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A B S T R A C T   

Snake venoms are complex chemical mixtures of biologically active proteins and non-protein components. 
Toxins have a wide range of targets and effects to include ion channels and membrane receptors, and platelet 
aggregation and platelet plug formation. Toxins target these effectors and effects at high affinity and selectivity. 
From a pharmacological perspective, snake venom compounds are a valuable resource for drug discovery and 
development. However, a major challenge to drug discovery using snake venoms is isolating and analyzing the 
bioactive proteins and peptides in these complex mixtures. Getting molecular information from complex mix-
tures such as snake venoms requires proteomic analyses, generally combined with transcriptomic analyses of 
venom glands. The present review summarizes current knowledge and highlights important recent advances in 
venomics with special emphasis on contemporary separation techniques and bioinformatics that have begun to 
elaborate the complexity of snake venoms. Several analytical techniques such as two-dimensional gel electro-
phoresis, RP-HPLC, size exclusion chromatography, ion exchange chromatography, MALDI-TOF-MS, and LC-ESI- 
QTOF-MS have been employed in this regard. The improvement of separation approaches such as multi-
dimensional-HPLC, 2D-electrophoresis coupled to soft-ionization (MALDI and ESI) mass spectrometry has been 
critical to obtain an accurate picture of the startling complexity of venoms. In the case of bioinformatics, a 
variety of software tools such as PEAKS also has been used successfully. Such information gleaned from venomics 
is important to both predicting and resolving the biological activity of the active components of venoms, which 
in turn is key for the development of new drugs based on these venom components.   

1. Introduction 

The study of bioactive proteins has long been a key focus of life and 
health sciences. In 1995, the expression “Proteome” was defined by 
Marc Wilkins as the entire set of proteins expressed by a genome of an 
organism, tissue or cell [1]. Consequently, expression “proteomics” is a 
large-scale comprehensive study of a specific proteome, including in-
formation about protein abundance, post-translational modification 
(PTM), protein–protein interaction, protein function and protein loca-
tion [2]. In 1980, Celis and his team developed a protein separation 
method that utilized an exceptionally effective 2-D gel electrophoresis 
followed by Edman degradation sequencing to identify specific pro-
teins. This along with the wider availability of protein sequence data-
bases opened the door to broad use of proteomics. Since these 

pioneering efforts, the utility of a proteomic approach now has been 
demonstrated for many organisms and cell types [3]. Proteomic stra-
tegies empower researchers to characterize, compare and distinguish 
numerous proteins in an organism or multi-species environment. Pro-
teomics is a rapidly developing field, which relies upon rapid devel-
opment in analytical instrumentation and bioinformatics programming. 
The main areas in which this field is improving is in understanding 
protein abundance, half-life, subcellular localization, precise activity, 
state of modification, structure and interactions with other bioactive 
molecules. Consequently, proteomics is now widely used in pharma-
ceutical research allowing scientists and commercial companies to 
identify novel drugs faster and to test side effects more efficiently. It 
also has become widely used in clinical research, disease diagnosis, and 
identification of molecular biomarkers. Biologists use it to investigate 
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basic cell and microbe functions and molecular organizations. It also 
has become an important tool for the study of animal venoms enabling 
detailed investigation of venom composition [4–6]. 

Snake venoms are highly modified saliva containing a complex 
mixture of biologically active proteins and non-proteins molecules that 
are most often used to incapacitate, immobilize, and digest prey [7]. 
Proteins account for about 90–95% of the dry weight of most venoms 
and play a primary role in the biological effects of venoms. Hence, 
snake venoms are often considered to be mini-libraries for developing 
novel drugs [8,9]. Recently, many pharmaceutical companies and ex-
perts in the toxinology field have directed their attentions to snake 
venom components as a natural product resource of materials for bio-
technological application [10–13]. Snake venoms have been used in the 
pharmaceutical industry as a valuable source of therapeutic drugs to 
include Captopril, Aggrastat, and Eptifibatide [14–16]. 

Knowledge about the composition of many snake venoms recently 
has been increased by the progressively rapid improvement of analy-
tical methods to include improvements in mass spectrometry, separa-
tion strategies, and bioinformatics [17]. Nonetheless, to manifest the 
full benefit of proteomics in venomics separation methods must con-
tinue to improve. This is particularly true for the initial steps in venom 
fractionation. The establishment of high quality venom proteomic 
profiles will (i) reveal the biological diversity of toxin compositional 
strategies used by snakes to fulfill [18]; (ii) likely will aid prediction of 
clinical manifestations of envenomation [19,20]; (iii) improve tax-
onomy [21]; (iv) reveal intriguing ontogenetic changes [22]; (v) pro-
vide a useful tool to investigate the possible differences in venom 
composition associated with distinct geographic origins within the 
distribution range of species [22]; and (vi) reveal novel, important 
biologically-active components of venom [23]. The present review 
summarizes current knowledge and highlights important recent ad-
vances in venomics with special emphasis on contemporary separation 
techniques and bioinformatics that have begun to elaborate the com-
plexity of snake venoms. 

2. Venomics approach 

Venomous animals, in particular especially snakes and their venoms 
have attracted scientific interests mainly for the development of anti-
body (antivenom) against envenomation caused by snakebites [24–26]. 
Animal venoms are unique cocktails of often more than 100 different 
peptides and proteins, making these venoms an appreciable source of 
millions of peptides and proteins naturally tailored to act on a myriad of 
exogenous targets, including ion channels, membrane receptors and 
enzymes [11,27]. The search for new biologically active molecules 
aimed at discovering novel drugs is usually driven by the use of a 
specific target through a biological screening test. Proteomics has al-
lowed characterizing and identifying a great number of animal venom 
bioactive components. Furthermore, ongoing improvements in se-
quencing have opened new horizons for the understanding of the ve-
nomous systems. The use of transcriptomics on venom glands is be-
coming common in proteomics for identifying compounds of potential 
interest in pharmaceutical research. The expression “Venomics” was 
coined to include techniques and methods used to understand venoms 
and the contents of venom glands [28]. The venomics approach pre-
sently encompasses transcriptomics, proteomics and peptidomics to 
explore the content of animal venoms and venom glands (Fig. 1) [29]. 
Venomics is an important tool for the study of the phylogenetic re-
lationship between species [21]. Recent developments in animal ve-
nomics has made this field an important tool for identifying tomorrow’s 
drugs from animal venoms. 

Numerous proteomic approaches have been applied to the in-
vestigation of snake venoms [30,31]. The standard snake venom pro-
teomics approach begins with proteolytic digestion, with most com-
monly trypsin, of venom proteins and peptides that are isolated through 

single- or multi-dimensional methods, including electrophoretic and 
chromatographic techniques. The resulting digested peptides are iden-
tified using mass spectrometry techniques, such as MALDI or ESI, fol-
lowed by fragmentation via collision-induced dissociation (CID) energy. 
Tandem mass spectrometry (MS/MS) data are sequenced using de novo 
sequencing software. The full sequence of the peptide is identified by 
database search [32,33]. For instance, Calvete and his colleagues es-
tablished a snake venomics approach that begins with the fractionation 
of the snake crude venom by RP-HPLC followed by the initial char-
acterization of each protein fraction by a combination of N-terminal 
sequencing, SDS-PAGE (or 2DE), and mass spectrometric determination 
of the molecular masses, and eventually the cysteine (–SH and S–S) 
content, of the isolated components (Fig. 2) [34–36]. Such investigation 
gives a good elaboration of the components of the venom and a semi- 
quantitative estimation of their relative abundance in the venom. 
Currently, snake venomics studies have been performed on over more 
than 200 snake species, offering access to an extremely rich source of 
pharmacologically active proteins and peptides [37]. 

2.1. Separation techniques 

Classical protein separation techniques have been successfully em-
ployed to isolate and characterize many bioactive components from 
animal venoms now for over 40 years. Several separation methods are 
frequently used in combination in proteomic analyses to improve 
signal-to-noise, proteome coverage, and to reduce interferences be-
tween peptides. Thus, a given separation method often allows im-
portant supplementary information regarding molecular weights and 
hydrophobicity and isoelectric point (pI) about each venom component. 
Such information improves identification of venom components in re-
gard to splice variants and large post-translational modifications. 
Consequently, pre-fractionation and means to decrease the complexity 
of snake venoms is still valuable in most analyses. Many fractionation 
strategies for snake venom compounds are generally available. In snake 
venom proteomics, both analytical and bioinformatics have been used 
to describe protein structure and functions. Several analytical techni-
ques such as two-dimensional gel electrophoresis (2-DE), RP-HPLC, size 
exclusion chromatography (SEC), ion exchange chromatography, 
MALDI-TOF-MS, and LC-ESI-QTOF-MS have been employed in this re-
gard [38]. In the case of bioinformatics, a variety of software tools also 
has been used successfully [39]. 

2.1.1. Two-dimensional gel electrophoresis (2-DE) 
With its appearance thirty years ago, 2-DE has become the primary 

means for identifying proteins in complex biological solutions [40]. 2- 
DE separates proteins based on two independent parameters; isoelectric 
point (pI) values, via isoelectric focusing (IEF) in one dimension and 
molecular mass by SDS-PAGE in the other. With this approach samples 
in complex biological solutions can be resolved to a few thousand 
protein spots (Fig. 3) [41]. The 2-DE strategy has been progressively 
important methodology in the investigation of snake venom proteomes  
[42–44]. For instance, venoms of eight snakes to include Ophiophagus 
hannah, Naja kaouthia, Naja sumatrana, Bungarus fasciatus, Trimeresurus 
sumatranus, Tropidolaemus wagleri, Enhydrina schistosa and Calloselasma 
rhodostoma located in Malaysia have been separated based on 2-DE 
properties [45]. In addition, 2-DE has been used to identify individual 
compounds like glycoproteins in the venom of Naja kaouthia [46]. 
However, it is rapidly becoming evident that this approach is far from 
perfect due to limitations, including (1) limited solubility of hydro-
phobic proteins; (2) difficulty in focusing highly basic and acidic pro-
teins; (3) poor sensitivity; (4) it being time consuming; and (5) the 
method is not amenable to automation [47,48]. Regarding these lim-
itations, several research teams have begun pioneering alternative 
fractionation approaches. 
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Fig. 1. From venoms to drugs. A schematic representation of computational venomic approaches for discovery, identification and development of therapeutics from 
animal venoms [17]. 
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2.1.2. Multidimensional chromatography separation techniques 
A large portion of the commonly used fractionation approaches used 

to separate venom proteins employed complementary and multi-
dimensional chromatographic separation procedures in order to isolate 
compounds in a single phase. Accordingly, RP-HPLC, ion exchange, as 

well as gel filtration, have been broadly used to fractionate animal 
venom components [49,50]. 

2.1.2.1. Ion exchange chromatography. Ion exchange chromatography 
was first used in 1930 as powerful methods to purify protein 

Fig. 2. Schematic representation of the ‘snake venomics’ analytical strategy developed by Calvete [34]. This strategy begins with the fractionation of the snake crude 
venom by RP-HPLC followed by the initial characterization of each protein fraction by a combination of N-terminal sequencing, SDS-PAGE (or 2DE), and mass 
spectrometric determination of the molecular masses, and eventually the cysteine (–SH and S–S) content, of the isolated components. Reproduced with permission 
from Ref. [134]. 

Fig. 3. 2-D electrophoresis workflow chart. Protein/peptides spots result from two separation steps; (i) by charge (Isoelectric focusing) and (ii) by size (SDS-PAGE).  
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compounds [51]. One of this technique’s benefits is that it can be used a 
single step processes as well as associated with other chromatographic 
techniques. Ion exchange chromatography allows the separation of 
proteins based on their charge due to amino acid composition, where 
amino acids are ionized as a function of pH. Proteins with a positive 
charge, at a certain pH below their isoelectric point, can be separated 
with use of a cation exchange; on the other hand, proteins with 
negatively charge residues can be separated using a pH value above 
their isoelectric point via anion exchange [52]. Several scientific 
publications now support the use of cation exchange chromatography 
as a first method for the separation of venom components [49,53,54]. 
For example, cation exchange chromatography, in combination with 
gel filtration and affinity chromatography, was used for the isolation of 
bordonein-L (L-amino acid oxidase) from Crotalus durissus terrificus 
venom [55]. One gram of C. durissus terrificus venom was first 
suspended in 50 mL of a 0.05 M sodium acetate buffer (pH 5.5) and 
then applied onto a CM-cellulose-52 column. Cation exchange fractions 
were eluted at a flow rate of 0.5 mL/min using a concentration gradient 
from 0 to 1.0 M NaCl. The first chromatographic step fraction that 
containing bordonein-L was then fractionated further with two other 
chromatographic steps, to include molecular exclusion and affinity 
chromatography [55]. However, the resulting fractions contained a 
high concentration of salts, which could disrupt the properties of the 
compound and/or impeded functional assays used further analyze 
venom proteins. Because of this, an additional step for desalting is 
often required. 

2.1.2.2. Size exclusion chromatography (SEC). Gel filtration 
chromatography, also called size exclusion chromatography (SEC), is 
a technique used to separate compounds based on their size [56]. With 
this approach there is no physical or chemical interaction between the 
molecules of the sample and the stationary phase [57]. This method has 
some important properties to include physical chemical stability, 
operational simplicity, and inertia (the absence of reaction and 
adsorption properties), which it allows the separation of small 
molecules with masses under 100 Da as well as very large molecules 
of several orders larger into the kDa range [58]. Gel filtration 
chromatography has been used for several years to separate snake 
venom compounds. In general as a first step, gel filtration 
chromatography is highly recommended for the purification of PLA2 

components of snake venoms. It is particularly useful for separating 
PLA2 components from smaller peptides such as neurotoxins and 
cardiotoxins [59]. Batroxase, a new metalloproteinase was isolated 
from Bothrops atrox venom using a Sephadex G-75 chromatography 
column [60]. Moreover, gel filtration chromatographic profiles of 
Cerastes gasperettii, Walterinnesia aegyptia, Bitis arietans, Echis 
pyramidum, Echis coloratus and Naja arabica were used in the 
identification and phylogeny of these Arabian snakes [61]. Another 
study comparing venom elements from four tiger snakes Notechis 
scutatus scutatus, Notechis ater serventyi, Notechis ater 
humphreysi and Notechis ater ater using gel filtration resulted in 
somewhat different elution profiles on a Superose-12 gel filtration 
column [62]. However, size exclusion chromatography has some 
disadvantages such as: (1) a limited number of peaks; (2) filtrations 
must be performed before using the instrument to prevent containment 
particulates from ruining the columns and interfering with the 
detectors; (3) large volumes of eluent are usually required for their 
operation due to the large size of the gel-filtration columns; and (4) it 
has an inherent low resolution compared to other chromatographic 
techniques. 

2.1.2.3. Reversed phase-high performance liquid chromatography (RP- 
HPLC). Reversed phase-HPLC has the capacity for high precision. 
Because of this, it is often used as a more accurate step during the 
purification process, required for separation of closely related isoforms  
[63]. The principle of RP-HPLC retention is based on the hydrophobic 

correlation of the dissolved molecule in the mobile phase with the 
immobilized hydrophobic ligands coupled to the stationary phase [64]. 
This technique is very powerful for the analysis of peptides and proteins 
because of a number of factors including: (1) the use of a mixture of less 
toxic mobile phases and of slightly lower costs to include water and 
organic solvents; (2) it uses stationary phases with high stability; (3) it 
has rapid column equilibrium between stationary and mobile phases; 
(4) includes flexibility in using gradient elution; (5) has high resolution; 
and (6) good reproducibility and recovery [63,65]. Complexes of 
proteins and peptides are usually eluted by the use of an increasing 
organic solvent concentration gradient. Acetonitrile, methanol and 2- 
propanol are the most frequently used organic solvents in RP-HPLC. 
Moreover, a C18-based column and mobile phase are the most often 
used experimental procedures for RP-HPLC analysis of proteins and 
peptides. RP-HPLC is extremely flexible when isolating proteins and 
peptides from numerous synthetic and biological sources to include 
snake venoms and consequently, is often used in analytical and 
preparatory applications [65]. The RP-HPLC technique can be used as 
a single method to separate snake venom compounds or in conjunction 
with other chromatographic techniques. For example, RP-HPLC has 
been used as a single chromatographic step to isolate BmTX-I, an Asp49 
phospholipase A2, from Bothrops moojeni venom [66]. Moreover, two 
complementary fractionation techniques have been used to purify a 
short chain α-neurotoxic protein from the venom of the Mexican coral 
snake (Micrurus laticollaris). Cation exchange chromatography was 
usedto fractionate the crude venom and the active fraction was 
further purified via RP-HPLC on a Vydac C18 column [53]. RP-HPLC 
provided a good separation of the Walterinnesia aegyptia venom 
components over a larger scale of fractions than SEC (Fig. 4) [38]. 
However, this technique does have some drawbacks to include: (1) 
highly hydrophilic compounds may be missed; (2) columns most 
appropriate peptides separation often are not perfect for the 
separation of proteins; and (3) RP-HPLC can cause the irreversible 
denaturation of protein samples thereby reducing the potential 
recovery of materials in a biologically active form. 

2.1.3. OFFGEL electrophoresis 
Recently, the OFFGEL fractionator system has been launched by 

Agilent. This system offers efficient and reproducible separation of 
biological samples. The Agilent 3100 OFFGEL fractionator utilizes a 
new isoelectric focus strategy to get premium pI-based fractionation 
with high reproducibility [67,68]. The pI-dependent separation occurs 
within the Agilent fractionator in a two-phase system; an upper liquid 
phase divided into multiple sections and a gel phase used as a pH 
gradient (IPG) strip. There is no fluid contact between the wells and the 
charged molecules traveling through the IPG from well to well under an 
applied electric field until it reaches the well where its net charge 
equals zero (Fig. 5). The big advantage of OFFGEL in comparison to 
traditional isoelectric focusing gels, is that the resulting fractions are in 
liquid phase, making recovery of the compounds much easier prior to 
further separation techniques or mass spectrometry analysis [69]. In 
2006, the first application of OFFGEL electrophoresis for fractionating 
peptides within the 5–8 pI range from protein digests of Escherichia coli 
prior to mass detection was reported [67]. Similarly, OFFGEL reagents 
have been reported to have little effect on the performance of supple-
mentary separation systems. The tryptic peptides from the venom of the 
box jellyfish Chironex fleckeri, were fractionated using OFFGEL elec-
trophoresis prior to LC-MS/MS analysis [70]. The OFFGEL technique 
recently also has been used for the first time to separate the venom 
components of Walterinnesia aegyptia with results comparable to SEC 
and RP-HPLC (Fig. 6). OFFGEL provided a good separation of the 
venom components over a larger scale of fractions [38]. Nevertheless, 
the weakness of OFFGEL electrophoresis is that it requires a long time 
for completing the fractionation process, usually it takes from a few 
hours to 2–4 days. Finally, available of different separation techniques 
are generally complementary among each other and a combination of 

T.M. Abd El-Aziz, et al.   Journal of Chromatography B 1160 (2020) 122352

5



these different techniques is sometimes required to reach perfect pur-
ification of a given individual compound of interest [71,72]. 

2.2. Mass spectrometry 

Since its invention in the early 20th century, mass spectrometry 
(MS) rapidly has become an essential tool for biology and biochemistry 
researchers with respect to elaboration of cellular function. It is now the 
most used discovery-based biosynthesis tool in the field of protein sci-
ence. MS is well defined as an analytical approach, which generates 
spectra of the masses of atoms, or molecules that comprise a sample. 
These spectra are used to establish: (1) the sample elements or isotopes 
signatures; (2) the mass of sample molecules; and (3) illuminate the 
chemical structures of molecules in the sample to include peptides and 
other chemical compounds. The principle of MS employs ionized che-
mical compounds to produce charged molecules or molecule fragments 
in combination to measuring their mass to charge ratios [73]. Since 
1988, MALDI and electrospray have emerged as two powerful ioniza-
tion techniques to ionize proteins, peptides, and other large non-vola-
tile molecules of biological importance[74]. For proteomic applica-
tions, these two ionization approaches are coupled with a diversity of 

mass analyzers including numerous types of ion traps and time-of-flight 
(TOF) systems. It is important for systems that use a tandem mass 
spectrometer (MS/MS) approach to first determine the precise masses 
of sample molecules and then to use a subsequent step to determine 
masses [75]. MS/MS spectra can then be used to identify proteins by 
searching databases or de novo interpretation to identify the sequence 
and/or post-translation modifications of sample molecules. The diverse 
application of mass spectrometry provides a chance to gain information 
about simple molecular masses to the sequences of sample peptides. For 
instance, on-line liquid chromatography (LC) analysis alongside ESI-MS 
or MALDI-MS analysis of crude venoms gives a molecular mass fin-
gerprint of venom components. 

2.2.1. Matrix-assisted laser desorption/ionization (MALDI) 
Matrix-assisted laser desorption/ionization (MALDI) is a soft ioni-

zation approach used in mass spectrometry analysis. MALDI-MS was 
first introduced in 1988 by Hillenkamp and Karas [76]. It is particularly 
well adapted for the analysis of complex natural mixtures to include 
bio-fluids and natural extracts such as venoms [74,77]. In MALDI 
analysis, the analyte is first co-crystallized with a major molar excess of 
an organic matrix compound that strongly absorbes at the laser 

Fig. 4. Chromatographic profiles of Walterinnesia 
aegyptia venom. (A) Chromatographic profile of the 
whole venom was obtained using size exclusion on 
Sephadex G75. (B) Reversed-phase HPLC chromato-
gram of Walterinnesia aegyptia venom. An analytic 
C18 column was used. Retention time is along the x- 
axis. Venom components were detected at 215 nm 
and absorbance is indicated on the left axis. The 
acetonitrile gradient is shown in the HPLC graph and 
the percentage value corresponds to the right axis for 
each panel. Fraction numbers are illustrated on the 
top of the figure. The insert of shows the SDS-PAGE 
separation of the proteins collected in the fractions. 
Molecular markers are reported on the side of the gel  
[38]. 
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wavelength used, and then laser irradiation of this analyte–matrix 
mixture leads to the vaporization of the matrix along with analyte that 
is in it. Depending on the type of sample, 2,5-dihydroxybenzoic acid 
(DHB), α-cyano-4-hydroxycinnamic acid (CHCA), and 3,5-dimethoxy- 
4-hydroxycinnamic acid (sinapinic acid or SA) are the most frequently 
utilized matrices. Some matrices can complement each other with re-
spect to obtaining complete protein sequence coverage. For instance, 
peptide mapping with CHCA can resolve low-mass peptide ions 
(2500 Da), while SA may provide better coverage for higher-mass 
peptides (greater than2500 Da) [78,79]. MALDI-MS is frequently used 
in complement with TOF mass analyzers. MALDI-TOF-MS was used to 
obtain mass patterns of the major peptides (< 8 kDa) found in pooled 
venoms from Bothrops jararaca, Bothrops insularis, Bothrops alternatus, 
Bothrops jararacussu, Bothrops neuwiedi, Crotalus viridis, Crotalus ada-
manteus, and Crotalus durissus terrificus [80]. Currently, investigators are 
further developing this technique to obtain more structural information 
from peptides/proteins using a combination of chemical and enzymatic 
modifications of the analyte prior to analysis by MALDI-TOF-MS. 
MALDI-TOF-MS analysis of gel tryptic-digested peptides of the venom 
of four Malaysian snake species to include Naja kaouthia, Ophiophagus 
hannah, Bungarus fasciatus, and Calloselasma rhodostoma has been 
performed [42]. Moreover, the full sequence of eight single charged 
ions of m/z 873–1277 (M + H)+ were identified in venom of two 
elapid snakes, Naja mossambica mossambica and Notechis scutatus, 

Fig. 5. Schematic representation of the three steps of OFFGEL electrophoresis principle [135]. First step, micro-wells were filled with the proteins samples diluted in 
a buffer. Second step, proteins start to migrate throughout the IPG gel to their isoelectric points after applying an electric field. Third step, proteins can be easily 
recovered in liquid phase after reaching their isoelectric points. Reproduced with permission from Ref. [135]. 

Fig. 6. Venn diagram showing the number of ions detected after using SEC, RP- 
HPLC and OFFGEL separation techniques and those that are common between 
the three techniques. Reproduced with permission from Ref. [38]. 

T.M. Abd El-Aziz, et al.   Journal of Chromatography B 1160 (2020) 122352

7



using MALDI-TOF/TOF mass spectrometry [81]. However, MALDI is 
not compatible with HPLC. Furthermore, the salts and detergents 
commonly used in biomolecular research can interfere with either 
crystallization or ionization. 

2.2.2. Electrospray ionization (ESI) 
Over the last decade, electrospray ionization mass spectrometry 

(ESI-MS) has developed into a rapid and precise method for de-
termining masses of proteins and peptides and can be used to validate 
protein sequences [82]. In linear mode detection, ESI-MS is more sen-
sitive and accurate in mass determination than MALDI-TOF-MS. Fur-
thermore, along with the HPLC approach for molecular fractionation of 
samples prior to mass spectrometric analysis, LC-ESI-MS has turned into 
an extremely effective approach capable of analyzing both small and 
large molecules of different polarities in a complex biological sample  
[83]. Currently, ESI-MS is not only employed as a balance to weigh 
protein molecules but additionally to get a much deeper understanding 
of 3D protein structures, non-covalent interactions, post-translation 
modifications, and amino acid sequences [84]. In general, ESI process 
produces multiple charged ions. The development of ESI-MS has ra-
pidally enabled the elaboration of animal venom proteomics. The 
bioactive proteins/peptides profile of seven Bothrops venom species to 
include B. jararaca, B. jararacussu, B. alternatus, B. insularis, B. moojeni, 
B. erythromelas and B. leucurus have been studied using direct infusion 
nano-electrospray ionization mass spectrometry (nano-ESI-MS) [85]. 
ESI-MS has also provided new means for the study of the functions and 
structures of Chinese Agkistrodon blomhoffii snake venom PLA2 [86]. 
Moreover, collision induced dissociation (CID) using an ESI-MS/MS 
spectra has been used to identify and describe a bradykinin-po-
tentiating peptide (BPP) from Amazon Bothrops atrox venom with m/ 
z 1384.7386 (M + H)+ [87]. 

2.3. Peptide sequencing 

In addition to separation and mass spectrometry techniques, 
bioinformatics has become the third significant development that has 
advanced proteomics. Bioinformatics allows scientist to collect, store, 
process, and visualize the vast amount of data produced by proteomics 
studies [17]. There are two basic approaches to peptide sequencing. 
MS/MS data are typically either MALDI-TOF/TOF-MS/MS or LC-ESI- 
QTOF-MS/MS. The most popular approach is to search databases of 
known genomes, which looks for the peptide that produced the mass 
spectrum in a protein database. Mascot and Sequest are the most used 
approaches for protein identification [88,89]. These methods are ef-
fective but often give false positives or incorrect identifications. For 
unknown genomes, de novo sequencing utilizes computational ap-
proaches to deduce the sequences or partial sequences of peptides di-
rectly from the experimental MS/MS spectra [90]. To aid the assign-
ment of sequences a number of chemical techniques have been 
developed to favor the formation of more stable ‘y’ or ‘b’ ions [91,92]. 
Currently, several software algorithms packages have been produced to 
determine protein sequences from MS/MS data [93]. De novo sequen-
cing is embodied in programs such as PEAKS, which can deduce se-
quences directly from MS/MS spectra data. It computes the best pos-
sible sequence among all possible amino acid combinations [94]. 
Sequence similarity searches have also been employed through BLAST 
to identify proteins via their known homologues in other species. A 
recent study used PEAKS to create a de novo sequence for a new PLA2 

from Bothriopsis taeniata venom [95]. 
The older standard of N-terminal sequencing (Edman degradation) 

also remains an important tool for peptide sequencing. It remains useful 
for partial or full amino acid sequencing of animal venom toxins. 
Edman degradation can be complemented with MS/MS analysis to 
identify the isobaric amino acids isoleucine/leucine and for N-terminal 
sequencing. A potential N-glycosylation site in a novel C-lectin protein 

from snake Trimeresurus stejnegeri venom was sequenced by Edman 
degradation [96]. Another example, a fibrinogenolytic metalloprotei-
nase, named moojenin, was isolated from Bothrops moojeni venom and 
sequenced by Edman sequencing [97]. 

Since identification of the first animal venom peptides using the 
traditional methods, the analytical description of animal venoms has 
been continuously enriched by the new approaches and technologies of 
venomics. The implementation of next generation sequencing and high- 
resolution mass spectrometry into proteomic workflows have sig-
nificantly advanced the analysis of animal venoms. More recently, a 
protein profiling strategy called bottom up or shotgun proteomics has 
been developed to identify proteins, characterize their amino acid se-
quences and post-translational modifications. This strategy involves 
proteolytic digestion of a complex mixture of proteins prior to chro-
matographic separation coupled with mass spectrometry [98]. Never-
theless, the proteolytic digestion step rises up the number of ions ex-
isting in a sample and disconnect structural relation within highly 
homologous isoforms and ultimately happening post-translational 
modified proteins. To avoid these issues and to overcome the details by 
the digestion step, top-down proteomics was introduced in a study of 
Indonesian King cobra Ophiophagus hannah venom [99]. As a result of 
using top-down mass spectrometry, a number of proteins from different 
toxin families to include 11 three-finger toxins (7–7.9 kDa), a Kunitz- 
type inhibitor (6.3 kDa), ohanin (11.9 kDa), a novel phospholipase A2 
molecule (13.8 kDa), and the cysteine-rich secretory protein (CRISP) 
ophanin (25 kDa) have been identified from the Indonesian king cobra 
venom. The first venom study using a bottom-up proteomic approach 
was conducted on the venom of the Western diamondback rattlesnake 
Crotalus atrox [100]. Currently, a combination of bottom-up and top- 
down proteomics, middle-down proteomics, has received a lot of at-
tention because it avoids redundant peptide sequences and other 
drawbacks. Middle-down proteomics has been used to identify several 
compounds, including metalloproteases, metalloprotease inhibitor, 
PLA2, disintegrins, C-type lectin, and Kunitz-type protease inhibitor 
from the venom of Vipera anatolica [101]. 

Recently, a new method entitled at-line nanofractionation metho-
dology, which is based on the principles of bioassay-guided fractiona-
tion. Briefly, this method combines liquid chromatography analysis of a 
crude snake venom with parallel mass spectrometry detection and high- 
resolution nanofractionation onto 384-well plates for bio-assaying, 
enabled by the presence of a post-column flow split. Subsequently, 
bioactivity chromatograms can be constructed by plotting the readout 
of each well against the time of the corresponding fraction. A recent 
study showed that this approach enables them to separate snake venom 
into fractions, and identify the proteins present in those fractions that 
cause coagulopathic effects in the bioassay [102–104]. 

Table 1 
Most recent snake species whose venoms have been examined by proteomic and 
transcriptomic approaches.     

Snake species Proteomic Transcriptomic  

Ahaetulla prasina and Borikenophis portoricensis  [114] 
Boiga irregularis [105]  
Vipera ammodytes ammodytes [106] [106] 
Bothrops Atrox [107]  
Micrurus corallinus, M. lemniscatus carvalhoi, M. 

lemniscatus lemniscatus, M. paraensis, M. spixii 
spixii and M. surinamensis 

[108] [108] 

Pseudonaja Textilis [109]  
Dendroaspis angusticeps, D. polylepis, D. jamesoni 

jamesoni, D. j. kaimosae and D. viridis 
[110] [110] 

Crotalus simus, C. tzbacan and C. culminates [111] [111] 
Gloydius intermedius [112] [112] 
Bothrops jararaca [113] [113] 
Mixcoatlus melanurus [115]  

T.M. Abd El-Aziz, et al.   Journal of Chromatography B 1160 (2020) 122352

8



3. Application of snake venom proteomics 

To date, snake venomic studies have been on more than 200 snake 
species and these numbers continue to grow (Table 1) [105–115]. 
Identification of snake venom components using proteomic approaches 
has had several benefits for different fields to include basic research, 
development of new research tools, drug discovery and clinical diag-
nosis. These studies offer the potential to discover an extremely rich 
source of pharmacologically active proteins and peptides. Calciseptine 
is a specific blocker of the L-type calcium channel but has no effect on 
N-type and T-type channels [116]. Calciseptine is a 60-amino acid 
peptide isolated from the venom of the black mamba, Dendroaspis 
polylepis polylepis, using three purification steps: gel filtration, ion ex-
change and RP-HPLC. The peptide was fully sequenced using Edman 
degradation. With recent advances in snake venomics, the combination 
of proteomic and transcriptomic were used to to identify several toxins 
within the venom of the medically important Australian snake Pseu-
donaja textilis [117]. Prothrombinase coagulation factors, neurotoxic 
textilotoxin phospholipase A2 (PLA2), three-finger toxins (3FTx), and 
the Kunitz-type protease inhibitor textilinin, venom metalloproteinase, 
C-type lectins, cysteine rich secretory proteins, calreticulin, and di-
peptidase from venom glands all have been sequenced via de novo 
transcriptome analysis [117]. 

In addition, snake venom proteomes may help in understanding the 
biology and ecology of snakes and provide a valuable tool to identify 
possible variances in snake venom composition resulting from ontoge-
netic variability and differing geographic distribution of species. Prior 
proteomic and transcriptomic studies showed a significant intraspecific 
variation in venom composition of Mojave Rattlesnakes (Crotalus scu-
tulatus) according to the geographic distribution of these snakes [118]. 
Mojave Rattlesnakes are widely distributed in the deserts of North 
America and south-central Mexico. Furthermore, the venom of in-
dividual Crotalus scutulatus snakes generally exhibit two venom phe-
notypes, highly neurotoxic (type A) and hemotoxic (type B) [119]. The 
type A neurotoxic venom was present in cold and heavy rainfall areas 
indicating a relation between the specific enzymatic activity of venom 
and climate [120]. 

One of the important contributions made by the venomic strategy is 
the ability to combine emerging information about the composition of 
snake venoms with development of antivenoms. This combined ap-
proach is named antivenomics. Antivenomics is a proteomics-based 
approach first established in 2008 to examine the immunological pro-
file of antivenoms [121]. Death resulting from snakebites poses a ser-
ious health problem in the rural communities of developing countries. 
Globally, more than 5 million snakebite envenomings happen every 
year, resulting in about 400,000 amputations and more than 100,000 
deaths [122]. At the end of the nineteenth century, snake antivenoms 
were first developed by Calmette using horses as a host for production  
[123]. To evaluate the preclinical characterization of antivenoms, the 
antivenomic strategy employs different immunological procedures, 
such as western blot analyses, in vitro and in vivo venom toxicity 
neutralization assays, and ELISA. First generation antivenomics is based 
on the immuno-depletion of antivenom-binding toxins upon incubating 
the whole venom with antivenom. This is then followed by the addition 
of a secondary antibody to precipitate the antigen–antibody complexes 
from the reaction mixture. Venom components that remain in the su-
pernatant are called non-immune depleted proteins, which failed to 
raise antibodies to the antivenom. RP-HPLC separation of the non- 
precipitated fraction, supernatant from the immunoprecipitation, can 
then be compared with the HPLC profile of the whole venom in order to 
assess the degree of immune-depletion [121]. Such as first generation 
antivenomics approach was applied to test the immunoreactivity of 
crotalic antivenom against the subspecies cascavella and collilineatus of 
the Brazilian tropical rattlesnake Crotalus durissus [124]. Second gen-
eration antivenomics is a solid-phase interaction that arises from the 
combination of immune-affinity chromatography and proteomic 

analysis of the venom components in the non-bound fractions [125]. It 
was developed to overcome the drawbacks of the immune-depletion in- 
solution methods. The whole venom is incubated with antivenom an-
tibodies immobilized onto beads of an immune-affinity column. The 
immune-captured or antivenom-bound venom fractions is eluted from 
the unbound venom fraction by a change in pH. The HPLC profiles of 
both samples are compared to that of the control venom sample. The 
degree of immune-recognition for venom components is then quantified 
by integrating the chromatographic peak areas. Recently, second gen-
eration antivenomics has become the preferred approach to char-
acterize of antivenoms [126,127]. In combination with this, several 
types of immunoassays, including immunoblotting and enzyme-im-
munoassays HPLC/ELISA, have been used with the venomic approach 
to characterize antivenom toward specific venom toxins [128–130]. 
Thus, along with the venomic appraoch, antivenomics has evolved as 
an important tool in the preclinical elaboration of antivenoms. 

4. Concluding remarks 

Advanced venom fractionation techniques, advances in mass spec-
trometry and NMR spectroscopy, miniaturization of functional assays, 
and the ability to directly analyze toxin transcripts from venom-gland 
cDNA libraries together have driven the recent rapid advancement in 
venomics [131–133]. Along with this continuing refinement in tech-
nologies that enable high-throughput screening and structural char-
acterization of toxins promise to rapidly, improve drug discovery based 
on animal venoms. 
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