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Abstract 

Snake venom peptidomes are valuable sources of pharmacologically active compounds. The 

peptidic fractions (peptides with molecular masses up to 10,000 Da) of the venoms of Vipera 

ammodytes meridionalis (Viperinae), the most toxic snake in Europe, Bothrops jararacussu 

(Crotalinae), an extremely poisonous snake in South America, Naja mossambica mossambica 

(Elapinae), a snake from Africa and Notechis ater niger (Acanthophiinae), distributed on the 

south coast of Australia having a very lethal venom, were analyzed. Liquid chromatography 

coupled to mass spectrometry (LC/MS), direct infusion electrospray mass spectrometry (ESI-

MS) and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-

TOF-MS) were applied to characterize the peptides of the four snake venoms. 32 bradykinin-

potentiating peptides (BPPs) were identified in the Crotalinae venom and their sequences were 

determined. 3 metalloproteinase inhibitors, 10 BPPs and a Kunitz-type inhibitor were observed 

in the Viperinae venom peptidome. 3 cytotoxins, 5 BBPs and one bradykinin inhibitor peptide 

were found in the Elapinae venom. Two neurotoxins, two Kunitz/BPTI type inhibitors and one 

natriuretic peptide were identified in the Acanthophiinae venom. Variability in the C-terminus of 

homologous BPPs was observed, which can influence the pharmacological effects. The data 

obtained so far shows a subfamily specificity of the venom peptidome in the Viperidae and 

Elapidae family: BPPs are the major peptide component of the Crotalinae venom peptidome 

lacking Kunitz-type inhibitors (with one exception) while the Viperinae and Acanthophiinae 

venom, in addition to BPP or natriuretic peptides, can contain peptides of the bovine pancreatic 

trypsin inhibitor family. The venoms of Elapidae family contain three finger toxins which have 

not been found in the Viperidae family and the absence of three finger toxin type of peptides in 

the Viperidae venom can mark the point of difference between the Elapidae and Viperidae 

family. Among the Elapidae family variations were also observed at the subfamily level. The 

Elapinae family contains cytotoxin type of three finger toxin, while that of Acanthophiinae 

venom lacks cytotxic peptides and instead contains neurotoxin type of three finger toxins. The 

Acanthophiinae family contains Kunitz/BPTI inhibitors which were not observed in the Elapinae 

venom. The MALDI-TOF mass spectrometry provided information for the post-translational 

phosphorylation of serine residues in Bothrops jararacussu venom BPP (SQGLPPGPPIP), 

which could be a regulatory mechanism in their interactions with ACE, and might influence the 

hypotensive effect. Homology between venom BPPs from Viperidae snakes and venom 
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natriuretic peptide precursors from Elapidae snakes suggests a structural similarity between the 

respective peptides from the peptidomes of both snake families. The Kunitz/BPTI type inhibitors 

isolated from the venoms of Viperinae and Acanthophiinae subfamily are also homologous to 

each other, but show variation of the reactive bond residues even within the same venom, 

suggesting that nature has engineered these peptides to perform a variety of functions by 

incorporating subtle mutations at convex and exposed binding loop. The results demonstrate that 

the venoms are rich sources of peptides influencing important physiological systems such as 

blood pressure regulation, hemostasis, and nervous system. The molecular models of the 

catalytic complexes of BPP-human ACE and Kunitz/BPTI-serine protease provide insights into 

the probable binding modes and interactions at the protein-ligand interface. The data can support 

pharmacological and medical applications. 
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Zusammenfassung 

Die Peptidome von Schlangengifte sind wertvolle Quellen von pharmakologisch wirksamen 

Verbindungen. In der vorliegenden Arbeit wurden die peptidischen Fraktionen (Peptide mit 

einem Molekulargewicht von weniger als von 10,000 Da) der Gifte von Vipera ammodytes 

meridionalis (Viperinae), der giftigsten Schlange Europas, Bothrops jararacussu (Crotalinae), 

einer extrem giftigen Schlange aus Südamerika, Naja mossambica mossambica (Elapinae), der 

gefährlichsten Schlange Afrikas und Notechis ater niger (Acanthophiinae), von der Südküste 

Australiens mit einem sehr tödlichen Gift, analysiert. Flüssigkeits-Chromatographie gekoppelt 

mit Massenspektrometrie (LC/MS), Elektrosprayionisations-Massenspektrometrie per direkter 

Probeninfusion (ESI-MS) und Matrix-Assisted Laser Desorption/Ionisation Time-of-Flight-

Massenspektrometrie (MALDI-TOF-MS) wurden angewandt, um die Peptide der vier 

Schlangengifte zu charakterisieren. Im Gift der Crotalinae wurden 32 Bradykinin-potenzierende 

Peptide (BPPs) identifiziert und ihre Sequenzen wurden bestimmt. Im Peptidom des Viperinae-

Gifts wurden 3 Metalloproteinase-Inhibitoren, 10 BPPs und ein Kunitz-Typ-Inhibitor beobachtet. 

Drei zytotoxische Komponenten, 5 BBPs und ein Bradykinin-Inhibitor-Peptid wurden im 

Elapinae-Gift gefunden. Zwei Neurotoxine, zwei Kunitz-/BPTI-Typ-Hemmstoffe und ein 

natriuretisches Peptid wurden im Acanthophiinae-Gift identifiziert. Eine Variabilität am C-

Terminus von homologen BPPs, die die pharmakologischen Wirkungen beeinflussen kann, 

wurde beobachtet. Die erhaltenen Daten zeigen eine Spezifität der Gifte in den Unterfamilien im 

Peptidom der Viperidae- und Elapidaefamilie: BPPs sind die wichtigsten Peptidkomponenten des 

Crotalinae-Gift-Peptidoms. In diesem fehlen Kunitz-Typ Inhibitoren (mit einer Ausnahme), 

während das Gift von Viperinae und Acanthophiinae, zusätzlich zu BPPs oder natriuretischen 

Peptiden, Peptide der Bovin-Trypsin-Inhibitor-Familie enthalten können. Die Gifte der Elapidae-

Familie enthalten sogenannte Dreifinger-Toxine (three finger toxins), die nicht in der Viperidae-

Familie gefunden wurden. Das Fehlen von Dreifinger-Giftstoffen im Gift von Viperidae ist der 

entscheidende Unterschied zwischen dem Gift der Elapidae- und Viperidae-Familien. 

Innerhalb der Elapidae-Familie wurden auch auf der Subfamilien-Ebene Unterschiede in der 

Zusammensetzung des Giftes beobachtet. Das Gift der Elapinae-Familie enthält Cytotoxin vom 

Typ des Dreifinger-Toxins, dies fehlt im Gift der Acanthophiinae welches stattdessen 

Neurotoxine vom Typ der Dreifinger-Toxine enthält. Die Acanthophiinae-Familie enthält 

Kunitz-/BPTI-Inhibitoren, die nicht im Gift der Elapinae-Familie gefunden werden konnten. Die 
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MALDI-TOF-Massenspektrometrie ergab einen Anhaltspunkt für die post-translationale 

Phosphorylierung von Serin im BPP aus dem Gift von Bothrops jararacussu (SQGLPPGPPIP). 

Dies könnte ein Regulationsmechanismus in ihren Interaktionen mit ACE sein und die 

blutdrucksenkende Wirkung beeinflussen. Die Homologie zwischen BPPs von Viperidae-

Schlangen und den Vorstufen des natriuretischen Peptids im Gift von Elapidae-Schlangen 

verweist auf eine strukturelle Ähnlichkeit zwischen den jeweiligen Peptiden beider 

Schlangenfamilien. Die Kunitz-/BPTI-Typ-Inhibitoren, die aus den Giften der Viperinae und 

Acanthophiinae-Unterfamilie isoliert wurden, sind auch homolog zueinander, zeigen aber 

Unterschiede bei ihren reaktiven Bindungsstellen, selbst innerhalb desselben Giftes, was darauf 

hindeutet, dass durch Einbau von kleinen Mutationen an konvex und freiliegenden bindenden 

Loops diese Peptide verschiedene Funktionen haben. Die Ergebnisse zeigen, dass die Gifte von 

vier Schlangen reiche Quellen für Peptide sind, die wichtige physiologische Systeme wie 

Regulierung des Blutdrucks, Hämostase und das Nervensystem beeinflussen. Die molekularen 

Modelle der katalytischen Komplexe von BPP aus Schlangengiften mit menschlichem tACE und 

der Kunitz-/BPTI in Komplex mit Serinproteasen gibt Einblicke in die wahrscheinlichen 

Bindungsmodi und Wechselwirkungen an der Protein-Ligand-Schnittstelle. Die Daten können 

für pharmakologische und medizinische Anwendungen verwendet werden. 
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Introduction 

1.1: Snake venom 

Snake venom is an exquisitely complex mixture of hundreds of compounds, as proteins, 

peptides, carbohydrates, nucleosides, amines, free amino acids and lipids. Protein and peptide 

components comprise 90–95% of the dry weight of the venom [1, 2]. Snakes use their venoms as 

an offensive weapon in incapacitating and immobilizing their prey, as a defensive tool against 

their predators, and to aid in digestion, and hence use it as a tool to survive in their particular 

environment. Venomous snakes in the family Viperidae and Elapidae have a complex mixture of 

distinct toxic proteins produced in the specialized venom glands located in the upper jaw, which 

they inject into the prey using fang [3]. 

Scientists all over the world, study snake venoms and toxins by focusing one or more of the 

following objectives, i) to determine the mode and mechanism of action of the toxins, ii) to 

develop antivenoms/antidotes to neutralize the adverse effects of snake venom envenomation, iii) 

to understand the physiological processes both at cellular and molecular level and to design 

novel medicines, iv) to develop archetypes of pharmacological agents based on the structure of 

the toxins, and v) to understand the ecological niche and evolutionary relationship of the snakes 

[4, 5]. 

By now a large number of snake venom proteins have been purified and characterized. Some of 

them exhibit enzymatic activities, whereas others are non enzymatic proteins and polypeptides. 

Based on their structures, they can be grouped into families (summarized in Fig. 1) [6]. The 

members of a single family show remarkable similarities in their primary, secondary and tertiary 

structures, but they often exhibit distinct pharmacological effects [7].  

Venom proteins are subjected to accelerated Darwinian evolution [8], and variability of venom 

composition at the genus, species, subspecies, population and individual levels may endow 

snakes with the capability to adapt to different ecological niches [9].  

In 1994 Marc Wilkins developed the concept of proteome and coined the term [10]. In 1997 he 

co-wrote and co-edited the first book on proteomics [11]. Proteomics analysis of snake venoms, 

also known as “snake venomics”, is greatly expanding the knowledge and understanding of these 

complex secretions, vital to snakes but potentially fatal to humans. The advancement of 
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proteomic tools, during the recent years, have accelerated the work in unraveling the venom 

composition, and therefore paving the way for a deeper understanding of their biological, 

functional and clinical implications [12]
and references therein

. 

  

 

Fig. 1: Composition of the snake venom [6]. 

Snake venom consists of a wide range of proteins, with a complex proteome. Therefore it is not 

possible to visualize every component of a proteome using a single proteomic technique. Recent 

publications in the field of venomics have emphasized the need for multifaceted approaches to 
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maximize the protein coverage [6, 13]. Recently, the combinatorial peptide library approach 

(commercialized as Proteominer 
TM

) has emerged as a powerful tool for mining below the tip of 

the iceberg, and complements the data gained using the snake venomics protocol towards a 

complete visualization of the venom proteome [14]. A general scheme of the steps to be followed 

in a snake venomic analysis is shown in Fig. 2. 

 

                     

Fig. 2: Scheme of the steps typically performed in a snake venomics analyis. CID: Collision induced 

dissociation; RP-HPLC: Reverse phase HPLC [14].  

 

The proteomic approach has given rise to a comprehensive understanding of the venom 

complexity, composition, and relative abundance of different protein families, and provides 

insights to investigators to focus on different issues and identification of novel proteins [15-26]. 

Studies have shown that the chemical composition of the venoms exhibit geographical variations 

and may be due to evolutionary environmental pressure acting on isolated populations [27]. 

Calvete et al. characterized the venom proteome of Bothrops atrox from different geographical 
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regions and vindicated the use of a venom signature as a tool to investigate the phylogeography 

of Bothrops atrox [28]. The snake venom composition is under genetic control and therefore 

proteome studies could serve as a tool to provide molecular markers for taxonomical purposes 

[12, 29-31]. However, besides varying between species, venom composition also differs within a 

species depending on age, season and temperature [27]. Fig. 3 illustrates variation of the venom 

composition between different species [5].    

                      

 

 

Fig. 3: Summary of the relative amounts of toxin families in the venoms of; (A) C. d. terrificus venom; (B) C. d. collineatus 

venom [5]. 

There is evidence that individual venom composition can vary through time likely due to the 

effects of gene regulation, a number of snakes show age related changes in venom composition 

[9]
and references therein

. This pattern is interpreted as reflecting ontogenetic changes in gene 

expression possibly related to diet differences between juvenile (eg. ectothermic prey such as 

frogs and lizards) and adults (e.g. endothermic prey, such as mammals), tuning the venom 

toxicity to deal with larger prey by adult snakes [32-34]. 

Characterizing the large molecular variability within all the major toxin families may contribute 

to a deeper understanding of the biological effects of the venoms, and poses exciting challenges 

for delineating structure-function correlations and for designing antivenom production strategies. 

Snake bite is still a serious threat in both developed and developing countries. Snake 

envenomation accidents represent a socio-medical problem of considerable magnitude with 
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about 2.5 million people bitten by snakes annually around the world, of which more than 

100,000 lose their lives. The only effective treatment for systemic envenomation is intravenous 

administration of antivenom. However many of the antivenom have not achieved optimal 

protective effects. This is in part due to the fact that antiserum includes numerous antibodies with 

specificities not confined to the toxic target molecules [35], and also to the fact that the venom 

used as antigen for serum production may contain poorly immunogenic components, unable to 

induce production of protective antibodies. The WHO has only recently recognized snake bite as 

a “neglected tropical disease” [36, 37].  Therefore the knowledge of toxin composition of the 

venom is of great medical and biotechnological significance, to develop safe and more specific 

antivenoms, and studies are being carried out to use pooled venoms as a substrate for antivenom 

production, for designing novel polyvalent pan-generic antivenoms [38-50]. 

1.2: Chemical arsenal of the snake: nature’s bio resource for drug design 

Nature has been the traditional source and inspiration for drug discovery for thousands of years, 

among which snake venoms form a rich source of bioactive molecules [51].  

Snakes have been used in Ayurevedic medicine since the seventh century B.C. to prolong life 

and treat arthritis and gastrointestinal ailments [52]. Cobra venom has been used since the 1930s 

to treat conditions as diverse as asthma, polio, multiple sclerosis, rheumatism, severe pain and 

trigeminal neuralgia [53]. 

Most venoms are delivered to their prey and consequently the venom peptides and proteins must 

be stable enough to reach their site of action before being degraded or excreted. This need has 

resulted in the recruitment of highly stable molecular scaffolds that are resistant to degradation 

by proteases [54, 55]. The stability is usually attained by disulfide bridges [56], and post-

translational modification [57, 58].  

Venom components can be used directly or as prototypes of drugs for the treatment of diseases 

which do not respond to currently available therapies [6, 59]. Some of these compounds have 

already found preclinical or clinical application for the treatment of hypertension, cardiovascular 

diseases, multiple sclerosis, diabetes and pain [57]. A well known example is the use of 

bradykinin-potentiating peptides (BPP), isolated from the Bothrops jararaca venom, which 

served as an antetype for the first orally-active inhibitor of the angiotensin-converting enzyme 

(ACE), named captopril [60-62]. BPPs, natriuretic peptides (NPs) and sarafotoxins (SRTXs) 
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exert profound effects on the cardiovascular system [63]. Snake venom NPs resemble their 

mammalian counterparts including atrial natriuretic peptides (ANPs), brain natriuretic peptides 

(BNPs) and C-type natriuretic peptides (CNPs). Mammalian NPs play a crucial role in 

natriuresis, diuresis and vasorelaxation [64]. A 38-residues peptide (DNP) was isolated from the 

Dendroaspis angusticeps (Green mamba) venom [65], which has been shown to possess 

vasodilator, natriuretic and diuretic properties, similar to those of the mammalian NPs [66]
 and 

references therein
. A synthetic analogue of DNP is today a potent therapeutic agent for the treatment of 

acutely decompensated congestive heart failure [67]. Snake venom sarafotoxins and mammalian 

endothelins (ETs) are structurally and pharmacologically related peptides exhibiting a potent 

vasoconstrictor action. They act on the vascular system via identical receptors [68]. Endothelins 

are very potent vasoconstrictor substances [69]. Disintegrins, found in the venoms of Viperinae 

and Crotalinae snakes, are non-enzymatic peptides which selectively block integrin receptors. 

These receptors are located on the cell surface and mediate cell-cell and cell-matrix interactions 

[70, 71]. Disintegrins and their analogues have the potential to be used as pharmacological tools 

for the treatment of heart attacks, cancer, osteoporosis and diabetes [72]. A potent peptide 

antibiotic, cathelicidin-BF, was purified from the venom of Bungarus fasciatus [73]. Further 

research work based on structure activity relationship, is being carried out, to design novel and 

cost effective antimicrobial peptides with reduced haemolytic activity [74]. Textilinin-1, which is 

a 7 kDa Kunitz type serine protease inhibitor isolated from the venom of P. textilis, has been 

found to be a potent and selective inhibitor of plasmin. In vitro and in vivo studies have shown 

that this molecule is equally effective and has a better safety profile as compared to aprotinin, 

therefore it has been suggested as a lead candidate for the replacement of aprotinin as an anti-

fibrinolytic agent [75]. 

The pharmaceutical industry has recognized the enormous potential inherent to venom peptides 

and has begun to exploit the selectivity and sensitivity fine tuned by evolution [76]. There are 

approximately 60 peptide drugs on the market with combined sales in 2010 of $ 13 billion [77]. 

Presently peptides share about 2% of the drugs in the market, and account for 50 % of the drugs 

in the pipelines of the drug manufacturers [78]. The drugs derived from snake venom, which 

have been approved or in clinical or preclinical trials are shown in table 1. 

 



Introduction 

7 

 

Table 1: Drugs derived from snake venom [78] 

 

1.3: Evolution of the snake venom proteins  

The advanced snakes (superfamily Colubroidea) constitute over 80% of the approximately 2,900 

species of snake currently described and contain all the known venomous forms. Only about 20 

% of the advanced snakes (Atractaspididae, Elapidae, Hydrophidae and Viperidae) have front-

fanged delivery systems, and are typically regarded as of major medical interest [79]. The 

evolutionary studies of the venom are based on the variable nature of the venom. Venoms 

represent the critical innovation in ophidian evolution that allowed the advanced snakes to 

transition from a mechanical (constriction) to a chemical (venom) means of subduing and 

digesting prey larger than themselves [59, 80]. A great deal of work in mining the origin, 

evolution and phylogeny of the snake venom toxins was done by Fry and colleagues [81-87]. 

One of the important conclusions was that, the snake venom toxins evolved from recruitment 

events by which a body protein is recruited into the chemical arsenal of the snake. The toxins 

often undergo significant variations in sequence and structure, yet typically retain the molecular 
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scaffold of the ancestral protein [82]. It is believed that the original PLA2, for example, had a 

role in digestion and that upon recruitment of this protein in the venom gland, the ancestral 

digestive enzyme evolved and through subtle mutations became toxic [84]. Studies on the origin 

and evolution of the snake venom proteome revealed that CRISPs and kallikrein toxins result 

from modification of salivary proteins, and that the toxin types, where the ancestral protein was 

extensively cysteine cross-linked, were the ones that flourished into functionally diverse, novel 

toxin multigene families [84].  

The venomous snake families (Atractaspididae, Elapidae, Viperidae and Colubridae) consist of 

snakes with venoms that contain shared protein families. Despite of the fact that homologous 

toxins are found in the venom of these families, the venom of each family has distinct biological 

activity. The differences in biological characteristics are caused by the variation in amino acid 

sequence and relative abundance of the related proteins [13]. Viperidae venom toxins can be 

subdivided into two major groups, enzymatic and non enzymatic toxins. The enzymatic toxins 

consist of group II PLA2s, serine proteases, metalloproteinases, LAAOs and glutaminyl cyclise. 

The non enzymatic toxins include C-type lectins, disintegrins, CNP, CRISPs, VEGFs, NEGFs, 

cystatin, BPP and Kunitz type protease inhibitors. The Elapidae snakes venom is characterized 

by a high post and presynaptic neurotoxicity, and contains a wide variety of group 1 PLA2, 3FTx, 

CRISPs, Kunitz type protease inhibitors, NGFs, galactose-binding lectins, ANP, cystains and 

M12B peptidases  The Atractaspididae snake venoms have a variety of peptide toxins that affect 

the cardiovascular system and the Colubridae snake venoms share some similar activities to both 

the Viperidae and Elapidae snakes [6].  

Vipers and elapids are the most distantly related lineages among the Colubroidea, (Fig. 4) [88]. 

Fry et al. [83], studied eight toxin families, to investigate the origin and recruitment of toxin 

families into the venom proteome of these snakes. According to them the Kunitz type protease 

inhibitors, CRISP toxins, GBL toxins, M12B peptidases and NFG toxins were recruited at an 

early stage before the split of the lineage. 
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Fig. 4: Phylogeny of the major families of advanced snakes [88]. 

Three toxin families, lectin toxins, PLA2, and the natriuretic peptides were recruited at two 

independent events. The Elapidae toxins belong to the “pancreatic-type” (group I) PLA2 toxins, 

whereas the Viperidae toxins belong to the “synovial-type” (group II) PLA2 toxins. The lectin 

protein family was recruited once before the split of the lineage, i.e. the GBL toxins and C-type 

lectins again in the Viperidae lineage subsequent to its split from the rest of the advance snakes. 

Hence the vipers contain both the C-type lectins and GBL, whereas all other lineages contain 

only GBL. On the contrary the actual points of recruitment of the group I PLA2 and natriuretic 

toxin families remain unknown. Group I PLA2 toxins have so far only been characterized and 

sequenced from elapid venoms. B. J. Fry has stated that the ANP/BNP natriuretic toxins may be 

another ancient recruitment at the base of the Colubridae tree, where as the CNP natriuretic 

toxins are an independent recruitment that occurred after the vipers split off from the remainder 

of the advanced snakes like that of the lectin toxins. The 3FTx family was recruited immediately 

after the vipers split from the remaining colubroid lineages. A number of other toxin families are 

presently known only from either elapids or the viperids and may have been recruited into the 

venom proteome later during the evolution of these lineages. Toxins molecular scaffolds 

sequenced only from Elapidae venoms include acetylcholinesterase, cobra venom factor, factor 

Xa prothrombin-activating toxins, factor V toxins, prokinecitin-like peptides, wapins, and toxins 

containing the SPRY domain. Current viperidae only toxins include myotoxic peptides, S1 

peptidases, vascular endothelial growth factor-like toxins, and waglerins. Thus venoms evolved 

into complex and sophisticated secretions soon after the initial evolution of serous supralabial 

glands at the base of the colubroid radiation [89]. PII-disintegrins have been found only in the 
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viperidae venom, which evolved by the neofunctionalization of disintegrin-like domains of 

duplicated PIII-SVMP genes. Since PIII-SVMPs exist in all the five families of Colubroidea, it 

was concluded that disintegrins emerged after the split of Viperidae and Elapidae, but before the 

separation of Viperidae subfamilies [90]. 

1.4: Snake venoms analyzed in terms of the thesis 

The following four snake venoms were selected from Viperidae and Elapidae snake family (Fig. 

5), with different geographical distribution and habitat, to study their peptidic fractions in a 

comparative way. 

 

 

Fig. 5: Flow chart displaying the families and geographical distribution of snakes, the venom of which was 

analyzed in terms of the thesis. 

 

1.4.1: Bothrops jararacussu 

This snake is found in South America. It belongs to the subfamily Crotalinae and genus 

Bothrops. Fig. 5 shows a Bothrops jararacussu snake and its geographical distribution in South 

America. This snake has an exceptionally large venom output; up to 1000 mg (dry weight) 

venom can be obtained from a single milking [91]. The venom B. jararacussu is an enormous 

reservoir of pharmacologically active compounds. 

Snake Family 

Viperidae 

Bothrops jararacussu 

(Crotalinae)   

(Brazil) 

Vipera a meridionalis 

(Viperinae)  

   ( Europe) 

Elapidae 

Naja mossambica 

(Elapinae) 

(Africa) 

Notechis ater niger 

(Acanthophiinae) 

(Australia) 
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Fig. 6: (A) Bothrops jararacussu snake; (B) Map illustrating the geographical distribution of Bothrops 

jararacussu (WHO venomous snake data base). 

1.4.2: Vipera ammodytes meridionalis 

This snake is from the biodiversity of Europe. It belongs to the subfamily Viperinae and genus 

Vipera. This snake is of public health significance and the most toxic European snake [92], with 

an unexplored venom peptidome. It is widely distributed in the eastern part of the continent, Fig. 

6. 

 

Fig. 7: (A) V. a. meridionalis; (B) Map illustrating the geographical distribution of the snake (WHO venomous 

snake data base). 

1.4.3: Naja mossambica mossambica 

This is a type of spitting cobra native to Africa, Fig. 7. It belongs to the family Elapidae, 

subfamily Elapinae and genus Naja. It is considered to be one of most dangerous snakes in 

Africa. Envenoming of the prey by this snake results in severe damage of the local tissue, and 

venom in the eyes can cause impaired vision or blindness [93]. 
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Fig. 8: (A) Naja m mossambica; (B) Map illustrating the geographic distribution of the snake (WHO 

venomous snake data base). 

1.4.4: Notechis ater niger 

This is an Elapidae snake (subfamily Acanthophiinae, genus Notechis). Snakes of this genus are 

distributed on the south coast of Australia (Fig. 8). The venom of this snake is highly lethal 

having neurotoxins, coagulants, haemolysins and myotoxins. Whereas the mainland snakes have 

a diet including lizards and frogs, the Kangaroo Island snakes of this species prefer to feed on 

mammals.  

 

Fig. 9: (A) Notechis ater niger; (B) Map illustrating the geographical distribution of the snake (WHO 

venomous snake data base). 
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2: Aims and significance of the project 

The advent of proteome technique has fostered the knowledge gained about the venom proteome 

composition, protein structure and function. However snake venom peptidomes are a so far 

mainly neglected/unexplored field and NCBI data base search shows that the snake venom 

peptide entries are much less as compared to the snake venom proteins. This can be ascribed to 

the difficulty in obtaining the venom to perform these studies, as the snake venom is very scarce 

and the peptides are present at a lower concentration as compared to the proteins. Another 

hypothesis might be that unlike the protein components of the venom, the peptide fractions can 

not be analyzed by high throughput approaches like 2-D gels followed by automated digestion 

and MS/MS sequencing. The peptides have to be purified prior to analysis. Purification of the 

peptides is a difficult task, due to high complexity and the similarity of chemical and physical 

properties. Also the de novo sequencing of non tryptic peptides is time consuming and difficult.  

The main objectives of this study were: 

 Isolation and identification of peptidic inhibitors of pharmacologically interesting 

enzymes.  

 Development of analytical methods for the purification and characterization of these 

peptides. 

 Molecular modelling and docking to build models of catalytic complexes, of selected 

peptidic inhibitors with enzymes of interest.  

 

These investigations are of great significance as a better understanding of the snake venom 

peptides, engineered by nature over millions of years of evolution, would allow the development 

of new molecules with the potential to pinpoint a specific step of a physiological process such as 

coagulation, neurotransmission or blood pressure regulation, leading to new drugs with higher 

specificity. A comparative evaluation of the peptides, present in the snake venoms under study 

might shed light on the taxonomic and geographical variations in venom among these snakes. 

The optimization of the analytical methods for the purification and characterization of the 

peptides would aid in the further investigation of peptides from other snakes venoms.            
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3: Materials and methods 

3.1: Collection of snake venom 

Vipera ammodytes meridionalis venom was collected from snakes originating from the province 

Thrace, near the border between Greece and Bulgaria and provided by the Academy of Sciences, 

Sofia, Bulgaria. Crude venoms from Bothrops jararacussu, Naja mossambica mossambica and 

Notechis ater niger were obtained from [Instituto Butantan (São Paulo; Brazil)]. The venoms 

were filtered to remove potential mucosal contaminants, lyophilized and stored at -20 °C until 

required.  

3.2: Liquid chromatography of crude venom and peptide fractions of Vipera ammodytes 

meridionalis 

The crude venom was fractionated by size-exclusion chromatography. 50 mg of the venom (dry 

weight) were dissolved in 0.1 M ammonium acetate buffer, pH 5.0 and applied on a Superdex-75 

column, (16 x 60). The chromatography was performed using the same buffer at a flow rate of 1 

ml/minute. UV absorbance of the eluate was monitored at 220 and 280 nm. This step was 

repeated several times to fractionate about 150 mg of the venom. Fractions were collected and 

subjected to SDS-PAGE on a 15% glycine gel or on 18% Tris/Tricine gel under reducing and 

non-reducing conditions. The gels were stained with Coomassie Blue. Peptide fractions were 

further purified by liquid chromatography.  

Further separations by HPLC or FPLC were performed on:  

a) Mono-S Column:   

Liquid chromatography of the peptide fraction (Peak 6, Fig. 11) was performed on a 

Mono-S (5 x 50) cation-exchange column. Peptides were collected with a linear NaCl 

gradient (0 to1 M), at a flow rate of 1ml/minute, where buffer A was 0.05 M sodium 

acetate, pH 5 and buffer B was 0.05 M sodium acetate containing 1.0 M NaCl, pH5.  

b) SOURCE 15RPC Column: 

To purify the peptides of the first peak eluting from the Mono-S column, a Source 15 

RPC (4.6 x 100) column with a linear gradient of 0–60% consisting of solvent A (0.05% 

formic acid) and solvent B (0.05% formic acid in acetonitrile, ACN), at a flow rate of 

1ml/minute, was used. 
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c)  PerfectSil 300 ODS-C18 5µm 

A C18 (4.6/250 mm) column with a linear gradient system of 0–70% consisting of 

solvent A (0.05% formic acid in H2O) and solvent B (0.05% formic acid in acetonitrile), 

at a flow rate of 1ml/minute, was applied to isolate the peptides from peak 8 (Fig. 10). 

d) LiChrosorb RP-C8 5µm 

A C8 (4.6/150) column with a linear gradient of 0-70% consisting of solvent A (0.05% 

formic acid in H2O) and solvent B (0.05% formic acid in acetonitrile) was used, at a flow 

rate of 1ml/minute, to isolate peptides from peaks 9-11 (Fig. 10). 

 

3.3: Liquid chromatography of crude venom and peptide fractions of Bothrops jararacussu 

The crude venom was fractionated by size-exclusion chromatography on a Superdex-75 column 

(10 x 300). A total of 200 mg venom was fractionated using the same buffer and elution 

conditions as mentioned above, by loading 20 mg (dry weight) of the venom. Peptide fractions 

were further purified by high pressure liquid chromatography.  

a) PLRP Column 

Fractions 4-9 obtained from a size exclusion column (Fig. 16), were subjected to further 

purification on a PLRP column with an asymmetric gradient of 3-60 % consisting of 

solvent A (20 mM ammonium carbonate) and solvent B (ACN), at a flow rate of 1 ml/ 

minute.  

b) Chromolith C18 (100x4.6) Column  

A Chromolith C18 column was used with an asymmetric gradient of 3-40%, consisting of 

solvent A (0.2% formic acid) and ACN as solvent B, at a flow rate of 2 ml/minute, to 

further purify the peptides after basic RPC, which showed inhibitory activity towards an 

angiotensin converting enzyme. 

 

3.4: Liquid chromatography of crude venom and peptide fractions of Naja mossambica 

mossambica 

A total of 200 mg venom was fractionated on Superdex-75 (10 X 300), as mentioned above. 

Peptide fractions were further separated by FPLC or HPLC. 
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a) Resource-S Column 

Liquid chromatography of peptide fractions (Peak 5, Fig. 38) was performed on a 

Resource-S 1ml cation-exchange column. Peptides were separated by a two segment 

NaCl gradient, 0 to 50% B, 35 CV, and 50-100, in 5 CV, at a flow rate of 1ml/minute, 

where buffer A was 0.05 M sodium acetate, pH 5.5 and buffer B was 0.05 M sodium 

acetate containing 1.0 M NaCl, pH 5.5. 

b) Vydac C18 (150X4.6) Column 

Peptides (Peak 9, Fig. 38) were further separated by RPC, using a C18 column. A linear 

gradient of 0-75% B was used to elute the fractions, at a flow rate of 0.8 ml/ minute. 

0.05% formic acid was used as solvent A and straight acetonitrile was used as solvent B. 

3.5: Liquid chromatography of crude venom and peptide fractions of Notechis ater niger 

A total of 300 mg venom was fractionated on a Superdex-75 (16 x 60) column, under the same 

conditions as the other venoms. Peptide fractions were further purified by HPLC.  

a) SOURCE 5RPC (4.6 x 150) Column  

Peak 4 (Fig. 51) was fractionated on a SOURCE 5RPC column, by a linear gradient 

between 5-75%, at a flow rate of 1ml/minute, for 55 minutes. Solvent A was 0.1% formic 

acid and solvent B was straight acetonitrile. 

b) Chromolith-C18 (100 x 4.6) Column 

In order to isolate peptides inhibiting ACE peak 4 (Fig. 51), was filtered through 3 KDa 

amicon membrane. The peptides present in the filtrate were fractionated on a C18 

column, with a linear gradient of 0.3% B to 60 % B, at a flow rate of 1ml/minute, for 40 

minutes. 0.2% formic acid was used as solvent A, and straight acetonitrile was used as 

solvent B. 

3.6: Liquid chromatography of crude venom of Agkistrodon bilineatus 

The crude venom was fractionated by size-exclusion chromatography, on a Superdex-75 column 

(16 x 60), under the same conditions as used for other venoms.  

3.7: SDS-polyacrylamide gel electrophoresis (PAGE) 

Polyacrylamide gel electrophoresis was performed using 15% glycine or 18% tricine SDS-

polyacrylamide, according to the standard protocols [94, 95]. The 18% tricine gel was prepared 
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according to the protocol available at 

(http://www.fermentas.com/templates/files/tiny_mce/coa_pdf/coa_sm1891.pdf ). The gels were 

10 x10 cm and 0.7 mm thick. Before applying the samples to the gels, they were diluted 1:1 with 

sample buffer and heated to 85 ˚C for 5 minute. The voltage of the chamber was set to 120 V. 

The protein bands were stained with Coomassie Briliant Blue G250, and de stained with a 20 % 

acetic acid solution.    

3.8: Inhibitory activity of snake venom peptides 

The inhibitory activity of snake venom peptides was tested towards the following enzymes, using 

either chromogenic or fluorogenic substrates. All the assays were downsized to a volume of 100 

µl, and the measurements were taken on the TECAN micro plate reader, at room temperature. 

The inhibitory activity of snake venom peptide was determined by incubating 20 µl of the snake 

venom fraction with the protease for 15 minutes, and then monitoring the residual protease 

activity by the addition of the corresponding substrate. 

3.8.1: Angiotensin I-converting enzyme (ACE) assay  

The ACE activity in the presence of venom peptides was determined by a fluorescence energy 

transfer assay using Abz-Phe-Arg-Lys (Dnp)-Pro-OH as a substrate [96]. 1 mg of the substrate 

was weighed and dissolved in 1ml DMSO. The exact concentration of the substrate was 

determined by taking four different volumes of the substrate stock solution, and constructing a 

standard curve spectrophometrically at 365 nm, using the molar extinction coefficient of the Dnp 

group (Ɛ356= 17,300 M
-1 

cm
-1

), according to the Beer’s Lambert Law 

   

A= ƐDnp x l x c 

The stock solution of the enzyme was prepared by suspending 0.25 UN of ACE in 250 µl of the 

assay buffer (Dissolve 12.1 g Tris-base, 2.92 g NaCl and 1.36 mg ZnCl2 in 1 liter of deionized 

water. Adjust the pH to 7.0 with HCl). Just before the assay an aliquot of the stock solution of 

ACE was diluted with assay buffer in a ratio of 1:3 (ACE: Buffer). An aliquot of the substrate 

stock solution was also diluted in a ratio of 1:3 (substrate: buffer). To determine the protease 

activity 2 µl of the dilute ACE solution was mixed with 96 µl of the buffer, the reaction was 

started by adding 2 µl of the freshly prepared substrate solution. The fluorescence measurements 

were made at λex= 320 nm and at λem= 420 nm, for 5 minutes.  

http://www.fermentas.com/templates/files/tiny_mce/coa_pdf/coa_sm1891.pdf
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3.8.2: Subtilisin (StmPr1) assay  

A bacterial subtilisin (StmPr1) was provided by Dr. Negm [97], to identify and isolate an 

inhibitor of this protease from snake venom, as a part of an internal collaboration. To determine 

the serine protease activity the chromophore tetrapeptide Suc-Ala-Ala-Pro-Phe-pNA was used, 

which is considered to be a non-specific serine protease substrate [98]. After incubation of a 

serine protease with the substrate nitroaniline is released. This absorbs at 405 nm. The amount of 

the released nitroaniline is a measure of the activity of the serine protease. A 50 mM stock 

solution of the substrate was prepared. Before the assay a working solution of the substrate was 

prepared by diluting 10 µl of the stock solution to 100 µl with the reaction buffer. To measure 

the protease activity, 10 µl of a diluted protein solution was mixed with 80 µl reaction buffer (20 

mM Tris, 20 mM CaCl2, 150 mM NaCl, pH 8), and the reaction was started by addition of 10 the 

assay 10µl of the diluted substrate solution. The absorbance was measured at 405 nm for four 

minutes. 

3.8.3: Thrombin assay  

The activity of thrombin was determined by using the substrate, Bz-Phe-Val-Arg-pNA [99]. A 

20 mM stock solution of substrate was prepared by dissolving 6.82 mg in 500 µl of DMSO. The 

stock solution of the enzyme was prepared by dissolving 100 UN in 100 µl of the assay buffer 

(50 mM tris, 100 mM NaCl, pH=8). Just before the assay a working solution of the substrate was 

prepared by taking 20 µl of the stock solution and diluting to 100 µl with buffer, and that of the 

enzyme was prepared by diluting in the ratio of 2:5 (enzyme stock solution: buffer). 3µl enzyme 

was incubated with 84 µl buffer and 13 µl of the substrate working solution were added to start 

the reaction. Measurements were made by monitoring the absorbance at 405 nm for four 

minutes. 

3.8.4: Trypsin assay  

The activity of trypsin was monitored by using the same substrate as thrombin [99]. The assay 

buffer was also the same as for thrombin. A 0.143 mM stock solution of trypsin was prepared by 

dissolving 1.8 mg trypsin in 500 µl 1 mM HCl. The substrate stock solution was 20 mM. Prior to 

the assay a working enzyme solution was prepared by diluting 1.5 µl of the stock solution of the 

enzyme to 400 µl with the assay buffer. The substrate working solution was prepared by diluting 

20 µl of the stock solution to 100 µl with the assay buffer. For the final assay 10 µl of enzyme 
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were incubated with 80 µl buffer and 10 µl of substrate were added to start the reaction. 

Measurements were made by monitoring the absorbance at 405 nm for four minutes. 

3.8.5: Chymotrypsin assay  

A stock solution of 40 mM of chymoyrypsin was prepared by dissolving 1 mg/ml in 1 mM HCl. 

The same substrate as that of subtilisin was used for chymotrypsin, and a stock solution of 30 

mM was prepared in DMSO. Before starting the assay 2 µl of enzyme stock solution were 

diluted to 100 µl with buffer (50 mM tris, 10 mM CaCl2, pH 8), and 10 µl of substrate stock 

solution were diluted to 100 µl to prepare a working solution. To do the assay 10 µl of enzyme 

solution was incubated with 70 µl buffer, and 20 µl substrate was added to start the reaction, and 

change of absorbance was monitored at 405 nm for 4 minutes. 

3.8.6: Factor Xa assay  

A 50 mM stock solution of the substrate, Z-D-Arg-Gly-Arg-pNA-HCl, was prepared by 

dissolving 9 mg in 250 µl DMSO [100]. The enzyme was supplied as 13 µl solution with a 

concentration of 3.8 mg/ml. The enzyme working solution was prepared by diluting 1 µl of the 

stock enzyme solution to 500 µl with the assay buffer (0.05 M Tris, 5 mM CaCl2, 200 mM 

NaCl, and pH 8.3). The substrate working solution was prepared by diluting 20 µl stock solution 

to 100 µl with assay buffer. To do the assay 5 µl of the working solution of the enzyme were 

incubated with 91 µl assay buffer, and 14 µl of the substrate working solution were added to start 

the reaction. Change of absorbance was monitored at 405 nm for four minutes. 

3.8.7: Plasmin assay  

A 50 mM stock solution of the substrate, Bz-Arg-pNA, was prepared by dissolving 10.9 mg in 

500 µl DMSO [101]. 150 µg enzyme was dissolved in 100 µl of cold distilled water. The 

substrate working solution was prepared by diluting 20 µl of the substrate to 100 µl by assay 

buffer (50 mM Tris-HCl, pH 7.5). The enzyme working solution was prepared by diluting 20 µl 

of the stock solution to 100 µl with the assay buffer. The assay was done by incubating 10 µl 

enzyme with 65 µl buffer. The reaction was started by the addition of 25 µl substrate solution, 

and change of absorbance was monitored at 405 nm for four minutes. 



Materials and Methods 

20 

 

3.8.8: Plasma kallikrein assay  

A solution (10 mM) of the substrate Bz-Pro-Phe-Arg-pNA was prepared by dissolving 1.5 mg in 

20 µl DMSO and then diluting it in 500 µl distilled water [102]. A freshly prepared substrate 

solution was used before the assay. The enzyme was supplied as an aqueous solution (50 µg/96.2 

µl). Enzyme working solution was prepared by diluting 8 µl stock solution to 100 µl with the 

assay buffer (50 mM Tris-HCl, 2mM CaCl2, 150 mM NaCl, pH 7.8). For the assay 10 µl enzyme 

were incubated with 70 µl buffer, and 20 µl substrate was added to start the reaction. Change of 

absorbance was measured at 405 nm for four minutes. 

3.8.9: 20S Proteasome assay 

560 µg of the substrate Z-Gly-Gly-Leu-AMC, were dissolved in 1ml DMSO, to assay the 

chymotrypsin like activity of 20S proteasome [103, 104]. 25 µg enzyme was dissolved in 100 µl 

of assay buffer (20 mM Tris, pH 7.5), to prepare a stock solution. The enzyme working solution 

was prepared by diluting 7 µl of the stock solution to 100 µl with the assay buffer. For the assay 

10 µl of the enzyme working solution were incubated with 85 µl buffer, and 5 µl of substrate 

were added to start the reaction. The change of fluorescence of the hydrolyzed 7-amido-4-

methyl-coumarin (AMC) group was measured at λex= 360 nm and λem= 480 nm, for 10 minutes. 

3.8.10: Snake venom metalloproteinase and serine proteinase assay 

The caseinolytic activity of SVMP and SVSP was measured by fluorescence substrate, FTC 

casein [105, 106]. It was prepared as reported previously [107]. 200 mg casein was dissolved in 

20 ml buffer (50 mM sodium carbonate, 150 mM NaCl, pH 9.5). After cooling, the mixture was 

incubated with 8 mg FITC for 8 hours. The reaction mixture was dialyzed, at 4˚C in dark, against 

50 mM Tris, pH 8.5, to remove un reacted FITC, for 24 hours and then against 100 mM Tris 

pH=7.5. 2 ml aliquots of the substrate were prepared and stored at -20˚C.  

5µl of FTC-casein were diluted to 100 µl with buffer to prepare a working solution. Reaction 

mixture containing 5 µl enzyme (1 µg/µl) and 5 µl of the peptide fraction was incubated at room 

temperature for 15 minutes, followed by the addition of 5 µl of working solution of FTC-casein, 

35 µl assay buffer and incubation at 37˚C for 20 minutes. A positive control was prepared by 

replacing the inhibitor with the assay buffer (50 mM Tris-HCl, pH 7.4), and to prepare a negative 

control, buffer was added in place of the enzyme and the inhibitor (peptide fraction). Proteolysis 

was terminated by adding 120 µl 5% TCA and mixing extensively. The reaction mixture was 
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allowed to stand for 1/2 h at room temperature, and the TCA-insoluble protein was sediment by 

centrifugation at 13,000 rpm for 10 minutes. A 90 µl aliquot of the supernatant was diluted with 

90 µl of the 0.5 M Tris buffer, pH 8.5, with vigorous mixing to ensure the entire sample was at 

the assigned pH. Fluorescence was measured at λex = 490 nm and λem at 522 nm. Purified MP-III 

60 KDa (B. moojeni), and a serine proteinase (B. alternatus), were used for this assay (kindly 

provided by Prof. R.K. Arni, UNESP, Brazil) 

3.2.9: Tryptic digestion and mass spectrometric identification of larger peptides  

Aliquots of the fractions containing peptides of a molecular mass of 6–7 kDa were dried and 

subsequently dissolved in 6 M urea. To reduce the disulfide bridges, 1.3 μl 100 mM 

dithiothreitol dissolved in digestion buffer (100 mM NaHCO3, pH 8.3) was added and the 

mixture was incubated at 60°C for 10 min. Free cysteine residues were blocked with 1.3 μl 

iodoacetamide (300 mM dissolved in digestion buffer, incubation for 30 min in the dark). 425 μl 

digestion buffer and 5μl trypsin solution (sequencing grade modified trypsin; Promega, Madison, 

USA) at a concentration of 0.25 μg/μl dissolved in re suspension buffer) were added. The 

mixture was incubated at 37°C for 16 h and afterwards the reaction was stopped by adding 

formic acid to a final pH of 3.0.  

Identification was performed on an Agilent 1100 LC/MSD-trap XCT series system. The 

electrospray ionization system was the Chip Cube system using a Large capacity Chip (Agilent 

Technologies, Waldbronn, Germany). Sample loading (5 – 20 μl/sample) onto the enrichment 

column was performed at a flow rate of 4 μl/min with the mix of the following two mobile 

phases at a ratio 98:2 (mobile phase A: 0.2% formic acid in H2O; mobile phase B: 100% ACN). 

LC gradient was delivered with a flow rate of 400 nl/min. Tryptic peptides were eluted using a 

linear gradient of 2–40% B in 40 min. For MS experiments, the following mode and tuning 

parameters were used: scan range: 30–2000 m/z; polarity: positive; capacity voltage: 1900 V; 

flow and temperature of the drying gas were 4 l/min and 325 °C, respectively. The MS/MS 

experiments were carried out in auto MS/MS mode using a 4 Da window for precursor ion 

selection, an absolute threshold of 10,000 after 3 MS/MS spectra. The precursor ion was 

excluded from fragmentation for one min. The generic files for database searching were 

generated by Data Analysis software version 3.4; for precursor ion selection a threshold of 5 S/N 

was applied and the absolute number of compounds was restricted to 1000 per run. Protein 
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identification was performed with Mascot online search (www.matrixscience.com) [108]. 

MS/MS datasets were used to search the spectra against the subset “other lobe-finned fish and 

tetrapod clade” of the Swiss-Prot database [109]. The experiments were carried out in 

cooperation with the research group of Prof. H. Schlüter, UKE, Hamburg. 

3.2.10: Matrix-assisted desorption/ionization time-of-flight mass spectrometry  

MALDI-TOF and MALDI-TOF-TOF analyses were performed on an ultrafleXtreme instrument 

(Bruker Daltonics, Bremen, Germany). Samples were dried after reversed phase 

chromatography, dissolved in 30% ACN, 0.1% TFA in H2O and 0.75 μl of the solution was 

spotted on a MALDI target plate (MTP AnchorChip 384, Bruker Daltonics). After drying a 0.75 

μl MALDI matrix (0.7 mg/ml Cyano-4-hydroxycinnamic acid (Bruker Daltonics) dissolved in 

85% ACN, 1 mM NH4H2PO4 and 0.1% TFA dissolved in H2O) were spotted on the sample plate.  

Data acquisition was performed in positive ion mode using the flexControl software 3.3. The 

parameters were set as follows: ion source 1: 25 kV, ion source 2: 23.6 kV, lens: 7.5 kV. MS 

data were collected automatically using autoXecute. Parameters were set as follows: laser power: 

47%; laser shots: 1000; movement, random walk with 100 shots per raster spot. Peaks were 

selected for LIFT measurement if they met the following criteria: signal to noise > 8, peak 

intensity > 300.  

MS spectra were processed in flexAnalysis (version 3.3, Bruker Daltonics). Further data analysis 

was performed using BioTools (version3.2, Bruker Daltonics) and Mascot Inhouse Search. 

Mascot [108] version 2.1.03 was used to search the spectra against the subset “other lobe-finned 

fish and tetrapod clade”of the Swissprot database. The precursor ion mass tolerance was set to 1 

Da, the fragment ion mass tolerance was 0.5 Da. 

3.2.11: Electrospray ionization time-of-flight mass spectrometry  

ESI analysis was performed on an ESI-TOF-MS system (Agilent Technologies 6224). The 

samples were dissolved in a 1:1 solution of 0.1% TFA in ACN and 0.1% TFA in water. 1μl of 

the sample was injected at a flow rate of 0.2ml/min and an internal standard (ESI-TOF reference 

mix, Agilent Technologies) was used for calibration. Data acquisition was carried out using the 

Agilent Mass Hunter software (version B.03.01) in positive ESI mode using a gas temperature of 

325°C, a gas flow of 10 L/min, a capillary voltage of -4000 V and the fragmentor voltage was set 

http://www.matrixscience.com/
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to 230 V. Data were acquired in a range of m/z 110 to m/z 3200. These experiments were carried 

out by the technical staff, department of mass spectrometry, institute of organic chemistry, 

University of Hamburg. 

3.2.12: ESI-QTOF mass spectrometry for peptide sequencing  

For protein identification using nano electrospray mass spectrometry, experiments were carried 

out using an electrospray quadrupole time-of-flight mass spectrometer (Q-TOF-2 electrospray 

mass spectrometer, Waters, Eschborn, Germany) in the positive ion mode. Raw data were 

acquired and analyzed using the software MassLynx 4.1 (Micromass, Manchester, United 

Kingdom). Parameters not specified have been the default parameters of the software. The 

capillary tip voltage was set to 0.70 kV, the cone voltage to 35 V. For CID experiments, ions 

were selected within a precursor mass window of ± 1 Da in the quadrupole analyzer and 

fragmented in the collision cell using Argon as collision gas (Ar) and collision energies of 27 to 

35 eV. For peptide identification, peptide tandem mass spectrometry (MS/MS) spectra were 

deconvoluted by MaxEnt 3 and manually sequenced, supported by PepSeq application for de 

novo sequencing (both part of the MassLynx software package). The sequence information of a 

few peptides was obtained by using the PEAKS Online software, version 5.2 [110]. These 

experiments were also carried out at the research group of Prof. H. Schlüter, UKE, Hamburg, by 

Sönke Harder.  

3.2.13: ESI-FTICR mass spectrometry for peptide sequencing  

High-resolution mass spectra were acquired using a Finnigan LTQ Fourier transform ion 

cyclotron resonance (FTICR ULTRA) mass spectrometer (Thermo Fisher, Waltham, USA) 

equipped with a 7 tesla superconducting magnet. Spectra were acquired at a resolution of 

100,000 and the mass error was below 3 ppm at all times. Mass and resolution calibration was 

performed according to the manufacturer’s recommendations. For CID experiments precursor 

ions were isolated in the linear ion trap using a mass window of 1.5–2 u and were transferred 

into the FTICR cell after fragmentation. Collision energies were adjusted in order to detect low 

intensities of the precursor ion (ca. 20% relative abundance). Electrospray ionization (ESI) of the 

samples was carried out using a TriVersa Nanomate (Advion BioSystems). An electrospray 

voltage of 1.5 kV, a pressure of 0.3 psi and a transfer capillary temperature of 200 °C were 

applied. Samples were diluted in 0.1% formic acid with a 60% methanol part. For data 
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processing Qual Browser 2.0.7 (Thermo Fisher) was used and the peptide sequencing was 

performed manually. These experiments were carried out by Violette Frochaux, Department of 

Chemistry, Humboldt University, Berlin. 

3.2.16: Crystallization experiment: soaking of a native StmPr1 crystal with a peptidic 

fraction from Agkistrodon bilineatus venom 

In an internal collaboration with Dr. Amr Negm, a crystal complex of StmPr1 was prepared with 

a peptide fraction from the venom of Agkistrodon billineatus, according to the crystallization 

procedure mentioned in his thesis [97]. The experimental conditions are briefly described here. 

Native StmPr1 crystals were grown by hanging drop vapour diffusion method, using 1.8 

ammonium sulphate and 100 mM Tris-HCl buffer at pH 8.0, by incubating Linbro Plates at 20˚C 

for three weeks. The crystals were soaked with the peptidic fraction from Agkistrodon bilineatus 

venom one day before data collection. The data were collected by exposing a single crystal at the 

synchrotron Consortium-Beamline X13 DESY, Hamburg. The three dimensional model of the 

complex was built by using the programme Coot [111] and Refmac5 [112]. These experiments 

were mainly carried out by Dr. Amr Negm. 

3.2.17: Molecular modelling  

In order to predict the mode of interaction of Kunitz type serine protease inhibitors, isolated in 

this work, with Trypsin and kallikrein, rigid body docking was performed. Cytotoxin-1, showing 

inhibitory activity towards chymotrypsin and 20S proteasome, was also docked with 

chymotrypsin. Structural models of serine protease inhibitor 1, tigerin-1, tigerin-3 and cytotoxin-

1 were generated by using the server SWISS-MODEL [113-115].  

ClusPro [116-119], a fully automated online server was used to model these complexes. To build 

a Trypsin-Inhibitor complex, PDB file (PDB code: 3D65) was used. Chymotrypsin-Cytotoxin-1 

complex was built by using the PDB file (PDB code: 1MTN). To build the catalytic complex of 

Kallikrein-Kunitz/BPTI, PDB file (PDB code: 2ANY) was used. In case of each complex 

generated by the program, the 10 top-ranked complexes from ClusPro were further analyzed, 

based on the prior knowledge of active site interactions. PDB sum server was used to study the 

interactions across the protein-protein interface. 
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The models of the complexes of the human testis angiotensin converting enzyme and selected 

bradykinin potentiating peptides, isolated in this work, were built using the flexidock module of 

the program SYBYL-X, version 1.3. The crystal structure of human tACE in complex with 

lisinopril (PDB code: 1O86) was used for docking studies. The enzyme was prepared by 

removing the ligand and water molecules and the energy was minimized. The structures of the 

bradykinin potentiating peptides, used as ligands, were also prepared by the program SYBYL-X 

and selecting Gasteiger-Hückel, as the charge model. The ligand was prepositioned in the cavity 

based on the knowledge obtained from the crystal structure. The biding site was defined around a 

region of 3 Å and each flexidock simulation was performed with 24,000 generations. The 

protein-ligand interactions were studied using the PDB sum server. 
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4: Results and Discussion 

The work flow proposed and followed through this work is presented in Fig. 10. First a SEC 

separation of the crude venom was performed. The fractions were pooled according to the peaks 

present in the corresponding chromatogram.  

 

 

Fig. 10: A flow diagram showing the procedures to isolate and identify bioactive peptides from crude venoms.  
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The pooled fractions containing peptides with molecular masses below 10 kDa were screened for 

inhibitory activity towards a set of selected enzymes.  

The enzymes were chosen so as to give insights into the possible function of the peptides present 

in the venom. A set of enzymes; thrombin, factor Xa, kallikrein and plasmin, were chosen from 

the hemostatis system, which might be affected by the injection of the venom into its prey. 

Trypsin and chymotrypsin were selected, to serve as a probe to identify the serine protease 

inhibitors, and also to identify Kunitz type inhibitors. Angiotensin converting enzyme, playing a 

crucial role in the cardiovascular system, was selected to identify the peptides affecting the blood 

pressure regulatory system of the prey. StmPr1 is a subtilisin like protease, which is produced as 

an extracellular protease by the bacteria Stenotrophomonas maltophilia, causing disease in 

humans. This enzyme was included in the work as a part of an internal collaboration in order to 

identify promising inhibitors of this enzyme within the snake venom, supporting future drug 

design.  

The objective to test the inhibitory activity towards SVSP and SVMP was to look for potential 

inhibitors that might be responsible for preserving the venom gland from auto digestion, by these 

enzymes. 

The pooled fractions showing inhibitory activity were further purified by liquid chromatography 

and the active fractions were further characterized by mass spectrometry. The peptides, isolated 

from the venoms of the four snakes, were classified into protein/peptide families using three 

indexes/properties: molecular mass, enzyme inhibitory activity and amino acid sequence. 

4.1: Fractionation of the Vipera ammodytes meridionalis venom by size exclusion 

chromatography and purification of peptides by liquid chromatography 

The first five fractions contained proteins with molecular masses > 10 000 Da (Fig. 11 B). 

Fractions 6-11 contained peptides with molecular masses below 10 kDa, which are boxed in Fig. 

11A. Fractions 6-12 were screened against the selected enzymes and fractions showing 

inhibitory activity were subjected to further purification. Peak 6 showed inhibitory activity 

towards trypsin and peaks 8-11 showed inhibitory activity towards ACE. 
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Fig. 11: (A) SEC of Vipera a. meridionalis venom on Superdex-75 column at pH 5; (B) SDS-PAGE of fractions 

1-7 from SEC separation of V.a. meridionalis. Fractions 1-5 contain proteins with molecular mass above 10 

kDa. Fractions 6-7 contain peptides with lower molecular mass. 

Peak 6 was further fractionated by liquid chromatography on a Mono-S 5 x 50 column at pH 5.0 

(Fig. 12A). The first major peak, labelled by an arrow, exhibited inhibitory activity towards 

trypsin.  

 

 

Fig. 12: (A) Fractionation of peak 6 shown in Fig. 11, by FPLC on a Mono-S column at pH 5; (B) 

Chromatography of the first main fraction shown in Fig. 12 A on a 15 RPC 4.6X100 column 

Three peaks were observed after a chromatography of this fraction on a 15 RPC 4.6 x 100 

columns (Fig. 12B). Inhibitor activity towards trypsin and kallikrein was found in fractions of all 
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these peaks. Electrospray-time of flight mass spectrometry (ESI-TOF-MS) of the second peak 

showed the presence of two components with masses 6859 and 7383 Da (Fig. 13). The same 

procedure was applied to the other fractions, demonstrating the presence of peptides with masses 

6841 and 7401 Da. 

 

 

Fig. 13: ESI- TOF-MS analysis (deconvoluted peaks) of the three peaks in Fig. 12 B. 

Peak 1 

Peak 2 

Peak 3 
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Peak 8 was further fractionated on a C18 column (PerfectSil 300 ODS-C18 5µm), Fig. 14. All of 

these fractions were lyophilized resuspended in water and tested for inhibitory activity towards 

ACE. All the fractions showed inhibitory activity towards ACE. ESI-TOF analysis showed the 

presence of peptides in the mass range 890-159 (M+H)
+
. The ESI-MS spectra of these fractions 

are shown in Fig. 15. The ESI spectrum of these peptides, for example peak 1, Fig. 15, shows a 

doubly charged peak, at, 572.8 (M+H)
+2

, a singly charged peak at 1144 (M+H)
+
, a singly 

charged peak at 932 (M+H)
+
, which fits to the loss of a PP residue (212 Da) from the mass of 

1144 (M+H)
+
. A singly charged peak of mass 213 (M+H)

+
, corresponding to a PP residue can 

also be seen in the spectrum. 

 

 

Fig. 14: Purification of peak 8 from the chromatogram (Fig. 11 A) on a C18 column by FPLC. 

 

The pool of fractions in the valley between peak 8 and 10 in the chromatogram (Fig. 11), labeled 

as 9, was fractionated on a C8 column as shown in Fig. 16. Five main peaks appeared as a result 

of this fractionation. All of these fractions showed inhibition of ACE, with the lowest inhibitory 

activity in peak 3. The ESI-TOF-MS of these fraction showed masses in the range between 444 

(M+H)
+
-1159 (M+H)

+
. The ESI-TOF-MS spectrum of Peak 2 shows a single peptide with a 

mass of 809 (M+H)
 +

 Da, and that of peak 3 shows 444 Da (M+H)
+,

 with highest intensity, and 

the peptide 809 (M+H)
+
 at low intensity. So a small inhibitory activity of this fraction can be 

concluded due to the mixing of peptide 809 (M+H)
+
 in peak 3.  
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Fig. 15: ESI-TOF-MS spectra of selected peaks from the chromatogram shown in Fig. 14. 

 

Peak 1 

Peak 2 

Peak 3 
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The peaks 4 and 5 contain the peptides with a mass of 1102 (M+H)
+
, and 1159 (M+H)

+
, as 

observed in the previous fractions (Fig. 14) responsible for the inhibition of ACE. 

 

 

Fig. 16: Purification of peak 9 (Fig. 11), on a C8 column by FPLC. 

 

 

Fig. 17: ESI-TOF-MS spectrum of peaks 1 and 2 from the chromatogram shown in Fig. 16. 

Peak 1 

Peak 2 
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Fig. 18- ESI-TOF-MS spectra of peaks 3, 4 and 5 of the chromatogram shown in Fig. 16. 

 

Peak 3 

Peak 5 

Peak 4 
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Fig. 19: Fraction of peak 10 of Fig. 11, on a C8 column by FPLC 

 

Peak 10 of the size exclusion chromatogram, Fig. 11, was fractionated on a C8 column, by 

FPLC. The fractions eluting between 5-10 ml and between 14-25 ml were collected and 

subjected to ESI-TOF-MS analysis. All fractions were also tested for inhibition of ACE. 

Fractions eluting in peaks 3 and 4 showed inhibition of ACE. The ESI-TOF-MS spectra of the 

four peaks showed masses in the range 444 (M+H)
+
-1445.7 (M+H)

+
, illustrated in Fig. 20 and 

21. 

 

 

Fig. 20: ESI-TOF-MS spectrum of the peak 1 from the chromatogram shown in Fig. 19. 
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Fig. 21- ESI-TOF-MS spectrum of peaks 2, 3 and 4 from the chromatogram shown in Fig. 19. 

Peak 4 

Peak 3 

Peak 2 
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 The ESI-spectrum, Fig. 20, of peak 1 from the chromatogram shown in Fig. 19 shows a mass of 

444 Da (M+H)
+
. The formula (C22H29N5O5) was generated, by selecting this peak, using the 

“Generate Formulas” option in the software Agilent Mass Hunter Qualitative Analysis (version 

B.03.01). The variables in the method editor of “Generate Formulas” were fixed as, charge 

carrier to “Hydrogen ion”, the MS ion electron state to “even electron” and the isotope model 

was fixed to “peptides”. The formula fits to the tri peptide ZKW, previously reported as a 

metalloproteinase inhibitor in the venom of the snake Trimeresurus mucrosquamatus [105]. This 

fraction was then sent to Violette Frochaux, department of Chemistry, Humboldt University, 

Berlin, for de novo sequencing. To identify other similar N-terminally blocked tri peptides in the 

mass spectrum, a table was prepared with approximate molecular weights, fixing pyroglutamate 

at the N-terminal, tryptophan at the C-terminal and varying the amino acid in the middle, 

summarized in table 2. 

 

Table 2: Possible sequences of N-terminally blocked tripeptides 
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Peak 11 of the size exclusion chromatogram (Fig. 11) was fractionated on a C8 column as shown 

in Fig. 22. All peaks marked were screened for inhibitory activity towards ACE. Peak 1 showed 

inhibition of ACE. 

 

Fig. 22: Purification of peak 11 from the chromatogram (Fig. 11) on a C8 column by FPLC 

The fractions eluting in the marked peaks were subjected to ESI-TOF-MS analysis and showed 

masses in the range 413 Da-1276 Da (M+H)
+
. The ESI-TOF-MS spectrum of peak 1 is shown in 

Fig. 23  

 

Fig. 23: ESI-TOF-MS spectrum of peak 1 from the chromatogram shown in Fig. 22. 
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The mass 922 Da (M+H)
 +

, is that of an internal standard. The inset shows the zoom of the 

spectrum in the range between 400-470 Da and gave an indication about the presence of the 

tripeptides based on the calculations summarized in table 2. The ESI-MS spectra of peaks 2 and 

3 are shown in Fig. 24 

 

 

Fig. 24: ESI-TOF-MS spectra of peaks 2 and 3 from the chromatogram shown in Fig. 22. 

The ESI-TOF-MS spectra (Fig. 24) also showed mass match to N-terminally blocked tripeptides. 

The inhibitory activity of the tripeptides towards snake venom metalloproteinase was tested with 

a synthetic tripeptide ZQW (obtained from China Peptide Company), at a concentration of 100 

Peak 3 

Peak 2 
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µM. It showed complete inhibition of the SVMP at this concentration. All of these samples were 

given for protein identification and de novo sequencing. 

4.2: Kunitz-type, ACE and metalloproteinase inhibitors in the Vipera ammodytes 

meridionalis venom  

Four signals of a Kunitz type peptide inhibitor (Venom basic protease inhibitor I) were identified 

in the venom of Vipera a. meridionalis (Table 3). The inhibitor has been identified using a 

tryptic digest analysis by LC/ESI ion trap MS and subsequent data base search. The tryptic 

peptides that were identified are shown in bold red colour (Table 3). Deconvoluted masses of the 

intact molecules were M = 6841, 6859.02, 7383.27 and 7401.28 Da as shown in Fig. 13. They 

belong to the 66 amino acid propeptide (M = 7401), the mature inhibitor (M = 6859) [120] and 

two associated signals of both species with a mass shift of -18 Da which might hint to a 

pyroglutamate at the N-terminus [mass shift of -18 Da, Glu > pyro-Glu (N-term Q)] often 

reported in snake venom peptides. Further mass differences in both blocked and unblocked 

species, point to an amino acid exchange in the Vipera a. meridionalis venom peptide compared 

to its counterpart in the Vipera a. ammodytes venom, where this inhibitor has been described, or 

to post-translational modifications such as amidation.  

 

 

Fig. 25: FTICR MS/MS spectrum of the doubly charged ion peak [M +2 H]
+2

 at m/z 572.82. The peptide was 

manually sequenced de novo. The figure shows b and y ion series and also other internal fragments. 
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Table 3: Peptide composition of the Vipera ammodytes meridionalis venom. 

Fraction 

No. (SEC) 

Observed         

m/z 

Sequence determined Inhibitory 

activity 

Homology with 

peptide from  

Peptide 

family 

Mode of 

measurement 

6 6859.02  QDHPKFCYLPADPGRCKA

HIPRFYYDSASNKCNKFIY

GGCPGNANNFKTWDECR

QTCGASA 

 

Trypsin, 

Kallikrein 

P00991: Vipera 

ammodytes 

Kunitz 

/BPTI 

Tryptic digestion, 

LC/ion trap 

8 890.60 

(M+H)+ 

ZPGPVSPQV ACE P01021.4: Gloydius 

blomhoffi 

BPP Q-TOF, manual 

sequencing 

8 1102.5685 

(M+H)+ 

ZNWPGPKVPP ACE B0VXV8: Sistrurus 

c. edwardsii 

NP MALDI-

TOF/TOF 

 

8 562.90 

(M+2H)+2 
PNVTPGCGSVPP ACE A8S6B3.1: 

Austrelaps 

superbus 

NP Q-TOF, sequence 

determined by 

PEAKS Online 

software 

8 572.82 

(M+2H)+2 
ZRWGPKPVPP ACE P0C7S7.1:   

Protobothrops  

mucrosquamatus 

BPP FTICR-MS 

8 466.80 

(M+2H)+2 
     

8 1166.50 

(M+H)+ 

     

8 1172.50 

(M+H)+ 

     

9 681.3019 

(M+H)+ 

 ACE  BPP  

9 809.3965 

(M+H)+ 

ZNWPGPK ACE B0VXV8: Sistrurus 

c. edwardsii 

BPP  MALDI-

TOF/TOF 

9 570.7646 

(M+2H)+2 
     

9 1159.5913 

(M+H)+ 

 ACE  BPP 

 

 

10 444.2247 

(M+H)+ 

ZKW  A8YPR6: Echis 

ocellatus 

MPI FTICR-MS 

10 723.3574 

(M+H)+ 

ZRWPGP ACE Q7T1M3.1: 

Bothrops 

jararacussu, 

B0VXV8: 

Sistrurus c. 

edwardsii 

BPP FTICR-MS 

10 1445.7045 

(M+H)+ 

 ACE  BPP  

11 430.1721 

(M+H)+ 

ZNW   MPI Q-TOF, manual 

sequencing 

11 472.2307 

(M+H)+ 

ZRW   MPI FTICR-MS 

11 1276.4733 

(M+H+) 

 ACE  BPP  

 

Abreviations used: ACE: angiotensin-converting enzyme; BPP: Bradykinin-potentiating peptide; 

NP: natriuretic peptide; CNP: C-type natriuretic peptide; MPI: metalloproteinase inhibitor; Z 

means pyroglutamyl residue; SEC: size-exclusion chromatography.  
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Four doubly charged ions of m/z 467–591 [M +2 H]
+2

 and 12 ions of m/z 430–1445 [M + H]
+
 

were identified by employing different mass spectrometric techniques, as given in table 3. A 

representative MS/MS spectrum obtained from the doubly charged ion peak [M +2 H]
+2 

at m/z 

572.82 is shown in Fig. 25. The sequence was determined manually by the analysis of b and y 

ion series and other fragments. The fragmentation pattern showed an ion at m/z 213.12, assigned 

to y2
 
ion, which eventuates from the cleavage of C-terminal Pro-Pro, characteristic of BPP 

peptides [121]. The sequence determination by FTICR-MS/MS of the peptide with molecular 

weight 723 Da (M+H)
+
 is shown in Fig. 26. 

 

 

Fig. 26: FTICR-MS/MS spectrum of the peptide with a mass of 723 Da (M+H)
+
  

Three metalloproteinase inhibitors were identified and sequenced (Table 3). The peptide with a 

sequence ZRW has been identified for the first time. The other two peptides ZKW and ZNW 

have been reported previously in the venom of Trimeresurus mucrosquamatus [105]. The 

sequences ZRW and ZKW were determined by FTICR-MS. FTICR-MS/MS spectrum of ZRW 

is shown in Fig. 27, and that of ZKW is shown in Fig. 28.  
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Fig. 27:  FTICR- MS/MS spectrum of the tripeptide, with a molecular mass of 472 Da (M+H)
+
. 

 

 

Fig. 28: FTICR-MS/MS spectrum of the tripeptide, with a molecular mass of 444 Da (M+H)
+
. 
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Molecular masses between 680–1444 Da are typical for snake venom ACE inhibitors (Table 3). 

The sequences of six BPPs were determined as ZPGPVSPQV, ZNWPGPKVPP, 

PNVTPGCGSVPP, ZRWGPKPVPP, ZNWPGPK and ZRWPGP where Z is a pyroglutamyl 

residue. Four of these peptides show homology with BPPs and/or with natriuretic peptides from 

the Crotalinae venoms (Gloydius blomhoffii, Bothrops jararaca, Sistrurus catenatus and 

Protobothrops mucrosquamatus). Moreover, one of the identified Vipera a. meridionalis 

peptides showed homology with a natriuretic peptide from the venoms of Elapidae snakes 

(Austrelaps superbus). This indicates a homology between pharmacologically important 

components of the venom peptidomes of snakes from the two families: Viperidae and Elapidae. 

Interestingly, the Viper BPPs show an amino acid substitution close to the C-terminal portion of 

the molecule, when compared to the Bothrops peptides. The latter display an isoleucine followed 

by a double proline, while the former have the isoleucine substituted by valine. Such feature has 

also been identified in Vipera berus BPP [122], and might represent a common motif in this 

genus. The effects of these substitutions on the inhibition of ACE are yet to be investigated.  

Structures of the other Vipera a. meridionalis venom peptides were not determined due to the 

low quantities of the isolated material. Search in the database (UniProt and Swiss Prot) showed 

that they are probably new peptides.  

4.3: Fractionation of the Bothrops jararacussu venom by size exclusion chromatography 

and purification of peptides by liquid chromatography 

The elution profile shown in Fig. 29A, demonstrates the presence of proteins with molecular 

masses > 10 kDa in the first three peaks. Several peaks were observed in the region of low 

molecular mass peptides (peaks 4–10). The fractions from peaks 4-9, were further separated by 

reverse phase chromatography and the peptides subjected to ESI-TOF-MS or MALDI-TOF-MS 

analysis.  

The peaks 4-10 were screened to test inhibitory activity towards the selected enzymes. Peaks 4-9 

showed inhibitory activity towards ACE. Peaks 4-10 were further purified by PLRP column at 

pH 9. All the chromatograms are shown in Fig. 30 and 31. 
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Fig. 29: (A) SEC of Bothrops jararacussu on a Superdex-75 column by FPLC at pH 5.0; (B) SDS-PAGE of 

fractions 1-7 from SEC separation of Bothrops jararacussu. 

 

 

Fig. 30: Purification of peaks 4 and 5 of SEC, Fig. 29, on a PLRP column by HPLC at pH 9.0 

 

Peak 4 

Peak 5 
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Fig. 31: Purification of peaks 6 and 7 and 8 of SEC, Fig. 29, on a PLRP column by HPLC at pH 9. 

Peak 4 

Peak 4 

Peak 4 
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The fractions were collected, lyophilized and re suspended in water, and analyzed by MALDI-

TOF mass spectrometry. The fractions were tested for inhibitory activity towards ACE. The 

fractions showing inhibitory activity were further purified on a Chromolith C18 column, and 

analyzed by MALDI-TOF-TOF mass spectrometry. Selected MALDI-TOF spectra of the 

purified fractions are shown in Fig. 32 and 33. 

 

 

Fig. 32: Selected MALDI-TOF-MS spectra of purified low molecular weight peptide fractions from Bothrops 

jararacussu venom. 
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Fig. 33: Selected MALDI-TOF-MS spectra of purified low molecular weight peptide fractions from Bothrops 

jararacussu venom. 
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The sequence information of the peptides showing inhibition towards ACE was obtained by 

MALDI-TOF-TOF mass spectrometry and by analyzing the data with BioTools and Mascot 

Inhouse search. The sequence annotation pictures of the MALDI-TOF-TOF spectra were 

prepared with the Bruker software ProteinScape, version 3.0. Selected MS/MS spectra with 

sequence annotation are shown in the Fig. 34-37.  

 

 

Fig. 34: Selected MALDI-TOF-TOF-MS spectra of purified Bothrops jararacussu venom peptides. 
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Fig. 35: Selected MALDI-TOF-TOF-MS spectra of purified Bothrops jararacussu venom peptides 
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Fig. 36: Selected MALDI-TOF-TOF-MS spectra of purified Bothrops jararacussu venom peptides. 
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Fig. 37: Selected MALDI-TOF-TOF-MS spectra of purified Bothrops jararacussu venom peptides. 
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4.4: ACE inhibitors in the Bothrops jararacussu venom  

 

Table 4: Peptide composition of the Bothrops jararacussu venom 

 

37 peptides of the peptide fraction of the Bothrops jararacussu venom were identified (Table 4). 

The amino acid sequences of all peptides were determined by MALDI-TOF-TOF. The identified 

peptides have molecular masses in the range m/z 700–1883. 32 of them belong to the BPP family 

of peptide inhibitors involved in the hypotensive effects of the snake venom. The other four are 
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small fragments of snake venom metalloproteinase and of a short neurotoxin (Table 4). In one of 

the BPPs, with a molecular mass of 1138 Da, having the sequence SQGLPPGPPIP, the b-ion 

series of the MS/MS spectra indicated the phosphorylation of a serine residue. However, this 

result needs further validation.  Some of the peptides have previously been reported: 

ZGRPPGPPIPP, ZNWPHPQIPP, ZARPPHPPIPP, ZARPPHPPIPPAP and ZGGWPRPGPEIPP, 

where Z means pyroglutamyl residue [121, 123-125]. Variability in the C-terminal parts of BPPs 

was observed. Thus, ZARPPHPP is a modified form of a peptide found in the B. jararacussu 

venom [121], lacking the C-terminal I-P-P. The peptide ZARPPHPPIPP is another form of 

ZARPPHPPIPPAP of the B. jararacussu peptidome [121]. The peptides QNWPHPQ and 

ZGGWPRPGP, identified in the present work, are modified forms of peptides identified before 

in B. insularis and B. newiedi venoms [124], lacking the C-terminal I-P-P and E-I-P-P segments, 

respectively. The structure ZQWAQNWPHPQ is homologous to that of other peptide identified 

in this work, containing a C-terminal extension of I-P-P (Table 4). ZQWAQNWPHPQIPP is an 

isoform of a peptide, shown in table 4 and having additional N-terminal Q but lacking a C-

terminal I-P-P (Table 4).  

4.5: Fractionation of the Naja mossambica mossambica venom by size exclusion 

chromatography and purification of peptides by liquid chromatography 

 

 

Fig. 38: (A) SEC of Naja mossambica mossambica venom on Superdex-75 column at pH5; (B) SDS-PAGE of 

fractions 1-7 from SEC separation of the venom. 
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Crude venom of Naja mossambica mossambica was fractionated by SEC on a Superdex-75 

column at pH 5.0, (Fig. 38 A). Peaks 4-10 contain peptides below 10 KDa, as seen in SDS-

PAGE (Fig. 38 B). The inhibitory activity of fractions 4-10 was tested with the selected 

enzymes. Peak 5 showed inhibitory activity towards subtilisin, chymotrypsin and Trypsin. The 

fractions in the valley marked as 8, and peak 10 showed inhibitory activity towards ACE. Peak 5 

was further purified on a resource S column at pH 5.5, by FPLC (Fig. 39). 

 

 

Fig. 39: Purification of peak 5 eluting from SEC (Fig. 38 A) on a Resource-S column. 

Three major peaks were observed. The fractions were not pooled. All of the fractions were 

desalted by Superdex-Peptide (10x300) column, and lyophilized. The fractions were tested for 

inhibitory activity towards chymotrypsin and bacterial subtilisin, Stmpr1. Peak 1 (fraction 18) 

showed inhibitory activity towards both the enzyme. This fraction also inhibited proteasome 20S. 

The peaks 1-3, were further analyzed by MALDI-TOF mass spectrometry. A peptide with a 

molecular mass of 6726 Da was observed in peak 2, and a mass of 6837 Da was observed in 

peak 3 (Fig. 40). The peaks at m/z 13453 (M+H)
+ 

 and 13675 (M+H)
+ 

are the dimmers of the 

masses 6727 (M+H)
+
, and 6838 (M+H)

+ 
respectively. Since the MALDI-TOF mass spectrum of 
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peak 1 (fraction 18) showed a broad band, therefore it was analyzed by ESI-TOF-MS to obtain 

the exact molecular mass of the peptide.  

 

 

Fig. 40: MALDI-TOF-MS spectra of peak 2 and 3 from the chromatogram (Fig. 39). 

 

The ESI-MS spectrum (Fig. 41) showed the presence of six signals which correspond to the 

multiply charged ions at m/z 2274.1, 1705.8, 1364.8, 1137.5, 975.2, and 853.4. From these 

multiply charged peaks the mass of the peptide was accurately determined as 6819.28 Da. 

Peak 3 

Peak 2 
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Fig. 41: ESI-TOF-MS spectrum of peak 1 (fraction 18) of the chromatogram shown in Fig. 39. 

 

The SDS page of peak 6 from the chromatogram in Fig. 38 also showed a band in the low 

molecular mass region, so it was also subjected to purification by reverse phase chromatography 

on a C-8 column, Fig. 42. 

 

 

Fig. 42: Purification of peak 6 (Fig. 38) on a C-8 column by FPLC. 
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The fractions were not pooled and the molecular mass of all the fractions was determined by 

ESI-TOF-MS spectrometry. The peak marked by an arrow in Fig. 42, showed the presence of 

peptides with molecular masses below 10 kDa (Fig. 43). The peptides were identified by tryptic 

digestion. 

 

 

Fig. 43: ESI-TOF-MS spectrum (deconvoluted) of the peak marked by an arrow from the chromatogram 

(Fig. 42). 

 

The fractions in valley marked as peak 8, from the size exclusion chromatogram shown in Fig. 

38A, showing inhibition of ACE, were pooled and subjected to further purification on a C-18 

column by FPLC, as shown in Fig. 44. The chromatogram shows two main peaks. The fraction 

in the peak marked by an arrow in the chromatogram (Fig. 44) inhibited ACE. This fraction was 

further analyzed by MALDI-TOF-MS and MALDI-TOF-TOF mass spectrometric analysis. 
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Fig. 44: Purification of peak 8 from the chromatogram (Fig. 38) on a C-18 column by FPLC. 

 

The MALDI-TOF spectrum showed masses in the range 379 (M+H)
+
-1243 (M+H)

+
, as shown in 

Fig. 45 below. 

 

Fig. 45: MALDI-TOF-MS spectrum of the first peak from the chromatogram (Fig. 44). 
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Peak 10 from the SEC (Fig. 38) was also purified on a C18-column under the same condition as 

that of peak 8. The resulting chromatogram is shown in Fig. 46. 

 

 

Fig. 46: Purification of peak 10 from SEC (Fig. 38) on a C-18 column by FPLC. 

 

The MALDI-TOF-MS spectrum of peak 1 marked illustrates the presences of molecules with 

masses in the range 437 (M+H)
+
-1345 (M+H)

+
, shown in the Fig. 47. 

 

 

Fig. 47: MALDI-TOF-MS spectrum of peak 1 from the chromatogram shown in Fig. 46. 
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The MALDI-TOF-MS spectrum of the peak 2 marked in the chromatogram (Fig. 46) showed 

same molecular masses as in peak 1, but at a lower intensity. The sequence annotation pictures of 

MALDI-TOF-TOF spectra of the bradykinin potentiating peptides purified from peaks 8 and 10 

from the size exclusion chromatogram (Fig. 39) are shown in the Fig. 48 and 49. The sequence 

annotation pictures were prepared with Bruker software ProteinScape, version 3.0. 

 

 

Fig. 48: MALDI-TOF-TOF mass spectra of the peptides purified from peak 8 and 10 from SEC (Fig. 38), of 

Naja mossambica mossambica venom. 
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Fig. 49: MALDI-TOF-TOF mass spectra of the peptides purified from peak 8 and 10 from SEC (Fig. 38), of 

Naja mossambica mossambica venom. 
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4.6: Cytotoxins, ACE inhibitors and a bradykinin inhibitor peptide in the Naja mossambica 

mossambica venom 

Three cytotoxins (Tabel 5), cytotoxin-1, cytotoxin-3 and cytotoxin-4 were identified in this 

study. Fraction 18 in peak 1, Fig. 39, contained cytotoxin-1, peak 2 cytotoxin-4 and peak 3 was a 

mixture of cytotxin 1 and 3. Cytotoxin-3 was also identified in peak 6 (Fig. 38) as shown in the 

ESI-spectrum (Fig. 43). The cytotoxins were identified by the analysis of tryptic digest, by 

LC/ESI ion trap MS and subsequent database search. The fragments of the cytotoxins that were 

identified by tryptic digestions, are shown in bold red color (Table 5). Theses cytotoxins are 60 

amino acid polypeptides. Sequence alignment of the three cytotoxins is shown in Fig. 50. The 

different amino acid residues in the three cytotoxins are colored red, and the cysteine residues are 

highlighted in yellow color. 

 

 

Fig. 50: Sequence alignment of cytotoxin-1, cytotoxin-3 and cytotoxin-4. The sequences were aligned using 

ClustalW2 [126]. The cysteine residues are shaded yellow and the disulfide linkages are outlined. 

 

Cytoxin-1 and 3 show 93 % sequence identity with each other. The three cytotoxins have a 

different amino acid at position 5, and 28. At position 16 there is a lysine in cytotoxin-1, while in 

the other two glutamic acid is present at this position. Cytotoxin-4 shows 68% sequence identity 

to the other two cytotoxins, and have differences in amino acids in all the three loop regions as 

compared to cytotoxin-1 and 3. Cytotoxin-1 and cytotoxin-3 have proline at position 30 and 

therefore can be classified as P-type cytotoxins, while cytotoxin-4 has serine 28 and hence it can 

be classified as S-type cytotoxin [127]. The differences in amino acid residues among the three 

cytotoxins could be responsible for imparting functional specificities to these polypeptides. 

Interestingly it was found that fraction 18 in peak 1, Fig. 39, inhibited a bacterial subtilisin and 

chymotrypsin. The MALDI-TOF MS spectrum and the ESI-TOF MS spectrum showed that a 

single component was present in this peak and the results of tryptic digestion showed that this 
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component is a cytotoxin-1. Although peak 3 (Fig. 39), also contains cytotoxin-1, but it did not 

inhibit any of the tested enzymes. The chromatogram (Fig. 39) also shows that peak 1 is eluting 

earlier at a lower salt concentration as compared to peak 3. This difference in the elution 

behavior and inhibitory activity of cytotoxin-1 can be accounted for by the presence of the 

cytotoxin-1 in two different aggregation states. From the ESI-TOF-MS spectrum (Fig. 41) the 

molecular mass of the cytotoxin-1 in fraction 18 (Fig. 39) was calculated to be 6819.3 Da. The 

mass shift of -7 Da indicates the formation of three disulphide bridges (indicating that it is folded 

into a tertiary structure) which compensates for a shift of -6 Da, and a further difference of mass 

could be due to an amino acid exchange compared to the cytotoxin-1, originally described in 

Naja mossambica venom [128]. The observed mass of cytotoxin-3 was 6896.4 Da, having a 

mass shift of 2 Da. The observed mass of cytotoxin-4 was 6726 Da with a mass shift of 11 Da. 

The mass shift in these two cytotoxin, as compared to the reported masses [128], could be due 

the exchange of an amino acid or modification of an amino acids in these polypeptides.  

The fraction 18 in peak 1 (Fig. 39) was further tested for the inhibition of chymotryptic activity 

of 20S proteasome, and was found to strongly inhibit chymotryptic like activity of this enzyme. 

20S proteasome is a 700 kD multicatalytic complex constituting the proteolytic core of 26S 

proteasome complex. This protein consists of three main active sites: chymotrypsin like, trypsin 

like and peptidyl-glutamyl peptide hydrolyzing (PGPH) like [103]
and references there in

. Proteasomes 

are present in the nucleus and cytoplasm of the cell and the main function of this complex is to 

degrade the unwanted or damaged proteins. The cells use ubiquitin-proteasome systems to 

maintain the concentration of specific proteins and to remove misfolded proteins [129, 130]. The 

ubiquitin-proteasome pathway thus plays a key role in many cellular processes such as regulation 

of cell cycle progression, division, development and differentiation, apoptosis, cell trafficking, 

and modulation of the immune and inflammatory responses [131]. 

Studies have shown that cytotoxins can bind to the cell membrane, and form pores [132]. The 

internalization of CT3 from Naja kaouthia in promyelocytic leukameia HL60 cells was shown 

by confocal spectral imaging technique. In this study it was concluded that the internalization 

and lysosome-targeted action of CT3 plays an important role in CT-mediated cytotoxicity [133]. 

Another study also described the intracellular penetration of the cytotoxin by using 

immunofluorescence [134]. 
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Keeping in view the possibility that snake venom cytotoxin can enter the cell, it is proposed that 

after envenomation, cytotoxin-1 might be involved in the inhibition of the 20S proteasome, 

leading to the dysregulation of cellular homeostasis, and thereby contributing to cytoxicity of 

cells of the prey. However further investigations are required in this regard. 

Table 5: Peptide composition of Naja mossambica mossambica venom 

Fraction 

No. (SEC) 

Observed         

m/z 

Sequence determined Inhibitory 

activity 

Homology with 

peptide from  

Peptide family 

5 6819.3 Da LKCNQLIPPFWKTCPKGKNL

CYKMTMRAAPMVPVKRGCI

DVCPKSSLLIKYMCCNTNKC
N 

 

Bacterial 

subtilisin 

(Stmpr1), 
chymotrypsin 

and 

proteasome 
20S 

P01467: Naja 

mossambica 

Snake three finger 

toxin 

(CTX M1) 

5, 6 6896.4 Da LKCNRLIPPFWKTCPEGKNL

CYKMTMRLAPKVPVKRGCID

VCPKSSLLIKYMCCNTNKCN 

 

 P01470: Naja 

mossambica 

Snake three finger 

toxin 
(CTX M3) 

5 6726 Da LKCNKLIPIAYKTCPEGKNL

CYKMMLASKKMVPVKRGCI

NVCPKNSALVKYVCCSTDRC

N 
 

 P01452: Naja 
mossambica 

Snake three finger 
toxin 

(CTX M4) 

8 873.4511  

(M+H)+1 

ZQKFSPR  

 

 P85314: Bothrops 

moojeni 

Zinc 

metalloproteinase  
 

8 901.4614  
(M+H)+1 

ZQRFSPR  
 

 Q072L5: Bothrops 

asper 

Zinc 
metalloproteinase/  

disintegrin  
 

8 779.3983  

(M+H)+1 
 

ZLWPRP ACE P0C7R6: Agkistrodon 

piscivorus piscivorus 

BPP 

10 1214.6581  

(M+H)+1 

ZLWPRPQIPP  

 

ACE P0C7S6: Crotalus 

atrox  

 

BPP 

10 1276.6380  

(M+H)+1 

ZQWPPGHHIPP  

 

ACE P0C7J9: Crotalus 

adamanteus  

 

BPP 

10 1063.5611  
(M+H)+1 

TPPAGPDVGPR  
 

 Q27J49 : Lachesis 
muta muta  

Bradykinin inhibitor 
peptide 

10 1230.6743  

(M+H)+1 

QLWPRPQIPP  

 

ACE P0C7S6: Crotalus 

atrox  

 

BPP 

10 1277.6380  
 

ZEWPPGHHIPP  

 

ACE Q27J49: Lachesis 

muta muta  

 

BPP 

 

High molecular weight peptides were identified by tryptic digestion and analyzed by LC/ion trap 

MS. The low molecular weight peptides were measured by MALDI-TOF/TOF mass 

spectrometry. 

http://www.uniprot.org/taxonomy/98334
http://www.uniprot.org/taxonomy/98334
http://www.uniprot.org/taxonomy/8722
http://www.uniprot.org/taxonomy/8722
http://www.uniprot.org/taxonomy/8716
http://www.uniprot.org/taxonomy/8716
http://www.uniprot.org/taxonomy/8753
http://www.uniprot.org/taxonomy/8753
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Eight singly charged ions of m/z 873-1277 (M+H)
+
 were identified (Tabel 5). The sequences of 

all the peptides were determined by MALDI-TOF/TOF mass spectrometry. Five of them belong 

to the BPP family, manifesting hypotensive effects of envenomation. One is a bradykinin 

inhibitor peptide, previously isolated and identified from Lachesis muta muta and Agkistrodon 

bilineatus venom. The other two are small fragments of snake venom metalloproteinase. The 

peptide ZLWPRPQIPP is the modified form of QLWPRPQIPP, which was isolated from 

Crotalus atrox, with N-terminal Q modified to pyroglutamate. ZEWPPGHHIPP and 

ZQWPPGHHIPP are homologous to each other, having a variation in single amino acid at C-

terminal. ZLWPRP is another form of ZLWPRPQIPP lacking the C-terminal QIPP. 

 

4.7: Fractionation of the Notechis ater niger venom by size exclusion chromatography and 

purification of selected peptides by liquid chromatography 

 

 

Fig. 51: (A) Fractionation of crude venom of Notechis ater niger applying a Superdex-75 column by FPLC at 

pH 5; (B) SDS-PAGE of fractions 1-6 from the size exclusion chromatographic separation of the crude 

venom; (C) SDS-PAGE of the concentrated fractions marked as A and B in peak 4, show bands smaller than 

10 kDa. 

The crude venom of Notechis ater niger was fractionated with a Superdex-75 column at pH 5. 

Fractions 2-8 were screened against a set of selected enzymes. Inhibitory activity towards 

trypsin, kallikrein, plasmin and angiotensin converting enzyme was found in peak 4. The 
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fractions in peak 4 were pooled and fractionated on SOURCE 5RPC. The chromatogram is 

shown in Fig. 52. 

 

Fig. 52: Purification of peak 4 (Fig. 51) with a SOURCE 5RPC column by HPLC. 

Fractions were collected between 10-30 minutes and were not pooled. All the fractions were 

subjected to MALDI-TOF-MS analysis. The samples were prepared using DHB matrix. The 

fractions were also tested for the inhibition of ACE, trypsin, kallikrein and plasmin. Peak 3 and 5 

showed inhibitory activity towards trypsin. Kallikrein and plasmin inhibitory activity was found 

in peak 5. The inhibition of plasmin was weaker as observed for trypsin and kallikrein. Fraction 

in peak 6 showed weak inhibition of ACE. Selected MALDI-TOF-MS spectra are shown in Fig. 

53 and Fig. 54.  

In order to isolate BPPs the pooled fractions in the peak 4 (Fig. 51) were filtered through 3 kDa 

cutoff Amicon membrane. The filtrate was lyophilized and loaded on a C-18 column. The 

chromatogram is shown in Fig. 55A. Small peaks with very low intensity were observed.  
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Fig. 53: MALDI-TOF-MS spectra fractions in peaks 1, 2 and 3 from chromatogram shown in Fig. 52. 

Peak 1 

Peak 2 

Peak 3 
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Fig. 54: MALDI-TOF-MS spectra of peak 5 and 6 from the chromatogram shown in Fig. 52. Inset of the 

spectrum (Peak 6) shows spectrum in the low range 500-4000 m/z. 

 

Fractions were collected between 10-15 minutes. Fractions in peak 1 and 2 showed high 

inhibition of ACE. These two fractions were subjected to MALDI-TOF/TOF analysis and also 

given for de novo sequencing by ESI-QTOF. The MALDI-TOF spectra of the two fractions are 

shown in Fig. 55 (B and C). 

Peak 5 

Peak 6 
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Fig. 55: (A) Purification of filtrate of peak 4 (Fig. 51A) passed through 3kDa membrane on a chromolith C-18 

column by HPLC; (B) and (C) MALDI-TOF-MS spectra of peak 1 and 2 from the chromatogram shown in 

Fig. 55A. 

A

. 

B

. 

C

. 
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4.8: Neurotoxin, natriuretic and Kunitz type peptides in Notechis ater niger venom 

The peptides purified from the venom of Notechis ater niger are shown in Table 6. All the 

peptides were isolated from the peak 4 of size exclusion chromatogram (Fig. 51). The peptides 

identified by tryptic digestion are shown in bold red. 

Table 6: Peptide composition of the Notechis ater niger venom 

Observed         

m/z (M+H)+ 

Sequence determined Inhibitory 

activity 

Homology with 

peptide from  

Peptide family Mode of 

measurement 

6647.92 Da MTCCNQQSSQPKTTTTCA

ESSCYKKTWRDHRGTITE

RGCGCPNVKPGVQINCC

KTDECNN 

 

 A8HDK0: Notechis 

scutatus scutatus 

Snake three finger 

toxin 

(SNTX-1) 

Tryptic digestion, 

LC/ion trap 

6687.73Da MTCCNQQSSQPKTTTTCA

ESSCYKKTWRDHRGTIIE

RGCGCPNVKPGIQLVCCET

NECNN 

 

 A8S6A4: 

Austrelaps 

superbus 

Snake three finger 

toxin 

(SNTX-1) 

Tryptic digestion, 

LC/ion trap 

6810.56 Da KDRPHFCHLPHDTGPCN

RNTQAFYYNPVYHTCLK

FIYGGCQGNSNNFKTIDE

CKRTCAA 

 

Trypins B5KL32: Notechis 

scutatus scutatus 

Kunitz/BPTI 

(Tigerin-3) 

Tryptic digestion, 

LC/ion trap 

6694.23 Da KDHPEFCELPADSGPCRGI

LHAFYYHPVHRTCLEFIY

GGCYGNANNFKTIDECK

RTCAA 

 

Trypsin, 

kallikrein, 

plasmin 

Q6ITB3: Notechis 

scutatus scutatus 

Kunitz/BPTI 

(Tigerin-3) 

Tryptic digestion, 

LC/ion trap 

3347.69 Da SGSEVAKIGDGCFGLPLD

RIGSASGMGCRSVPKP 

 

ACE Q3SAE8: Notechis 

scutatus scutatus 

NP  

 

Tryptic digestion, 

LC/ion trap 

1154.56 Da 

 

QNPPKPISGES  Q3SAX8: 

Oxyuranus 

scutellatus 

scutellatus  

NP MALDI-

TOF/TOF 

764 

(M+H)+2 Da 

   Glycopeptidr Q-TOF 

 

681 Da 

 

    

Glycopeptide 

 

Q-TOF 

 

  

http://www.uniprot.org/taxonomy/70142
http://www.uniprot.org/taxonomy/70142
http://www.uniprot.org/taxonomy/29156
http://www.uniprot.org/taxonomy/29156
http://www.uniprot.org/taxonomy/70142
http://www.uniprot.org/taxonomy/70142
http://www.uniprot.org/taxonomy/70142
http://www.uniprot.org/taxonomy/70142
http://www.uniprot.org/taxonomy/70142
http://www.uniprot.org/taxonomy/70142
http://www.uniprot.org/taxonomy/8667
http://www.uniprot.org/taxonomy/8667
http://www.uniprot.org/taxonomy/8667
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Two short neurotoxins with molecular mass 6647.9 (M+H)
+1

 and 6687.3 (M+H)
+1

 (Table 6) 

were purified by reverse phase chromatography. These neurotoxins have been previously 

reported at transcript level in the venom of other Australian elapid snakes Notechis scutatus 

scutatus and Austrelaps superbus [135]. These neurotoxins are 60 amino acid polypeptides and 

show high homology to each other. The sequence alignment of the two neurotoxins created in 

ClustalW2 is shown below. 

 

Cysteines are highlighted in yellow color. A difference in the amino acids, colored grey, is 

observed near the C-terminal. A mass shift of 29 Da was observed in the neurotoxin having a 

molecular mass of 6687.3 (M+H)
+1

 (Peak 2, Fig. 52), as compared to its counterpart reported in 

Austrelaps superbus. This could be possibly due to the substitution of an amino acid in this 

peptide.  

Two Kunitz/BPTI peptides tigerin-1 and tigerin-3 (Table 6) were also purified by reverse phase 

chromatography. They are 59 amino acid polypeptides and have also been previously reported at 

transcript level in the venom gland of Notechis scutatus scutatus [136]. Tigerin-1 shows 

inhibitory activity towards trypsin, kallikrein and also weakly inhibits plasmin. While tigerin-3 

inhibits only trypsin. The sequence analysis of the two Kunitz inhibitor shows that the reactive 

bond site residues are different in both peptides, Fig. 56. The P1 residue is considered to be the 

most critical site to define the specificity and extent of inhibitory interaction of serine proteases 

by the Kunitz type inhibitors [137, 138]. Tigerin-1 has a positively charged residue arginine at 

P1 position while tigerin-3 has an asparagine, a neutral amino acid at this site. Other amino acids 

at the primary binding loop (P3P2P1P1΄P2΄P3΄P4΄) can also interact with the enzyme [139] . The 

sequence of this loop is PCRGILH in case of tigerin-1 and TGPCNRNTQ in tigerin-3. Thus 

there are significant differences in the amino acid residues at the primary binding loop. Previous 

studies have shown that at least one of the residues at P2΄ or P4΄ should have a basic residue 

histidine, to form a complex with kallikrein [120]
and references therein

. Tigerin-1 has a histidine at P4΄ 

position, and protease inhibitor-1 has histidine at postion P2΄ isolated from vipera ammodytes 

meridionalis (Table 3), thus preferring complex formation with kallikrein, while tigerin-3 has 

glutamine at this position and shows no inhibition of kallikrein. Therefore it can be concluded 
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that the different amino acid residues present at the primary binding loop of tigerin-1 and tigerin-

3, are responsible for their specificity towards different serine proteases. Further search in the 

UniProt data base indicates that the sequence motif NRN at P1P1΄P2΄ position is found only in 

Notechis scutatus scutatus venom Kunitz inhibitor, a closely related species to Notechis ater 

niger. A mass shift of 11 Da in tigerin-1, and 12 Da in tigerin-3, could also be due to an amino 

exchange residue in these polypeptides as compared to their analogues reported in Notechis 

scutatus scutatus.  

 

 

Fig. 56: Sequence alignment of the Kunitz inhibitors, tigerin-1 and tigerin-3 shows variation in the reactive 

bond residues. Cysteines are shaded yellow and different amino acids are shaded grey. 

A natriuretic peptide NsNP-a, inhibiting ACE was identified in peak 6 (Fig. 52), by the analysis 

of the tryptic digest. Low molecular weight peptides were also seen (Fig. 55), mass range 600-

1600 Da (M+H)
+
. Strong inhibition of ACE was observed in these fractions. The molecular mass 

range suggests that they are probably novel BPPs. The MALDI-TOF/TOF analysis and 

subsequent data base search by Inhouse Mascot search did not give any sequences. The ESI-

QTOF analysis of these peptide fractions provided information about the presence of 

glycopeptides. Signals were observed for the glycan moieties Hexose, N-acetylhexoseamine and 

N-acetylneuraminic (Fig. 57). It was not possible to determine the peptide sequence of the 

glycopeptides because the CID technique mainly fragments the carbohydrate moiety. The 

material was insufficient to perform different mass spectrometric experiment as electron transfer 

dissociation, which would provide the sequence information of the peptide by fragmenting the 

amino acids and preserves the glycosylation on the peptide backbone [140]. Further to determine 

nature carbohydrate moieties and configuration of the glycosidic linkage between them, other 
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experiments like GC-MS or LS-MS in combination with NMR analysis are necessary [141]. 

Thus more sample is required to perform these experiments. There is one report about the 

isolation of glycopeptides from the venom of Dendroaspis angusticeps [142]. In this study it was 

described that these glycopeptides have a high proportion of proline residue and molecular 

masses ranging from 1.3- 2.4 kDa. 

 

 

Fig. 57: ESI-QTOF MS/MS spectrum of the glycopeptides; (A) 681 Da (M+H)
+
; (B) 764 Da (M+H)

+2
. 

Spectrum A shows signals for Hex and HexNAc moiety and spectrum B shows additional signals for NeuAc. 

A

. 

B

. 
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4.9: Fractionation of the Agkistrodon bilineatus venom by size exclusion chromatography. 

 

 

Fig. 58: (A) Fractionation of the crude venom of Agkistrodon bilineatus venom on Superdex-75 column by 

FPLC; (B) SDS-PAGE of the fraction 1-10 from the SEC separation. 

 

The Agkistrodon bilineatus venom was also included among the initial experiments to identify 

potential inhibitors of the selected enzymes. The size exclusion chromatogram of the 

fractionation of crude venom is shown in Fig. 58A. Fractions in peak 8 strongly inhibited a 

bacterial subtilisin StmPr1 (a protease produced by Stenotrophonomonas maltophilia). This 

fraction was filtered through 3 k Da Amicon membrane. Inhibitory activity was tested both with 

filtrate and retentate. The filtrate inhibited Stmpr1. The ESI-TOF-MS analysis of the filtrate 

showed that no peptide above 1100 Da is present in this fraction (Fig. 59). Attempts were made 

to purify this inhibiting peptide with a C-18 column, but it was not successful.  
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Fig. 59: ESI-TOF-MS spectrum of the filtrate (through 3 kDa membrane) of peak 8 from SEC (Fig. 58). 

4.9.1: Preparation of crystal complex of a new peptidic inhibitor from Agkistrodon 

bilineatus venom with bacterial subtilisin StmPr1 

The entire fraction in peak 8 (Fig. 58A) was concentrated and used for soaking a StmPr1 crystal. 

The diffraction data were collected at the Consortium-Beam Line X13, DESY, Hamburg. The 

data collection and refinement statistics are summarized in Table 7. 

4.9.2: Structural analysis of the crystal complex 

The interpretation of the crystal structure data showed that a tetrapeptide, out the heterogeneous 

mixture of the venom fraction, is bound at the active site of StmPr1 (Fig. 60). The sequence of 

the peptide was determined as Ala-Ser-Pro-Ser (now abbreviated as ASPS). The structure is 

stabilized by 8 hydrogen bonds between the six residues (His
105

, Gly
143

, Ser
176

, Gly
178

, Asn
207

 

and Ser
289

) of StmPr1 and the main chain atoms of the inhibitor (Fig. 60), in addition to three 

water molecules which form three hydrogen bonds with the atoms N1, O4, and O7 of the ASPS 

peptide. In total 11 hydrogen bonds stabilize the inhibitor inside the active site of StmPr1. The 

hydrogen bonds to the peptide backbone are made primarily with side-chains on the 

enzyme. The C-terminal serine residue of the inhibitor is bound to the primary specificity 

pocket of the enzyme through four hydrogen bonds. The StmPr1-ASPS complex model was 

refined to an R-factor of 14.9%, with good geometry at a resolution of 1.78 Å. All four 

residues of the peptide inhibitor are well-localized in the putative S1 through S4 sites.  
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The oxygen atom occupying the ‘‘oxyanion hole’’ region of the enzyme accepts two 

hydrogen bonds; one from the polypeptide backbone and one from the positively charged 

amino group of Asn
207

. 

 

Table 7: Statistics for the Agkistrodon bilineatus snake venom peptide-StmPr1 complex 

 

The interactions of the peptide inhibitor complex are summarized in table 8. Fig. 61 shows the 

surface view of StmPr1 with the peptide inhibitor at the active site of StmPr1. 
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Fig. 60: Ligplot of the StmPr1-Agkistrodon bilineatus venom peptide inhibitor complex. 

 

Table 8: Interactions of the Agkistrodon bilineatus venom peptide inhibitor complex 
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No significant movements of the active site residues of StmPr1 upon complexation with the 

inhibitor were observed. This observation is in accordance with a preliminary experiment where 

the snake venom peptide fraction showed stronger inhibition with StmPr1 than with 

chymotrypsin. Thus, the ASPS peptide seems to exhibit some specificity for StmPr1. The crude 

snake venom fraction (molecular weight < 11kDa) contains many compounds, however, crystals 

grew and only one peptide was found in the active site, which is remarkable from a technical 

point of view. In this case the crystal served as a purification tool, and crystallography allowed 

the identification of a new inhibitory compound. The results of this experiment have supported 

the notion that snake venom is a potential source of novel bioactive peptides.  

 

 

Fig. 61: Surface view of StmPr1 showing the peptide inhibitor (in sticks) in the binding site of StmPr1 

 

4.10: Molecular modelling of snake venom Kunitz/BPTI inhibitors with trypsin and 

kallikrein 

The crystal structures the Kunitz inhibitors tigerin-1, tigerin-3 and protease inhibitor-1 were not 

available therefore their models were generated by using the server SWISS-MODEL. The 

models show that despite variation in the sequence, the structural conformation of the three 

peptides is very similar to each other (Fig. 62) and to aprotinin, and on visual inspection the 

chains overlay.  
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Fig. 62: Molecular models of snake venom Kunitz inhibitors generated by the server SWISS MODEL; (A) 

Tigerin-1; (B) Tigerin-3; (C) Protease inhibitor-1. Diagram showing structure-sequence relationship is shown 

besides each peptide and the P1 residue is marked by an *. Topology diagram of each peptide is also shown 

on extreme right of each peptide model. 

The secondary structure of the polypeptides includes two β-strands linked by a short hair pin 

loop, a 310 helix near the N-terminus and an α-helix near the C-terminus. Three disulfide bonds 

stabilize the secondary structure. The structure of protease inhibitor-1 does not show 310 helix 

near N-terminus, which could be due to the reason that for unknown reasons the SWISS-

MODEL server truncates the amino acids 25-29 for creating the model of this polypeptide and 

the neighboring residue at the N-terminal side are not available to take part in the formation of 

this helix. 

In order to predict the binding mode and study the possible interactions at the protein-inhibitor 

interface of tigerin-1, tigerin-3 and protease inhibitor-1 with bovine pancreatic trypsin and the 

catalytic domain of plasma kallikrein a rigid body docking was performed using the program 

* 
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ClusPro. Plasma kallikrein is a trypsin like enzyme. A 3D structure of the expressed catalytic 

domain of human plasma kallikrein [143] was used in this work to model a complex of tigerin-1 

with kallkrein. Fig. 63 shows a comparison of the sequence of trypsin and plasma kallkrein. 

 

Fig. 63: Sequence alignment of trypsin and plasma kallikrein (pkal 1). Active site residues are shown in red 

[143] 

The ClusPro program did not create an acceptable model of the protease inhibitor 1 either with 

trypsin or kallikrein. Therefore a model of the protease inhibitor-1 in complex with trypsin was 

built with Coot, by mutating the amino acids of BPTI with that of protease inhibitor-1, using the 

crystal structure PDB ID: 3OTJ. 

4.10.1: Molecular docking of tigerin-1 with trypsin 

The interaction of the active site residues of trypsin and tigerin-1 are shown in Fig. 64. The P1 

residue Arg
41

forms string hydrogen bonded salt bridges with Asp
189

, present at the bottom of S1 

pocket. Arg
41

 also forms a hydrogen bond with Ser
190

. The back bone carbonyl oxygen of Arg
41

 

and nitrogen of Gly
42

 (P1΄) forms a hydrogen bond with Ser
195

. Gly
42

 forms a hydrogen bond 

with His
57

 nitrogen. Hydrogen bond formation between Ser
37

 (P5) and Gln
192

 could result in 

further stabilization of the complex as the Trypsin residue Gln
192

 is known to add stability to the 

catalytic complexes [144]. The important interactions of the complex are summarized in table 9.  
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Fig. 64: (A) Tigerin-1 in complex with trypsin; (B) Interactions of tigerin-1 with active site residues and other 

side chain residues of trypsin. ■ Chain A (trypsin), ■ Chain I (tigerin-1). 

 

Table 9: Key intermolecular interactions of tigerin-1 and trypsin  

 

4.10.2: Molecular docking of tigerin-1 with the catalytic domain of human plasma 

kallikrein (pkal 1). 

The main intermolecular interaction between tigerin-1 and pkal-1 are illustrated in Fig. 65. 
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Fig. 65: Intermolecular interactions between tigerin-1 and pkal 1. ■ Chain A (pkal 1) ■ Chain I (tigerin-1) 

The key interactions of the complex are summarized in Table 10. Fig. 65A shows the hydrogen 

bonding between Pro
39

, at P2 site, and active site residue Ser
195

 present at the S1 binding pocket 

of plasma kallikrein. Tigerin-1 interacts with an important residue Lys
192

, bordering the S1 site 

of plasma kallikrein, through its P3 site (Cys 
40

) and Gly
63

 (present in the secondary binding loop 

of the inhibitor), Fig. 65A and C. It has been proposed that inhibitors selective for plasma 

kallikrein can be developed based on specific interactions with Lys
192

, as majority of human 
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trypsin like proteases usually contain glutamine at residue 192 [143]. Fig. 65B shows 

interactions of the P1 residue Arg
41

 with S1 catalytic residues, Asp
102

 and His
57

 and also with the 

S2 loop residues Tyr
94

 and Glu
98

. The residues Asp
36 

and Gly
66

 form hydrogen bonds with Arg
39

 

present at the S1΄ of the enzyme. 

Table 10: Key intermolecular interactions of tigerin-1 in complex with pkal 1 

 

4.10.3: Molecular docking of tigerin-3 with trypsin 

Fig. 66 shows the intermolecular interactions of the catalytic complex. The key interactions at 

the protein inhibitor interface are summarized in table 11. 

Table 11: Key intermolecular interactions of tigerin-3 in complex with trypsin 

 

Fig. 66A shows that Asn
41

 at P1 site forms hydrogen bonds with the active site residues Ser
195

 

and His
57

 at the S1 pocket of enzyme. In addition to this it also forms a hydrogen bond with back 

bone nitrogen of Gly
193

, facilitating the formation of the oxyanion hole. Arg
42

 at P1΄ site interacts 



Results and Discussion 

84 

 

with Asp
189

 present at the bottom of the catalytic triad. Asn
43

 (P2΄) side chain points directly into 

a pocket on the enzyme surface (S3), by forming a hydrogen bond with Ser
96

. Thr
37 

(P5) binds to 

S1΄ pocket of enzyme by hydrogen bond formation with Y
39

 of trypsin.  

 

 

Fig. 66: Intermolecular interactions of tigerin-3 in complex with trypsin; ■ Chain A (trypsin) ■ Chain I 

(tigerin-3). 
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4.10.4: Molecular docking of protease inhibitor 1with trypsin 

The Fig. 67 shows the interaction of the P1 residue Lys
17

 (equivalent to Lys
41

 in Fig. 62C) with 

the active site residues of trypsin. Key intermolecular interactions of the complex are given in 

Table 12. 

 

Table 12: Key intermolecular interactions of protease inhibitor 1 in complex with trypsin 

 

 

Fig. 67: Illustration of intermolecular interactions of protease inhibitor 1 in complex with trypsin. ■ Chain E 

(Trypsin) ■ Chain I (protease inhibitor 1) 

K 17-I 

S 190-E 
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4.11: Molecular modelling of cytotxin-1 with chymotrypsin 

In this work cytotoxin-1 isolated from Naja mossambica mossambica was found to inhibit 

chymotrypsin. Therefore it was interesting to see the possible mode of interaction of cytotoxin-1 

with chymotrypsin. The 3D model of cytotoxin-1 was also built by online server SWISS 

MODEL. The secondary structure of the model consists of 6 β-sheets and is stabilized by four 

disulfide bridges, Fig. 68. 

 

Fig. 68: (A) Catalytic complex of chymotrypsin and cytotoxin-1; (B) Structure-sequence relationship in the 

polypeptide chain; (C) Topology diagram of cytotoxin-1 

The main interactions at the protein-protein interface are illustrated in Fig. 69 and summarized in 

Table 13. 

Table 13: Key intermolecular interactions at the interface of Cytotoxin 1-Chymotrypsin complex 
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Fig. 69: Key interactions of cytotoxin-1 in complex with chymotryptsin. ■ Chain A (chymotrypsin); ■ Chain I 

(cytotoxin-1) 

The presence of Leu, Met, Phe, Tyr, Trp and Asn at P1 site of the inhibitor tends to inhibit 

chymotrypsin [145]
and references there in

. The model of the catalytic complex shows the possible sites 

of interaction with the protease and illustrates the insertion of the hydrophobic residue Phe
10

 in 

the S1 pocket of chymotrypsin. Phe
10

 makes extensive hydrophobic interactions with His
57 

and 

Ser
195

 present at catalytic triad of the active site. Gln
5
 forms a hydrogen bond with His

57
.
 
Trp

11
 

makes a hydrogen bond with His
57

 through its back bone nitrogen. Other residues of cytotoxin-1 

are also involved in making hydrogen bonds with surface residues of chymotrypsin further 

stabilizing the complex, as shown in the Fig. 69. From the model Phe
10 

can be proposed as the P1 

site.  

4.12: Molecular modelling and docking of selected BPPs with the catalytic C-domain of 

human ACE 

A protein data bank search showed that no crystal structure of snake venom bradykinin 

potentiating peptide in complex with ACE is available so far. Therefore model complexes of 

selected BPPs isolated in this work were prepared by molecular modelling and docking using the 

program SYBYL-X, version 1.3, to predict the binding mode of the snake venom BPP with 

ACE. C-domain of human ACE is known to be necessary and sufficient for controlling the blood 

pressure and cardiovascular functions. The tACE is identical to the C-terminal half of somatic 
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ACE, except for a unique 36-residue sequence making up its amino acid terminus [146]. Hence 

the crystal structure [147] of tACE in complex with lisinopril (N-[(S)-1-carboxy-3-

phenylpropyl]-Llysyl-L-proline) was used in the model building of complex, and selected as 

standard structure to compare the model complexes. The structure of tACE adopts an overall 

ellipsoidal shape, with a central groove that extends for about 30 Å into the molecule and divides 

the protein into two domains (Fig. 70 A). The surface diagram (Fig. 70 B) of the crystal structure 

of lisinopril (an analogue of the tripeptide Phe-Lys-Pro) in complex with tACE, shows the buried 

lisinopril molecule inside the active site.  

 

 

Fig. 70: (A) Ribbon representation of tACE molecule. The active site Zn ion is shown in green color. The 

bound ligand, lisinopril is shown in yellow color; (B) Molecular surface representation showing the active-site 

groove. The molecule surface has been sliced to show the groove. The buried lisinopril molecule is shown in 

yellow color; (C) Ligplot of lisinopril in complex with tACE [147]. 

The active site of tACE is comprised of the following residues: His
514

, Tyr 524, Glu
411

, His
383

, 

Asp
415

, His
387

, Glu
384

 are present at the Zn
+2

 coordination site. The residues present at and lining 

Zn
+2
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the S1 site are Val
518

, Phe
512

, and Ser
355

, at S1΄ site are Glu
162

, Ala
354

, Val
380

 and Asp
377

, at the 

S2΄ site are Tyr
523

, Phe
457

, Phe
527

, Gln
281 

and Thr
282

 [148].  

Table 14, shows the BPPs used to prepare models and the resulting energy values given by 

SYBL-X program, after the formation of BPP- tACE complexes. 

Table 14: Selected BPPs isolated in this work used to model the BPP-tACE complex 

S.No. Source of venom BPP sequence Average 

Molecular weight 

(Da) 

Energy value  

(SYBL-X) 

1 Vipera ammodytes meridionalis ZNWPGPKVPP 

(BPP1) 

1101 -1300.0 

2 ZNWPGPK (BPP2) 808 -1137.6 
3 ZRWPGP (BPP3) 722 -1114.9 
4 Bothrops jararacussu  RPPHPP (BPP4) 699 -1421.7 
5 ZARPPHPPIPP 

(BPP5) 
1188 -994.0 

6 ZARPPHPPIPPAP 

(BPP6) 

1356 -1040.4 

7 ZGGWPRPGPEIPP 

(BPP7) 

1369 -1216.3 

8 Naja  mossambica mossambica ZLWPRPQIPP 

(BPP8) 

1213 -1239.0 

9 ZQWPPGHHIPP 

(BPP9) 

1275 -1305.9 

10 ZLWPRP 

(BPP10) 

778 -1136.0 

 

The intermolecular interactions of the ligand-enzyme model complexes are individually 

discussed below. In all the complexes, as far as the residue numbering is concerned, an N-

terminal pyroglutmate residue is given 0 as number, and the C-terminal carboxylate group is 

assigned as a separate residue. 

Fig. 71A shows the BPP1 ligand (yellow sticks) in complex with tACE. Fig. 71B and C shows 

that the ligand has penetrated the channel like cavity and the midway slicing of the protein 

illustrates that the ligand is fit inside the active site cavity making intermolecular interactions 

with the enzyme. The key intermolecular interactions are also summarized in the table (Fig. 

71D). The Lys residue of the peptide forms hydrogen bonded salt bridge with Glu
376

 imparting 

stability to the complex. The peptide C-terminal proline forms hydrogen bonds with Tyr
523 

present at S2΄ site through its carboxylate group and also hydrogen bonds with other active site 
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residues Glu
384

 and His
383

 and Ala
354

, while in lisinopril the proline carboxlate group binds to 

Lys
511

 and Tyr
513

. The two prolines at the C-terminus form hydrophobic interactions with active 

site residues His
383

, His
513

, Phe
512

. The other peptide residues are also involved in important 

intermolecular interactions like interactions with Asp
453

 and other chain residues of the enzyme, 

which are not present in the lisinopril-tACE complex, possibly due to the small size of the 

lisinopril, as compared to the BPP1 peptide. 

 

 

Fig. 71: BPP1-tACE complex and its key intermolecular interactions. 
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The ligplot of BPP2-tACE complex is shown in Fig. 72 and key intermolecular interactions are 

summarized in table 15. The BPP2 peptide lacks a C-terminal proline residue. The lysine 

carboxylate group of the peptide forms hydrogen bond with His
383

. The CG of Pro (residue 

number 5) makes hydrophobic interaction with CE1 of Phe
527

 present at the S2΄ site. The peptide 

interacts with other side chain residues as well to stabilize the complex and less interaction with 

the known active site residues is observed in this case. The inhibitory activity of this peptide 

could mainly be ascribed to its interactions with His
383

 at the Zinc binding site.  

 

Fig. 72: Ligplot of BPP2 (ZNWPGPK) in complex with human tACE . 
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Table 15: Key intermolecular interactions of BPP2 in complex with tACE 

 

The BPP3 peptide is shorter than the previously discussed BPP1 and BPP2. This peptide 

contains arginine next to pyrogultamate in contrast to BPP1 and BPP2 which contain asparagines 

at this position. 

 

 

Fig. 73: Ligplot of BPP3 (ZRWPGP) in complex with tACE. 
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Fig. 73 shows the ligplot of BPP3-tACE complex. The arginine NH2 group is in distance 2.9 Å 

with the sulfur atom of Met
450

. The peptide is although shorter in size compared to BPP2, but is 

involved in making more interactions with the active site residues, as can be seen from the 

ligplot (Fig. 73) and key interactions summarized in table 16. 

 

Table 16: Key intermolecular interactions of BPP3-tACE complex 

 

BPP4 peptide isolated from Bothrops jararacussu venom consists of six residues, and proline 

constitutes 66 % of this peptide. This peptide also contains a histidine residue which is not 

present in the BPP peptides isolated from Vipera ammodytes meridionalis venom. The liglot of 

BPP4-tACE complex is shown in Fig. 74. As can be seen from the ligplot of the peptide BBP4, 

the C-terminal proline interacts with similar residues at the active site as that of proline in 

lisionopril, for example with Tyr
520

. The oxygen atom of the carboxylate group present at the c-

terminal of the peptide also interacts with His
513,

 while in case of lisinopril the back bone proline 

oxygen binds at this site. The C-terminal proline shows interactions with residues present at the 

S2΄ site, and appears to be well accommodated in the S2΄ site like that of C-terminal proline in 

lisinopril. The C-terminal proline also makes hydrophobic interactions with Val
380

, lining the S1΄ 

pocket. The histidine strongly hydrogen bonds to Asp
415

, present at Zn
+2

 active site. Therefore 

the presence of histidine at this position in the peptide can be responsible for its potency. The key 

intermolecular interactions of the BPP4-tACE complex are summarized in table 17. 
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Fig. 74: Ligplot of BPP4 (RPPHPP) in complex with tACE. 

 

Table 17: Key intermolecular interactions of BPP4 in complex with tACE 
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The ligplot of BPP5-tACE complex is shown in Fig. 75. The C-terminal proline of BPP5 forms 

hydrogen bond to His
353

 and Ala
354

. The lisinopril proline also forms bond to His
353

, although 

through a backbone oxygen. Other important intermolecular interactions are summarized in the 

table 18.  

 

 

Fig. 75: Ligplot of BPP5 (ZARPPHPPIPP) in complex with tACE. 

 

The ligplot of BPP6-tACE complex is shown in Fig. 76. The key intermolecular interactions with 

active site residues and other side chain residues are summarized in table 19. The peptide forms 

five hydrogen bonds and one salt bridge thus stabilizing the complex. 
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Table 18: Key intermolecular interactions of BPP5-tACE complex 

 

 

Table 19: Key intermolecular interactions of BPP6-tACE 
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Fig. 76: Ligplot of BPP6 (ZARPPHPPIPPAP) in complex with tACE. 

 

The ligplot of BPP7-tACE complex is shown in Fig. 77. Key intermolecular interactions are 

summarized in table 20. The carboxylate group has a hydrogen bond with OH group of Tyr
523

 

present at the S2΄ site. C-terminal Pro forms hydrophobic interactions with His
353

, His
513 

and 

Phe
512

. Other residues of the peptide also form hydrophobic interactions with active site residues 

and other side chain residues of the peptide.  
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Fig. 77: Ligplot of BPP7 (ZGGWPRPCPEIPP) in complex with tACE. 

 

Table 20: Key intermolecular interactions of BPP7 in complex with tACE 
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The ligplot of BPP8-tACE complex is shown in Fig. 78. BPP8 isolated from Naja m. 

mossambica venom, consists of ten amino acids. The peptide forms a hydrogen bond with Gln
281

 

present at the S2΄ site, through residue number 8. The carboxylate group shows hydrophobic 

interactions with Val
380

. Other important interactions of the peptide complex are summarized in 

table 21. 

 

Fig. 78: Ligplot of BPP8 (ZLWPRPQIPP) in complex with tACE. 

 

Table 21: Key intermolecular interactions of BPP8-tACE complex 
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The ligplot of BPP9-tACE complex is shown in Fig. 79. The peptide BPP9 also contains 

histidine residue, which is present in most of the BPP peptides isolated from Bothrops 

jararacussu venom. Both histidine residues 6 and 7 of the peptide form strong hydrogen bonds 

with Glu
376

 and Glu
162 

respectively. Proline 4 forms a hydrogen bond with Asn
374

 and glycine 5 

forms a hydrogen bond with Thr
166

 through their backbone oxygen atom. Isoleucine makes 

hydrophobic interactions with Gln
281

. The carboxylate is connected with Glu
411

 and His
383

 close 

to the Zn
+2

 active site. The two prolines at the C-terminus are involved in hydrophobic 

interactions with other residues in the active site. The important intermolecular interactions of 

the complex are summarized in table 22. 

 

 

Fig. 79: Ligplot of BPP9 (ZQWPPGHHIPP) in complex with tACE. 
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Table 22: Key intermolecular interactions of BPP9 in complex with tACE 

 

 

 

Fig. 80: Ligplot of BPP10 (ZLWPRP) in complex with tACE. 

The ligplot of BPP10 in complex with tACE is shown in Fig. 80. The arginine residue of the 

peptide is strongly hydrogen bonded with Thr
282

 present at the S2΄ site. The carboxylate group 
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forms hydrogen bonds with Glu
411

 and His
383

. Other key intermolecular interactions of the 

complex are summarized in table 23. 

Table 23: Key intermolecular interactions of BPP10 in complex with tACE 

 

Analysis of the model complexes based on the interactions of the peptide residues with the 

known active site residues of tACE, and a comparison with the crystal structure of lisinopril-

tACE, shows that these peptides are inhibitors of ACE enzyme, as determined by enzyme 

activity assay also. However the binding strength can vary depending on the length of the peptide 

and types of the residues present. The peptide model complexes show interactions with other 

side chain residues of the enzyme, which are absent in lisinopril, possibly because of the small 

size of this peptide like molecule. The sequence alignment of the peptides used to analyze model 

complexes, aligned with ClustalW, is shown below. 

 

 

 

 

 

 

 

BPP1            -ZNWP--GPKVPP-- 10 

BPP2            -ZNWP--GPK----- 7 

BPP3            -ZRWP--GP------ 6 

BPP8            -ZLWP--RPQIPP-- 10 

BPP10           -ZLWP--RP------ 6 

BPP4            ---RP-PHPP----- 6 

BPP6            -ZARP-PHPPIPPAP 13 

BPP5            -ZARP-PHPPIPP-- 11 

BPP7            ZGGWPRPGPEIPP-- 13 

BPP9            -ZQWP-PGHHIPP-- 11 
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The sequence alignment shows that the BPP peptides have a relatively high content of proline 

residue. The interpretation of the model complexes explains that proline at the C-terminus is 

important to guide the peptide through a small channel like cavity of the enzyme to active site, 

buried deep inside the enzyme. Additional prolines in the sequence also help the peptide to 

approach the active site. Proline is hydrophobic and a rigid amino acid, and also provides a sharp 

turning point to the peptide backbone, thereby facilitating the accommodation of the peptide in 

the active site. Further it can be concluded that peptides longer than 10-11 amino acid might not 

be very potent inhibitors. Secondly the incorporation of basic residues lysine, arginine and 

histidine towards the C-terminal can allow the peptides to interact better with the active site 

residues. Based on these results BPP1, BPP4, BPP5 and BPP9 seem to be good inhibitors, and 

the BPP4-tACE model complex can be ranked highest of all the studied complexes. 
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5: General discussion 

Comparative analysis of the venom peptidome of the snakes selected from Viperidae, Vipera 

ammodytes meridionalis (Viperinae), Bothrops jararacussu (Crotalinae), Naja mossambica 

mossambica (Elapinae) and Notechis ater niger (Acanthophiinae) from Elapidae demonstrated 

the presence of representatives of three protein/peptide families: Kunitz/BPTI, BPPs/NP and 

three finger toxin. The results and literature data point towards a subfamily-specificity of the 

Viperidae and Elapidae venom peptides. Peptide fractions of the Viperinae snake venom contain 

both, a Kunitz type inhibitor and BPPs. The four signals of the Kunitz type inhibitor were 

attributed to different peptide species (propeptide, mature peptide and dehydrated peptide with 

pyroglutamate at the N-terminus) of one peptide inhibitor identical to that isolated from the 

Vipera ammodytes ammodytes venom [120] (Table 3). At the same time, all identified peptides 

from the venom of the Crotalinae snake, with the exception of several proteolytic fragments of 

metalloproteinases, belong to the family of bradykinin-potentiating peptides (Table 4). The Naja 

mossambica mossambica venom peptidome analysis (Table 5) shows the presence of cytotoxin 

type three finger toxins, and BPP type peptides, but a lack of Kunitz/BPTI inhibitors. Whereas 

the peptidic fractions of Notechis ater niger contains both Kunitz/BPTI inhibitors and neurotoxin 

type of three finger toxins in addition to a natriuretic peptide. The published data about the 

venom peptidome composition of Crotalinae and Viperinae snakes show that in the first case the 

venom peptide fractions contain BPPs but no Kunitz type inhibitors (with one exception of a 

very low content, 0.1% and < 0.1% BPTI in the venom of Sistrurus rattlesnakes [149] ). Thus, 

BPPs are one of the two major toxic components of the Bothrops insularis venom gland (19.7% 

of the total transcriptome), [150]. Bradykinin-potentiating peptides are also among the most 

frequent transcripts of the B. jararaca venom gland (6.2%) [150]. High contents of hypotensive 

peptides were found in the venoms of the other Crotalinae snakes as Lachesis muta (14.7 % of 

the venom proteins) [20], Lachesis stenophrys (14.6%) [20], Bothrops alternatus (8.8%) [151], 

Bothriechis nigroviridis (26.9%) [152],  Bothriechis lateralis (11.1%) [153], Bothriechis 

schlegelii (13.4%) [153] and Crotalus simus (2%) [124]. Small amounts of BPPs (0.8%) were 

found in the venom of Bothrops colombiensis [31].  

Kunitz-type inhibitors were identified in the venoms of Viperinae snakes Vipera ammodytes 

ammodytes [120], Eristocopbis macmaboni (Leaf-nosed viper)
 
[154], Bitis gabonica (Gaboon 
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viper) [155], Vipera raddei
 
 [19] and Vipera ursinii renardi

 
[156]. Kunitz type inhibitors have 

been reported in many Australian elapids [136].  

The Kunitz type snake venom inhibitors are considered to be involved in inactivation of 

proteases participating in hemostatic processes [157]. It was supposed that these venom peptides 

participate in the processes of coagulation, fibrinolysis and inflammation through protease 

inactivation [158]
and references therein

. A Kunitz/BPTI inhibitor textilinin has been found to be a 

potent and selective inhibitor of plasmin, and is under clinical trial for application as an anti 

bleeding agent [75]. Several Kunitz type protein inhibitors suppress tumour invasion and 

metastasis [159]. In the present study one of the Kunitz/BPTI inhibitor isolated from Notechis 

ater niger venom and that from Vipera ammodytes meridionalis were found to strongly inhibit 

kallikrein and showed weak inhibition of plasmin.  

Among the three finger toxins, cytotoxins have been reported exclusively in the cobra venom [4]. 

In this study also cytotoxins were found as the main poly peptides present in the venom of Naja 

mossambica mossambica, a cobra snake and the other elapid venom under study contained 

neurotoxins only, and no cytotoxins could be identified. 

All these data suggest differences in the evolution of the two Viperidae and Elapidae 

subfamilies. 

In the present work we demonstrate for the first time possible phosphorylation of a serine residue 

in snake venom BPPs. Protein phosphorylation is a post-translational modification of proteins 

with the participation of kinases, which is an important regulatory mechanism
 
[160]. The 

phosphorylation of BPPs results in addition of phosphate group, which would change the peptide 

electrostatic charge, and might influence BPP–ACE interactions. This can lead to important 

changes in the hypotensive effect of the bradykinin-potentiating venom peptides.  

The venom peptidome of Bothrops jararacussu (Table 4) demonstrates a variety of BPPs due to 

differences in the C-terminal parts. It was shown that the C-terminus is critical for the interaction 

of BPPs with their natural targets [161]. Changes in this functionally important segment can lead 

to differences in the pharmacological effects.   
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BPPs are natural inhibitors of the angiotensin I-converting enzyme (EC 3.4.15.1) that plays a key 

role in the blood pressure regulation [162]
and references therein

. This property makes ACE a 

pharmacological target for the generation of compounds treating hypertension and cardiovascular 

diseases. ACE catalyzes the conversion of angiotensin I to the potent vasoconstrictor angiotensin 

II and the proteolytic degradation of the natural vasodilator bradykinin. BPPs block the 

formation of angiotensin II and its blood pressure elevating action. At the same time, the 

breakdown of bradykinin is prevented and its vasodilatory properties support the decrease of the 

blood pressure [163]. Vasodilatory effects of ACE inhibitors were used by the pharmaceutical 

industry to produce a large number of antihypertensive drugs such as captopril, enalaprilat, 

ramiprilat, lisinopril, perindoprilat and other derivatives [162] which are currently used as 

standard treatment of hypertension and congestive heart failure [163]
and references therein

. However, 

contemporary synthetic ACE inhibitors can induce serious adverse reactions as renal failure, 

angioedema, hyperkalaemia, urticaria and other undesirable cutaneous effects [163]. Also, a long 

term therapy with the above mentioned drugs may result in reduced efficacy of the treatment 

[162]. A possible reason for the side effects is the relatively low specificity of these drugs or 

different functions of the angiotensin converting enzyme. ACE contains two independent 

catalytic domains, the C-terminal being the main site of the angiotensin I hydrolysis [164]. The 

next generation of ACE inhibitors should act more selectively inhibiting only the N- or C-

domain of the enzyme
 
[162]. ACE is multifunctional enzyme acting on a broad spectrum of 

substrates as a member of the renin-angiotensin-aldosterone system and non-specific inactivation 

can induce changes in the function of other physiologically active peptides. In this connection 

novel, more specific ACE inhibitors will be of pharmacological importance. Bothrops 

jararacussu and Vipera a. meridionalis venoms are rich sources of such peptides. The peptide 

analysis presented here demonstrates the presence of a number of possibly new ACE inhibitors 

in the venoms of the both snakes.  

The sequence homology of ACE peptide inhibitors with natriuretic peptides (Tables 3-5) 

suggests processing of larger precursors. It was shown that BPPs are part of two distinct C-type 

natriuretic peptide (CNP) precursors found in the venom gland and in the brain of another 

Crotalinae snake, Bothrops jararaca [165]. NPs from the Dendroaspis angusticeps (green 

mamba) venom exert vasodilator and natriuretic/diuretic effects [66]. The natriuretic peptide 
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family consists of three subfamilies: atrial NPs and brain NPs, which activate the natriuretic 

peptide receptor A, and C-type NPs activating the natriuretic peptide receptor B [166].  

The effects of the NPs are mediated through the activation of the receptors A and B. It can be 

supposed that at least some of the identified BPPs result from processing of NP precursors. The 

homology between BPPs and precursors of natriuretic peptides from venoms of Viperidae and 

Elapidae snakes suggests structural similarities between ACE inhibitors of the first snake family 

and the respective part of the NP precursors from the venom of the second family. 

These toxin homologies in snake genera, that are quite distant both from the phylogenetic and 

geographical point of view, are quite remarkable and suggest that these peptides must have 

appeared at an early stage during the evolutionary process while the fairly high homology rates 

indicate that a selective pressure must be acting, preserving the BPPs and the natriuretic peptides 

as vital components of the snake’s arsenal.  

Cytotoxins are known to cause cell lysis by forming pores in the cell membrane. In the present 

study, cytotoxin 1 isolated from Naja mossambica mossambica venom was found to strongly 

inhibit chymotrypsin and 20S proteasome. To the best of my knowledge it is a first study of a 

cytotoxin to demonstrate such an inhibitory activity towards chymotrypsin. Hence it is proposed 

that cytotoxin-1 is able to translocate itself inside the cell and disturbs the cellular processes by 

inhibiting a vital catalytic machinery of the cell, the 20S proteasome. Inhibition of 20S 

proteasome could be one of the mechanisms involved in the cytotoxin mediated cell death. The 

internalization of cell is supported by other studies as well [133, 134].  
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Conclusion 

Snake venom peptide analysis demonstrates subfamily (Viperinae/Crotalinae and Elapinae/ 

Acanthophiinae), specificity of the venom peptidome composition in the snake family Viperidae 

and Elapidae. In contrast to the Crotalinae venoms, the venom peptidome of the Viperinae 

snakes contains Kunitz type inhibitors. The peptide composition of Acanthophiinae venom 

contains Kunitz type inhibitors while the Elapinae venom lacks it. Secondly Elapinae venom 

contains cytotoxin type of three finger toxins as compared to Acanthophiinae. Phosphorylation 

of a serine residue in BPPs, demonstrated for a first time in the case of Bothrops jararacussu 

venom peptides, can play an important role in the regulation of the BPP–ACE interactions. There 

is a homology between venom BPPs from a Viperidae snake and venom NPs from Elapidae 

snakes. The Kunitz/BPTI inhibitors of Vipera a. Meridionalis and Notechis ater niger are also 

homologous to each other. The presence of Kunitz/BPTI inhibitors among the venom of both 

families (Viperidae and Elapidae) indicates that this type of peptide was incorporated into the 

venom before the divergence of the two families. However disappearance of the peptide at the 

subfamily level indicates further recruitment events, in which the Kunitz/BPTI type of peptides 

were selectively retained in the snake venom depending on the environment of the snake. The 

inhibitory activity of cytoxin 1 towards chymotrypsin and 20S proteasome leads to an inference 

that cytotoxin 1 can enter the cell, and inhibit 20S proteasome, thereby aiding in the cell lysis, by 

inhibiting this catalytic machinery. However further investigations are required to understand the 

mechanism of action of this toxin. The tripeptide metalloproteinase inhibitors isolated from 

Vipera a. meridionalis are also proposed to be involved in preventing the auto digestion of the 

venom gland as reported in earlier studies. The venoms under study are rich sources of novel 

inhibitors. In addition to the enzyme inhibition experiments, the crystal structure of a complex of 

Agkistrodon bilineatus peptide-StmPr1 and the model complexes support this notion. The 

methods optimized in this work provide a basis to isolate pharmacologically active compounds 

from other snake venoms, and also exemplifies how these bioactive molecules may be 

characterized at a functional level.  
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Future work  

The results of this work can be used to design further projects. A few examples are: 

 Synthesis of snake venom BPP peptides and X-ray crystallographic studies of their 

complexes with human ACE. The complex structures may reveal new specific active site 

binding pockets of the enzyme. The complex structures might help to better understand 

the nature of the enzyme and lead to the design more specific drug. 

 Two plasma kallikrein inhibitors have been isolated in this work. To date no crystal 

structure complex of Kunitz/BPTI-plasma kallikrein is available in protein data bank. The 

expression of these Kunitz/BPTI inhibitors, enzyme kinetic studies, and subsequent 

preparation of crystal complexes could lead to the design of selective inhibitors of plasma 

kallikrein. Selective inhibitors of plasma kallikrein are of interest to treat disease states 

related to increased levels of this enzyme in the blood for example hereditary angioedema 

and septicaemia and septic shock. 

 As the analytical methods for the purification and characterization of snake venom 

peptides have been optimized, further investigation of the snake venom peptidome might 

lead to the discovery of novel bioactive molecules. 
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List of chemicals and GHS hazards 

Name of the reagent Provider CAS-No GHS 

hazard 

Risk phrases Safety Phrases 

Acetic acid (100 %) ROTH  64-19-7 H226, 

H314 

10-35 23-26-45 

Acetonitrile-HPLC grade Merck 75-05-8 H225, 

H302, 

H312, 

H319, 

H332 

11-20/21/22-36 16-36/37 

Angiotensin converting enzyme  

from rabbit lung (A6778- 0.25 UN) 

Sigma 

Aldrich 

9015-82-1 - - - 

Abz-FRK (Dnp) P-OH Aminotech 

Research and 

Development, 

Sao Paulo, 

Brazil 

- - - - 

Ammonium persulphate Carl Roth 7727-54-0 H272, 

H302, 

H315, 

H317, 

H319, 

H334; 

H335 

8-22-36/37/38-42/43 22-24-26-37 

Ammonium bicarbonate BioUltra Fluka 1066-33-7 H302 22  

Acrylamide/bisacrylamide solution 

40% (19:1), 30%(37.5:1) 

Carl Roth 79-06-1 H301, 

H312, 

H316, 

H317, 

H319, 

H332, 

H340, 

H350, 

H361f, 

H372 

45-46-20/21-25-

48/23/24/25-36/38-

43/62 

53-26-36/37-45 

Bovine Trypsin (T1426-100 mg) Sigma 9002-07-7 H315, 

H319, 

H334, 

H335 

36/37/38-42 22-24-26-36/37 

Bromo phenol blue Biorag 115-39-9 - - 22-24/25 

Bz-phe-val-arg-pNA (I-1150) Bachem 54799-93-8 - - - 

Suc-Ala-Ala-Pro-Phe-pNA (L-

1400) 

Bachem 70967-97-4 - - - 

Z-D-Arg-Gly-Arg-pNA-HCl (L-

2115) 

Bachem 113711-77-6 - - - 

Bz-Arg-pNA (L-1130) Bachem 21653-40-7 - - - 

Bz-Pro-Phe-Arg-pNA (L-1545) Bachem 59188-28-2 - - - 

Z-Gly-Gly-Leu-AMC (I-1425) Bachem 97792-39-7 - - - 

Casein Sigma 9000-71-9 - - - 

Chymotrypsin from bovine 

pancreas (C7762-25 mg) 

 

Sigma 904-07-3 H315, 

H319, 

H334, 

H335 

36/37/38-42 22-24-26-36/37 

Coomassie brilliant blue Applichem 6104-59-2 - - 22-24/25 

Dithiothreitol Sigma 578517 H302, 

H315, 

H319, 

H335 

22-36/37/38 26-36 

DMSO Sigma 67-68-5 - 36/37/38 23-26-36 
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Name of the reagent Provider CAS-No GHS 

hazard 

Risk phrases Safety Phrases 

Factor Xa from bovine plasma 

(F9302-50 µg) 

Sigma 9002-05-5 - - - 

Formic acid  Sigma 

Aldrich 

64-18-6 H226, 

H314 

35 23-26-45 

Hydrochloric acid, 37% 

 

Merck 7647-01-0 H314, 

H335 

34-37 26-36/37/39-45 

Iodoacetamide Sigma 

Aldrich 

144-48-9 H301, 

H307, 

H337, 

H413 

25-42/43 22-36/37-45 

Isopropanol Carl Roth 67-63-0 H225, 

H319, 

H336 

11-36-67 7/6-24/25-26 

Kallikrein from human plasma  

(K2638-50 µg) 

Sigma 9001-01-8 - - - 

Plasmin from human plasma 

(P1867-150 µg) 

Sigma 9001-90-5 - - - 

20 S Proteasome fraction from 

rabbit (P3988-25µg) 

Sigma - - - - 

Protein marker (SM 1816, 

SM1891, SM0431) 

Fermentas  H302, 

H312, 

H315, 

H319, 

H335 

21/22-36/37/38 - 

SDS Sigma 151-21-3 H228, 

H302, 

H311, 

H315, 

H319, 

H335 

11-21/22-36/37/38 26-36/37 

Sodium hydroxide Merck 1310-73-2 H314 35 26-37/39-45 

Thrombin from human plasma 

(T6884-100 UN) 

Sigma 9002-04-4 H315, 

H319, 

H334, 

H335 

- - 

Tris(hydroxymethyl)aminomethane Carl Roth 76-86-1 H315, 

H319, 

H335 

36/37/38 26-36 

Tricine Applichem 5704-04-01 - - - 

Urea Merck 57-13-6 - - - 

Water LiChrosolv Merck 7732-18-5 - - - 
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