the animals were euthanized, the dorsal skin was 
removed and the diameter of the hemorrhagic halo on the inner surface 
of the skin was measured. The minimum hemorrhagic dose (MHD) was 
defined as the amount of venom or enzyme to produce a hemorrhagic 
halo 1 cm in diameter. The P–I class SVMPs, atroxlysin-I (atr-I, hemor
rhagic), mutalysin-II (mut-II, L.m.muta) and leucurolysin-a (leuc-a, B. 
leucurus) (non-hemorrhagic) were used as positive and negative con
trols, respectively. 

2.9. Autodigestion assay 

Protein degradation was observed during isolation (Step B). Thus, to 
verify autoproteolysis, rhomb-I (5 μg) in aqueous solution was incubated 
at 37 ◦C for 24 h and then the reaction was terminated by adding sample 
buffer under reducing conditions. The autodigestion pattern was 
analyzed on SDS-PAGE (18% gel). Another sample of mut-II (5 μg) was 
electrotransferred to a nitrocellulose membrane. Immunoblots were 
developed with rabbit anti-mutalysin-II IgG (primary antibody) and 
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anti-rabbit-IgG antibody conjugated with peroxidase (1:2000 dilution), 
detected with ECL and visualized by chemiluminescence imaging system 
ChemiDoc (Bio-Rad, Hercules, CA, USA). Furthermore, autoproteolytic 
fragments of 20- and 11-kDa separated by SDS-PAGE were subjected to 
automated in-gel digestion with trypsin followed to sequence analysis by 
LC-MS/MS. 

2.10. Test to detect the presence of glycoconjugates in the protein 

Samples containing 10 μg of rhomb-I were dissolved in 50 μl of 
denaturing buffer (0.5% SDS, 1% 2β-ME). The protein was denatured by 
boiling it for 5 min. After the addition of 20 μl of reaction buffer (50 mM 
Tris-HCl, pH 8.0), 2.5 μl of detergent solution (IGEPAL 15% Roche), and 
2 units of recombinant PNGase F, the samples were incubated for 6 h at 
37 ◦C according to (Naumann et al., 2011). The native and treated 
proteinases were analyzed by SDS-PAGE under reducing conditions. 

2.11. Functional characterization 

2.11.1. Activity on plasma proteins, fibrinogen, fibrin, fibronectin and 
vitronectin 

Human fibrinogen, fibrin and fibronectin were incubated with 
rhomb-I in a 1:200 (w/w) ratio at 37 ◦C in 50 mM Tris-HCl, 1 mM CaCl2, 
pH 8.0. In the case of vitronectin incubation with enzyme was in a ratio 
of 1:150. At various time intervals, 10 μl aliquots were analyzed by 12% 
SDS-PAGE under reducing conditions, and degradation products were 
visualized with Coomassie brilliant blue staining. 

2.11.2. Proteolysis of matrigel 
Matrigel Matrix (Corning, Bedford, MA, USA) was used to assess the 

effect of rhomb-I on BM components. Matrigel is a solubilized BM-like 
composite from Engelbreth-Holm-Swarm sarcoma, which is used as a 
surrogate of BM (Lebleu et al., 2007). Its main components are type-IV 
collagen, laminin, nidogen, and heparan sulfate proteoglycans. Matri
gel (50 μg) was incubated with rhomb-I (1 μg) in 50 μl of 25 mM 
Tris-HCl, 150 mM NaCl, 2 mM CaCl2, pH 8.0 at 37 ◦C in the absence or 
presence of 10 mM EDTA. Aliquots were analyzed after 60 min by 
SDS-PAGE (7–15%) polyacrylamide gel under reducing conditions. Re
actions were stopped by the addition of one volume of SDS-PAGE buffer 
(reducing conditions). The Matrigel compounds and their cleavage 
fragments were electro-transferred to a nitrocellulose membrane, 
analyzed by immunoblotting, and detected with specific antibodies 
against laminin (NB300-144, Novus, 1:5000), collagen-IV (70R31139, 
Fitzgerald, 1:4000) and nidogen (AF2570, RD Sistems, 1:5000) (primary 
antibodies), and peroxidase-coupled protein G (diluted 1:5000) by 
chemiluminescence imaging system ChemiDoc. 

2.11.3. Effect on platelet aggregation 
To assess the effect of rhomb-I on platelet aggregation, human 

platelet suspension was prepared from the blood of consenting aspirin- 
free healthy volunteers. Venous blood was collected in acid-citrate 
dextrose (ACD: 78 mM citric acid; 117 mM sodium citrate; 282 mM 
dextrose) [6:1, (v/v)] centrifuged at 800×g for 15 min to obtain platelet- 
rich plasma (PRP). Human-washed platelets (WPs) were isolated as 
described previously (Sanchez et al., 2016). WPs were re-suspended in 
Tyrode′s solution and adjusted to about 2.5 × 105 platelets/μl. Platelet 
aggregation assays were monitored by light transmission in an eight 
channel platelet aggregometer (AggRam Helena Laboratories, Beau
tmont, TX, USA) with stirring at 600 rpm at 37 ◦C. To analyze the effect 
of rhomb-I on platelets, WPs (225 μl) or PRP were pre-incubated with 
the proteinase at different concentrations (WPs: 0.07–1.2 μM; PRP: 
0.3–2.4 μM) in Tyrode′s solution pH 7.4, 3 min. Platelets were stimu
lated by addition of several agonists: 10 μg/ml type I collagen, 10 μM 
ADP, 50 μg convulxin, 5.5 μg/ml vWF plus 0.5 mg/ml ristocetin. Ethical 
approval was granted by the FUNED human Ethics Committee (Protocol 
number: 35329520.4.00009507). 

2.11.4. Effects of rhomb-I on commercial vWF and its recombinant A1 
domain 

To investigate the effect of the proteinase on vWF, 4 μg of vWF was 
incubated with rhomb-I (1 μg) for 60 min at 37 ◦C in phosphate buffered 
saline (PBS), pH 7.4. The reaction was stopped by the addition of sample 
buffer (8 M urea, 4% SDS, 4% 2-mercaptoethanol). Degradation prod
ucts were analyzed by SDS-PAGE (7.5% gel). Recombinant vWF-A1 
domain (rvWF-A1 domain, 10 μg) was incubated with or without 
enzyme (5 μg) for 60 min at 37 ◦C. Digestion was terminated with 5 μl of 
10 mM EDTA. Aliquots were analyzed by SDS-PAGE (12.5% gel). The 
gels were either directly stained with Coomassie brilliant blue or 
transferred onto the nitrocellulose membrane. After blocking with 1% 
bovine serum albumin (BSA) in Tris-buffered saline 1 h, blots were 
developed with anti-mouse-rvWF-A1domain IgG (1:400) and protein G 
peroxidase conjugated (Sigma-Aldrich) (1:3000) in subsequent incuba
tion steps and, analyzed by chemiluminescence imaging system 
ChemiDoc. 

2.11.5. Analysis of binding to and cleavage the platelet membrane receptors 
GPIbα and GPVI 

We have analyzed the interaction between rhomb-I and GPIbα or 
GPVI from the membrane of WPs in response to rhomb-I. WPs (5 × 105 

platelets/μl) were incubated in the absence or presence of 10 mM NEM 
(N-ethylmaleimide, Sigma) as a positive control, 100 nM GI254023X 
(inhibitor of ADAM10, Sigma), Co+2 (10 mM) without or with rhomb-I 
(2 μg) at 37 ◦C for 60 min. Reactions were terminated by incubation for 
5 min, 4 ◦C and then centrifuging at 1500×g for 2.5 min. To determine 
the interaction between rhomb-I and GPIbα as well as the degradation 
and shedding of GPVI, Western blot assays were performed using spe
cific antibodies as described recently (Sanchez et al., 2021). 

3. Results and discussion 

3.1. Purification and biochemical properties 

The venom of the Atlantic bushmaster, L. m. rhombeata is rich in 
proteins/peptides that strongly affect hemostasis by activating or 
inhibiting platelet aggregation, coagulation, fibrinolysis, and throm
bosis. In this study, its venom was size-fractionated by a gel filtration 
chromatography on Sephacryl S-200 into eight fractions (Fig. 1A). 
Fractions that exhibited either hemorrhagic or proteolytic activity were 
distributed mainly in fractions 2 and 5. The fraction 2 (tubes 70–79), 
which contained the main hemorrhagic SVMP of class P-III (approxi
mately 55 kDa) is presently under investigation. We focused our atten
tion on fraction 5 (tubes 100–110), which contained the protein of 
interest of approximately 23-kDa, exhibiting low hemorrhagic activity 
in mice and high proteolytic activity on DMC. The separation of fraction 
5 on a Sephadex G-50 fine column under conditions described in 
Experimental methods, showed one peak with constant specific DMC 
proteolysis across the peak (Fig. 1B) and a low hemorrhagic effect (not 
shown). The homogeneity of this protein was established by two 
methods. First, one protein peak was observed by reverse phase HPLC on 
a C4 column (Fig. 1C). Second, this preparation gave a single protein 
band of approximately 23-kDa on SDS-PAGE under reducing and non- 
reducing conditions (Fig. 1C, inset). Analysis by MALDI-TOF mass 
spectrometry showed a M of 22,860 Da (Fig. 1D). This value in com
parison to the calculated mass of rhomb-I, from its amino acid sequence 
(22,577 Da) gave a difference of 284 Da. Considering that the analysis 
was performed in the Bruker Autoflex III_Smart Beam (Maldi TOF-TOF) 
equipment, in linear mode, which has a resolution >5000 m/Δm and 
mass accuracy <20 ppm, this variation was expected. Based on its mo
lecular mass and source (L. m. rhombeata venom), the isolated pro
teinase corresponds to P–I class SVMPs and was called rhomb-I. The final 
step resulted in 23.5 mg from 2160 mg protein of crude venom. Table 1 
summarizes the purification procedure. Several SVMPs were previously 
isolated by a two-step procedure, e.g. barnettlysin-I from B. barnetti 
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(Sanchez et al., 2016). The progress of purification was followed by 
testing proteolysis on DMC (Estêvão-Costa et al., 2000), coagulant ac
tivity on Fg, fibrino (geno)lytic and amidolytic assays on DL-BAPNA 
(Magalhaes et al., 2003), and testing the in vivo hemorrhagic effect on 
each protein fraction. Likewise, hemorrhage caused by rhomb-I was 
similar to that inflicted by atroxlysin-I (atr-I, B. atrox), when injected (up 
to 50 μg) subcutaneously into mice, but different from the 
non-hemorrhagic SVMPs mut-II and leuc-a (Fig. 2A and B). 

It is likely that some ions such as Ca+2 and Mg+2 have an important 
role in the stabilization of certain venom proteins, while others, 
particularly Zn+2, may actually participate in the catalysis of metal
loenzymes. Thus, the effects of some cations on DMC degradation were 
examined. The addition of Ca+2 and Mg+2 (10 mM) enhanced rhomb-I 
proteolytic activity, whereas Zn+2 and Co+2 acted as effective in
hibitors. Approximately 80% of the activity was lost in the presence of 
Co+2, and Zn+2 ion (10 mM) completely blocked its activity (Fig. 2C). 
This result might be explained by the hypothesis that the metal
loproteases have two Zn+2 -binding sites: a stable structural zinc binding 
motif HEXGHXXGXXH and another zinc atom that together with cal
cium ions are required for the stability and expression of enzyme activity 

(Nagase and Woessner, 1999; Oliveira et al., 2019). Similar data have 
been reported for other SVMPs (Bello et al., 2006; Oliveira et al., 2019) 
and MMPs (Nagase and Woessner, 1999). Like EDTA, the zinc binder 
inhibitors of MMPs: batimastat, marimastat, and the inhibitor of 
MMP-III (i-PIII), are effective blockers of rhomb-I activity. However, 
PMSF, an active-site serine protease inhibitor, had no effect (Fig. 2D). 
Furthermore, its catalytic function can be regulated by exchanging the 
cationic cofactor. The most abundant inhibitor of proteases found in 
plasma, α-2 macroglobulin (α-2M, 725-kDa), inhibits rhomb-I activity 
probably by physical entrapment as reported for other SVMPs (Sanchez 
et al., 2016). In vitro, the catalytic activity of rhomb-I decreased with 
increasing α-2M concentration and was eventually blocked completely 
at 1:1 α-2M stoichiometry of inhibitor/enzyme (Fig. 2E). Under reducing 
conditions, α-2M appeared as one main 180 kDa band corresponding to 
one of four equal subunits (Fig. 2F, lane C). The interaction of rhomb-I 
with α-2M was shown by 180 kDa subunit proteolysis to yield the 
characteristic 90 kDa band. Probably it was caused by the cleavage of 
the Arg696-Leu697 bond, as identified for other P–I SVMPs such as 
barnettlysin-I (Sanchez et al., 2016) and leucurolysin-a (Bello et al., 
2006), using as a model substrate: 693GHARLVHVEEPH704 that occurs at 

Fig. 1. Purification of rhomb-I. The isolation pro
cedure is described in the purification section. Line, 
absorbance at 280 nm; filled circle, proteolytic ac
tivity on dimethylcasein, measured by absorbance at 
340 nm. (A) Gel filtration on Sephacryl S-200, eluted 
with 0.05 M ammonium acetate buffer (pH 7.3) 
containing 0.3 M NaCl. (B) Gel filtration on Sephadex 
G-50 of the pooled active fraction 5 from the previous 
step, elution with 20 mM Hepes buffer, pH 7.5 con
taining 1 mM CaCl2. (C) RP-HPLC analysis of purified 
proteinase was performed using a Vydac C4 (250 ×
4.6 mm) column. SDS-PAGE (12% gel) analysis of 
purified rhomb-I under reduced (R) or non-reduced 
(NR) conditions (inset). (D) Mass spectrometry of 
native rhomb-I. Purified rhomb-I was analyzed by 
MALDI-TOF/TOF. The main signal (displayed in 
arbitrary units – a.u.) represented a single ion charge 
of 22860.909 Da.   

Table 1 
Purification of rhomb-I.  

Protein Hemorrhagic activity Proteolytic activity (DMC) 

Step mg % MHDa (mg) Specific activityb (U/mg. 103) Total (U) Yield % PF Specific activityc (U/mg) Total (U) Yield % PFd 

Crude venom 2160 100 0.005 0.0023 434.8 100 1 7.45 0.13 100 1 
Sephacryl S-200 471.3 21.82 0.025 0.0144 69.4 20.13 4.9 21.4 0.047 36.1 2.9 
Sephadex G-50 23.5 1.08 0.043 0.02 50 11.5 8.7 25.5 0.04 30.8 3.4  

a Minimum Hemorrhagic Dose (MHD). One unit of hemorrhagic activity is one MHD. 
b Specific activity is expressed as U/mg protein. 
c One unit is defined as ΔA340/min. 
d Purification Factor (PF). 
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the bait region of α2-M. Also, the peptide: 406RREYHTEKLVTSKGD420 

corresponding to α-chain Fg was cleaved at K413-L414 bond by the latter 
and other P–I SVMPs. The band of approximately 200 kDa may be the 
complex of α-2M/rhomb-I (Fig. 2F). In addition, rhomb-I underwent 
autoproteolysis yielding 20- and 11 kDa fragments as evidenced by 
SDS-PAGE (Fig. 1S, A, supplemental). In connection with these data 
Western blot analysis using rabbit-anti mut-II IgG reacted with these 
autoproteolytic fragments (Fig. 1S, B; mut-II is homologous P–I SVMP). 
Furthermore, direct sequence analysis of the N-terminal of the 11 kDa 
fragment of rhomb-I (Fig. 1S, A) provided YNGNLNTIRT sequence, that 
is identical to the rhomb-I sequence at position Y20 to T29 (Fig. 3, 
underlined). Also, the sequence NSVGIVQDHSPKT at position N118 to 
T130 has been determined from the same 11 kDa fragment (Fig. 3, 
underlined). A short sequence KPQCILNKP obtained from the sequence 
of the 20 kDa fragment is located in the C-terminal sequence of rhomb-I 
at position K193 to P201 (Fig. 3, underlined). In relation to these results, 
autoproteolysis has been described for other active SVMPs e.g. crotalin 
from Crotalus atrox (Wu et al., 2001) and brevilysin H6 from Glodius 
halys brevicaudatus (Fujimura et al., 2000) among others. 

3.2. Structural characterization of rhomb-I 

MS/MS spectra analysis of a tryptic digest of the purified rhomb-I 

yielded fifteen peptides with homology to SVMPs sequence. A data
base searches identified these fragments as presented in Table 2S 
(Supplemental), as well as additional information for the peptide frag
ments identified by mass spectrometry. The protein sequence data for 
rhomb-I will appear in the UniProt database under the accession number 
C0HM67. Multiple sequence alignment of mature rhomb-I with other 
SVMP sequences share a high percentage of identity (Fig. 3). As 
observed the protease domain presented a C-terminally extended zinc- 
binding motif, HEXXHXXGXXHD, with a hall-mark glycine and a third 
zinc-binding histidine or aspartate, and a conserved methionine which 
forms a unique “Met-turn” structure. These results confirm that rhomb-I 
belongs to P–I class SVMPs. Alignment between rhomb-I with LHF-II 
(P22796, L.m.muta) shows few differences in some residues at posi
tions, 47–49, 53 and 70 (highlight in cyan). As shown in Fig. 3, rhomb-I 
lacks the N-linked glycosylation site (N-X-S/T) that has Ala 70, while 
LHF-II has Asn at the same position. The change of Asn by Ala in rhomb-I 
lead to the loss of a potential N-glycosylation site, thereby treatment 
rhomb-I with PNGase F did not affect the mobility of the proteinase 
(Fig. 1S, C). 

3.3. Three dimensional model 

The theoretical three-dimensional structure of rhomb-I (Fig. 4A–D) 

Fig. 2. Hemorrhage induced by P–I SVMPs. Subcu
taneous injection (50 μg) of each proteinase. In (A), 
atr-I and rhomb-I are hemorrhagic; mut-II and leuc-a 
are non-hemorrhagic, in (B), C (control saline), 
rhomb-I (50 μg) and EDTA-treated rhomb-I. The 
dorsal skin of mice were removed after 4 h. In (C) 
effect of divalent cations and in (D) proteinase in
hibitors on DMC proteolysis of rhomb-I. Rhomb-I (1 
μg) was incubated with each reagent as described in 
Experimental procedures, batimastat, marimastat, 
MMP-III inhibitor (0.5 μM each), DTT (2 mM), IAA (1 
mM), EDTA and PMSF (5 mM each). The remaining 
activity was assayed with DMC as substrate: C, con
trol (enzyme only). In (E), Stoichiometry of inhibition 
of rhomb-I by α2-M. Rhomb-I (1 μg) was incubated 
with various amounts of α2-M at molar ratios indi
cated on the abscisa [α2-M:enzyme = 0.25 to 2]. 
Residual proteinase activity in the mixture was tested 
with DMC, the ordinate indicates the remaining ac
tivity of rhomb-I as a percent of the original activity. 
In (F), Reduced SDS-PAGE (7.5%) profile of rhomb-I 
treated with α2-M. Molar ratios of α2-M:rhomb-I 
were 0.25–2. From top to bottom: The band at ~200- 
kDa may represent a complex of 180-kDa α2-M sub
unit with rhomb-I, the main cleavage fragment of 
~90-kDa. C, α2-M control.   
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was predicted by the homology modeling (Šali and Blundell, 1993) using 
as templates: 3GBO (B. moojeni), 1DTH (C. atrox), 4AIG (C. ada
manteus), 4Q1L (B. leucurus) and 1ND1 (B. asper). Appropriate rhomb-I 
model was generated with Modeller v9.16 (Fiser and Šali, 2003). 
Analysis of the metal binding sites indicated that the theoretical archi
tecture presents sites for Ca2+ and Zn2+ binding and are in homology 
with the used templates. A calcium ion is located on the surface of 
rhomb-I close to the C-terminus opposite to the catalytic site (Fig. 4B). It 
is known that catalytic activity of SVMPs depends on the protonation of 
the zinc-coordinating histidine residues on one hand and on the polar
ization capacity of the glutamate residue on the other. 

3.4. Hydrolysis of plasma and ECM components 

Hemorrhage is caused by proteolytic degradation of ECM compo
nents of blood vessels and coagulation-relevant serum proteins. There
fore, we assessed the enzymatic effects of rhomb-I on Fg, Fb, FN, VT, and 
Matrigel. Our data showed that rhomb-I is an α-fibrin (ogen)ase, as the 
α-chains of Fg and Fb were degraded within 5 and 20 min, respectively, 
without apparent effect on the β- and γ-chains (Fig. 5A and B). As shown 
in Fig. 5C, plasma FN was degraded to ~88 kDa band at 0.5 h, with the 
appearance of three additional fragments of ~59, ~133, and ~148 kDa 
after 3 h. Similarly, VT was hydrolyzed to a ~53, ~35 and ~25-kDa 

products after 1 h incubation (Fig. 5D). To investigate the effect of 
rhomb-I on several BM proteins, Matrigel was incubated with the 
enzyme (60 min at 37 ◦C), and the extent of hydrolysis was analyzed on 
SDS-PAGE and confirmed by Western blot. Thus, Matrigel was digested 
into six main products of ~95, ~68, ~61 and ~43 kDa, concomitant 
with the reduction in the intensity of the protein bands of ~300- and 
200 kDa of control (Fig. 6A, lane 1). Conversely, EDTA-treatment of 
rhomb-I completely abolished its activity (Fig. 6A, lane 2). These results 
were further analyzed by Western blot with specific antibodies against 
laminin (LM), type IV collagen, and nidogen (ND). Immunodetection of 
LM in Matrigel samples with anti-laminin revealed two main protein 
bands of ~300 and ~200 kDa (C, control sample), likely to representing 
to LM α1 and β1/γ1 chains, respectively. Rhomb-I cleaved LM chains 
into fragments of ~101, ~72, and ~56 kDa (Fig. 6B). Likewise, collagen 
IV, that run as uncleaved band of ~190 kDa (control coll-IV), is 
degraded into ~55, and ~30 kDa fragments (Fig. 6C). Nidogen anti
bodies revealed two main bands of ~151, and ~135 kDa (control ND). 
Under our experimental conditions, the band of ~151 kDa was 
completely digested, and three fragments of ~130-, ~65 and ~55 kDa 
were observed (Fig. 6D). Therefore, the results revealed that rhomb-I 
degrades the main proteins of BM in microvessels. Previous studies 
with the P–I SVMPs BaP1 from B. asper showed similar results, in 
comparison with a non-hemorrhagic leuc-a (B. leucurus) (Escalante 

Fig. 3. Alignment of mature protein sequences of rhomb-I with others P–I SVMPs. The GenBank accession number of the sequences used are: LHF-II from Lachesis 
muta muta (P22796), atrolysin from Crotalus atrox (P15167), neuwiedase from Bothrops pauloensis (Q9I9R4), BaP1 from Bothrops asper (P83512), HR2A from 
Protobothrops flavoviridis (P14530), acutolysin-A from Deinagkistrodon acutus (Q9PW35) and atroxlysin-I from Bothrops atrox (P85420). (*) identical residues; (.) 
strongly similar residues; (− ) indicate gaps inserted to optimize the sequence identity. The zinc-binding motif and the methionine 165 of the characteristic basement 
Met-turn, are invariant and highlighted in yellow and green, respectively. The Cysteine residues are bold and highlighted in red. The sequences of the autocatalytic 
fragments of the 11-kDa: YNGNLNTIRT, NSVGIVQDHSPKT and a short sequence KPQCILNKP of the 20-kDa are underlined. Few differences in amino acid residues of 
rhomb-I with LHF-II at positions 47–49, 53 and 70 are highlighted in cyan. a.a., amino acids. Sequences were aligned using the CLUSTAL W Program. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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et al., 2011). In this context, rhomb-I probably plays an important role in 
the rapid tissue damage observed in patients after bites from bushmaster 
snakes. Moreover, interesting insights to explain the action of P-III 
SVMPs in comparison with some P–I class underscore the complexity of 

the pathology triggered by SVMPs in the microvasculature (Herrera 
et al., 2016). 

Fig. 4. 3D model of rhomb-I. (A) Final theoretical 
rhomb-I cartoon model showing alpha helix (red), 
βeta sheet (yellow) and random coil (green); N and C: 
N-terminal and C-terminal respectively. (B) Func
tional motif; The conserved zinc biding motif and the 
met-turn are highlighted in yellow and bright green, 
respectively. The disulfide bridges are highlighted in 
orange, the Zn (blue sphere) and Ca (red sphere) 
cations are shown. (C) Zinc binding motif showing 
the coordination geometry between histidine residues 
in the active site and zinc ion is shown as in (B). The 
interactions are shown in black dashes. (D) Super
position of alpha C of rhomb-I (grey) with the struc
ture of non-hemorrhagic metalloproteinase 
BmooMPa-I (PDB: 3GBO). The 3D model was gener
ated by the homology criterion with the Modeller v 
9.16 program and using five P-III SVMPs-III as tem
plates (3GBO, 1DTH, 4AIG, 4Q1L and 1ND1). The 
PyMol program was used to visualise the structure. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 5. Proteolysis of isolated plasma proteins by 
rhomb-I. Reducing SDS-PAGE (12.5% gel) of fibrin
ogen (Fg, A), fibrin (Fb, B), fibronectin (FN, C) and 
vitronectin (VT, D) after incubation with rhomb-I at 
the indicated intervals at 37 ◦C, at molar ratios of 
enzyme:substrate of 1:200 for Fg, Fb and FN, and 
1:150 for VT. In controls, Fg and Fb were incubated 
for 60 min or 6 h (FN and VN) without rhomb-I. The 
reactions were stopped with reduced sample buffer. 
The polypeptide chains of fibrinogen and fibrin are 
indicated by black arrow heads. (*) In (A) and (B) 
rhomb-I was pre-incubated with EDTA (5 mM) for 15 
min before the reaction with Fg/Fb. The hydrolysis 
products are indicated by open arrow heads. In (C) 
and (D) the main digested products of FN and VT are 
indicated at the right.   
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3.5. Platelet aggregation studies 

Platelets are essential contributors to hemostasis and to pathological 
arterial thrombus formation, and are targeted by SVMPs. To assess the 
effects of rhomb-I on platelet activation and aggregation, human PRP or 
WPs were pretreated with rhomb-I. Thereafter, we evaluated their 
response to ADP, vWF plus ristocetin, CVX and collagen by aggregom
etry. PRP pretreated with rhomb-I (0.3–2.4 μM) for 3 min at 37 ◦C were 
not influenced in their aggregation triggered by ADP- or CVX (Fig. 7A 
and B). However, at high concentration (above 2.4 μM), ristocetin- 
induced aggregation was profoundly impaired (Fig. 7C). When washed 
platelets were used, low concentrations of rhomb-I exhibited a marked 
inhibitory effect on ristocetin-caused aggregation in the presence of vWF 
(5.5 μg), with half-maximal inhibition concentration (IC50) value of 
0.21 μM (Fig. 7F), indicating that also plasma component, most likely 
vWF, was affected by treatment of rhomb-I. In contrast, platelet aggre
gation triggered by collagen was only slightly delayed but not inhibited 
irrespective of whether PRP (data not shown) or WPs were used 
(Fig. 7D). Similar results were previously reported for a non- 
hemorrhagic P–I SVMPs, mut-II from L.m.muta (Sanchez et al., 2021) 
and bar-I from B. barnetti snake venoms (Sanchez et al., 2016). More
over, pre-incubation of WPs with rhomb-I clearly abolished 
CVX-induced activation and aggregation (IC50 = 0.29 μM) as shown in 
Fig. 7E. By contrast, rhomb-I failed to inhibit aggregation induced by 
CVX in PRP (Fig. 7B). In line with this collagen stimulation of platelets 
was mediated via both α2β1 and GPVI, while CVX targeted GPVI but not 
the integrin α2β1, suggesting that GPVI may be a target of proteolysis by 
rhomb-I. 

To elucidate the inhibitory effect of rhomb-I on the vWF-induced 
aggregation of PRP and WPs and on CVX-triggered aggregation in 
WPs, we examined if rhomb-I affected the signaling receptors, glyco
protein (GP)VI and GPIbα. GPVI which binds collagen and GPIbα of the 
GPIb-IX-V complex binds vWF and other ligands, and operate in concert 
to mediate platelet adhesion and activation events under a number of 
blood rheological conditions found in the vasculature (Montague et al., 
2018). The levels of these receptors were reported to be regulated by 
shedding, mainly induced by ADAMs (ADAM10 and ADAM17). These 
metalloproteases cleave the receptors to release an ectodomain product 
into the plasma where they act as potential markers or modulators 
(Andrews et al., 2007; Montague et al., 2018). From the evolutionary 
viewpoint and biochemical properties it is a notably issue to elucidate 
why SVMPs and ADAMs have a similar specificity for GPIbα, vWF 
and/or GPVI. 

Intact vWF circulates in plasma as a multimeric structure of approx. 
270 kDa subunits as shown in Fig. 8A vWF A domains are involved in cell 
adhesion and are also found in ECM proteins and integrin receptors 
(Whittaker and Hynes, 2002), being critical for thrombus formation at 
high shear stress in hemostasis and thrombosis. The GPIb-IX-V-binding 
site on vWF is located within the vWF A1 domain. Incubation of the 
subunit molecule of vWF with rhomb-I (1 μg) 60 min at 37 ◦C, resulted in 
the complete degradation of the ~270 kDa multimers, to generate the 
low Mr subunits of ~110, ~90, ~66 and 35 kDa as showed by reduced 
SDS-PAGE (Fig. 8A). Such a degradation of the vWF multimeric mole
cule was not observed in EDTA-treated rhomb-I (data not shown). A 
band of ~35 kDa was conspicuously absent in the control vWF and 
appeared after incubation of vWF with rhomb-I, which may correspond 

Fig. 6. Effect of rhomb-I on matrigel. (A) Matrigel 
(50 μg) was incubated with rhomb-I (1 μg) for 1 h at 
37 ◦C (lane 1). Also, matrigel was incubated with pre- 
treated rhomb-I with EDTA (10 mM) for 15 min (lane 
2). The control experiment proceeded for 1 h without 
rhomb-I (lane C). The reaction was stopped by adding 
reduced sample buffer and boiled for 5 min. Matrigel 
degradation fragments were electrophoresed on a 
7–15% gel under reducing conditions, transferred on 
the cellulose membrane and detected with (B) anti- 
laminin, (C) anti-collagen IV and (D) anti-nidogen 
antibodies, and subsequently with protein G peroxi
dase conjugated (1:5000 dilution). In controls C are 
indicated the approximate molecular mass of the 
laminin chains (LM α1 ~300 kDa, LM β1 and γ1 
~200 kDa), collagen IV (Coll IV α-1 and α-2 ~190 
kDa), and nidogen (ND 1–135 kDa, ND 2–151 kDa), 
respectively. The degradation products and their 
apparent molecular masses are indicated at the right. 
The results are representative of three similar 
experiments.   
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to vWF-A1 domain (~35 kDa), as shown by reduced SDS-PAGE and 
proved by Western blot with anti-mouse-rvWF-A1 domain-IgG (Fig. 8B). 
Furthermore, a band of ~27 kDa appeared after incubation of 
rvWF-A1-domain (~35 kDa) with rhomb-I, as observed by reduced 
SDS-PAGE and proved by immunoblotting assay (Fig. 8B, left and right 
panel). Under similar experimental conditions, differences were detec
ted between P–I SVMPs: rhomb-I (hemorrhagic) and a non-hemorrhagic, 
mut-II, the last proteinase exhibited low cleavage rates on vWF, and on 
rvWF-A1-domain (Sanchez et al., 2021). Therefore, we analyzed the 
properties of vWF-GPIbα axis after rhomb-I incubation of platelets at 
37 ◦C. To this end, a platelet lysate was separated by SDS-PAGE and 
assayed for GPIbα fragments by Western blot with CD42b/GPIbα-anti
body. Intact GPIbα (140 kDa) was cleaved by rhomb-I to release two 
soluble products of ~130 kDa (glycocalicin) and ~35 kDa which were 
observed in total cell lysates and in supernatants as revealed by immu
noblot with anti-human CD42b/GPIbα-antibody (Fig. 8C, upper and 
lower panel). The band of ~35 kDa was also detected by homologous 
non-hemorrhagic SVMP kistomin, and suggests that the metal
loproteinase cleaved GPVI near the mucin-like region (Hsu et al., 2008). 
Moreover, a band of ~45 kDa was released by endogenous metal
loproteinases (ADAMs), but not by SVMP rhomb-I. The reason for this 
discrepancy remains to be elucidated. On the other hand, the collagen 
receptor GPVI was cleaved primarily by ADAM10, to shed a soluble ~55 
kDa ectodomain (sGPVI) and a ~10 kDa cytoplasmic domain product. 
Incubation of platelet lysate with rhomb-I resulted in the release of a 
soluble 55 kDa and an additional band of ~45 kDa. The ~45 kDa 
fragment was not released by endogenous ADAM10 (Fig. 8D). In addi
tion, Co2+-treated rhomb-I reduced the shed of soluble forms of the two 

receptors (Fig. 8 C and D). In connection with this, the antiplatelet 
properties of rhomb-I are similar to other SVMPs, e.g. mut-II which acts 
by shedding GPVI (Sanchez et al., 2021). However, the 
platelet-inhibiting effects via proteolytic cleavage of GPIbα and GPVI 
may not distinguish between hemorrhagic (rhomb-I) and 
non-hemorrhagic P–I SVMPs (e.g. mut-II). This hypothesis merits further 
investigation. Low levels of GPVI, caused by deficiency or disease, 
enhance ADAM10-mediated shedding together with elevated plasma 
sGPVI, and is associated with a high risk of bleeding (Montague et al., 
2018) as characterized by the pathology of snakebite envenoming by 
bushmaster and other vipers (Souza et al., 2007; Montague et al., 2018). 
It has been speculated that the physiological role of shedding is to limit 
platelet activation in intact vessels, mainly under high shear (Rayes 
et al., 2019). To test this hypothesis, rhomb-I (5 μg) was added to WPs 
(15 μl) for 30 min at 37 ◦C, then subjected to SDS-PAGE (7–15% gel) and 
electroblotted onto a nitrocellulose membrane. Thereafter, platelet ly
sates and supernatants were immunoblotted with anti-GPIbα-antibody 
or anti-GPVI antibody. As shown in Fig. 8E, rhomb-I strongly bound to 
both platelet receptors (Fig. 8E, left and right panel). Taken together 
these results indicate that rhomb-I binds to and cleaves GPIbα and GPVI. 

4. Conclusions 

This study provides important structural and biological properties of 
the metalloproteinase rhomb-I from L. m. rhombeata venom, which 
strongly affects vWF, essential for hemostasis, and the platelet receptors, 
GPIbα and GPVI, thereby affecting vascular permeability and platelet 
aggregation. In addition, rhomb-I contributes to toxicity through local 

Fig. 7. Effect of rhomb-I on platelet aggregation of PRP and washed platelets (WPs). PRP (225 μL) or WPs (225 μL, 2.5 × 105/μL) were pre incubated with rhomb-I at 
variable concentrations (0.3–4.8 μM using PRP or 0.07–1.2 μM with WPs), for 3 min under stirring at 600 rpm at 37 ◦C, before addition agonists to elicit aggregation; 
(A) ADP (10 μM), (B) convulxin (CVX, 50 μg), (C) ristocetin (Ris, 0.5 mg/ml), (D) collagen-I (10 μg/ml), (E) CVX (50 μg) and (F) vWF (5.5 μg/ml) plus Ris (0.5 mg/ 
ml). Mean ± standard deviation are shown. Rhomb-I inhibits aggregation of platelets in PRP triggered by Ris at concentration above 2.4 μM. Also, rhomb-I blocks 
aggregation of WPs stimulated with CVX and vWF, with an IC50 values of 0.29 μM and 0.21 μM, respectively. Data are presented as percentage of control and are 
mean ± standard deviation. 
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damage and, more importantly, systemic changes. These include hem
orrhage and consumption-induced coagulopathy, cardiovascular 
collapse and autonomic nervous system changes caused by bushmaster 
venom directly or indirectly related to SVMPs. Even more difficult is 
understanding the detailed molecular determinants of protein-protein 
binding of SVMPs to induce severe bleeding, which remains elusive. 
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Fig. 8. Antiplatelet effect of rhomb-I assay by 
immunoblotting upon commercial vWF, its recombi
nant A1 domain and platelet surface glycoproteins 
(GPIbα and GPVI). (A) Cleavage of vWF (4 μg) after 
incubation with rhomb-I (1 μg). Degradation frag
ments were analyzed by SDS-PAGE (7.5% gel) under 
reducing conditions. Controls, rhomb-I and commer
cial vWF (~270 kDa) are shown. (B) rvWF-A1 
domain (10 μg) incubated with rhomb-I (5 μg) were 
subjected to SDS PAGE (12.5% gel) under reducing 
conditions followed by immunoblotting with anti- 
rvWF-A1 domain antibody recognizing the rvWF-A1 
domain (open arrow head, ~35-kDa) and a product 
of ~27-kDa. The band of 23-kDa is rhomb-I (lane 2 
and 3 in B). (C) Immunoblot with anti-GPIbα anti
body or (D) with anti-GPVI antibody of platelets 
pellet or supernatant of washed platelets (5 × 105/μL) 
treated with: NEM (0.1 mM), rhomb-I (2 μg), rhomb-I 
plus GI254023X (GI, 100 nM), rhomb-I plus Co2+ (10 
mM), GI254023X (GI, 100 nM), and NEM (0.1 mM) 
plus GI254023X (GI, 100 nM). (E) rhomb-I binds to 
the receptors GPIbα and GPVI, rhomb-I (5 μg) were 
added in 15 μl of WPs (5 × 105/μL). The reactions 
were stopped with sample buffer (1:1, v/v) and 
boiling for 5 min. WPs without treatment were used 
as positive control. The samples were subjected to 
SDS-PAGE (7.5–15%), transferred to nitrocellulose 
membrane followed by immunoblotting with anti- 
GPIbα or anti-GPVI antibodies. Each experiment in 
panels B, C, D and E is representative of four similar 
experiments.   
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