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ABSTRACT 

The ability to identify and classify individual venomic variation is essential to 

understanding intraspecific and intergenus variation of snake venom proteomes (venomes) 

and useful for developing more toxin specific antivenom. The study of individual snake 

venomes using new methodologies is needed to improve our understanding of the ontogenic, 

ecological, and evolutionary forces that shape venom as well as provide a potential source for 

new therapeutic agents. The methodological groundwork for the intergenus and intraspecific 

comparison of the venom proteomes of the western cottonmouth (Agkistrodon piscivorus 

leucostoma) and the western diamondback rattlesnake (Crotalus atrox) is presented in this 

study. The use of multiple orthogonal techniques including nano-flow ultraperformance 

liquid chromatography elevated energy level mass spectroscopy (nanoUPLC-MSE) enabled 

the identification of 74 unique proteins with an average protein sequence coverage of 39.3%. 

Size exclusion chromatography, reverse phase high performance liquid chromatography (RP-

HPLC), matrix-assisted laser desorption/ionization tandem time of flight mass spectrometry 

(MALDI -TOF/TOF-MS) and de novo sequencing revealed 7 novel peptides. Quantitation of 

mass spectra data also showed that relative protein abundance differed considerably between 

A. p. leucostoma and C. atrox. In summary, the proteomics data generated have served to 

expand the current understanding of both the A. p. leucostoma venome and C. atrox venome 

and helped to build a framework for future venomic study. 
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GENERAL INTRODUCTION 

Snake venom is a complex mixture of chemicals secreted from a specialized venom 

gland or Duvernoy’s gland (a homologous structure) and dispensed through a specialized 

delivery system (teeth) by a set of behaviors that results in envenomation. While some may 

argue the merits of calling certain ophidian oral secretions venoms there is no debate about 

what to call the oral secretions of front fanged snakes, such as members of the family 

Viperidae. Members of Viperidae (viperids) deliver venom using a compressor muscle to 

force the venom through solenoglyphous fangs. Therefore the venom is delivered under 

pressure and limits the amount of time the snake must be in contact with tissue to deliver its 

venom. Their oral secretions can clearly be designated as venom, functioning in prey capture 

as well as defense. 

 Snake venoms, such as those of Viperidae, contain a complex mixture of 

physiologically active compounds (mostly proteins and peptides) that may be involved in 

many other biochemical and biological processes yet to be determined. Many of the proteins 

and peptides found within venom are considered toxins. A substance is classified as a natural 

toxin only if it is produced by one organism through a natural biochemical process and if 

when it is introduced to another recipient organism the substance causes a physiological 

disturbance to the recipient organism’s natural functioning. The classification of all snake 

venom proteins and peptides as natural toxins is entirely too general and a bit 

anthropocentric. It inherently lacks descriptive power, telling us very little about what 

individual proteins and peptides do biochemically, physiologically, or ecologically.  
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The toxic nature of snake venoms is still a primary concern since envenomation, the 

process of venom injection through a bite or sting, is a major worldwide public health 

concern. Snake-bites and envenomations are not very prevalent in the United States, but they 

cause major medical problems when they do occur. In the United States there are 

approximately 5,000 venomous snake-bites reported to the American Association of Poison 

Control Centers each year (Bronstein et al. 2007). Reporting snake-bites is not mandatory, so 

the number may actually be higher.  

Outside of the United States, especially in tropical and subtropical climates, snake-

bites and envenomations are more frequent. Worldwide the frequency is estimated to be 

about 5 million snake-bites occurring annually, resulting in roughly 2.5 million envenomings 

(Warrell et al. 2007, Chippaux, 2008). As a result of these 2.5 million envenomings there are 

over 100,000 reported fatalities (Chippaux1998; Kasturiratne et al. 2008) and 300,000 

amputations as well as many other permanent disabilities (Warrell et al. 2007, Chippaux, 

2008). The World Health Organization (WHO) states that in Africa alone there are an 

estimated 1 million snake-bites annually with about half requiring treatment (Chippaux JP, 

1998) 

 Currently, the only effective treatment for envenomation is antivenom. Most snake 

antivenoms consist of neutralizing antibodies or antibody fragments isolated from the 

combined serum of a group of donor animals exposed to different types of snake venom. An 

antivenom developed in this manner is considered polyvalent, meaning it contains 

neutralizing antibodies against the venom of two or more snake species. For instance, the two 

most important antivenoms currently used in North America, Crotalidae Polyvalent Immune 

Fab or CroFab and Antivipmyn (Boyer and Alagon 2010), are produced using the venom 



 3 

from multiple snake species, unique antibody segments, and different donor animals as 

outlined in Table 1 (Sánchez et al. 2003; Peterson 2011). Even though both antivenoms are 

made using only a fraction of the poisonous snake species found in the Americas, they each 

appear to be able to neutralize venoms from other snakes within the same family and genera 

including all North American pit vipers (Sánchez et al. 2003).  

In spite of the effectiveness these products in many clinical situations, there are still 

issues that need to be addressed. For instance, there is a great amount of interspecific and 

intraspecific variation in snake venoms (Fry et al. 2003; Minton and Weinstein 1986) as well 

as differences between juvenile and adult snake venoms (Alape-Girón et al. 2008). These 

differences must ultimately result in deviations in patient responses although no systematic 

clinical study has been performed. Delving deeper into the protein composition of the venom 

will lead to more effective antivenom development through production of antibodies with 

greater toxin-specificity and coverage. It may also provide a more solid foundation for 

clinicians to determine the quantity or type of antivenom to be used for each patient. 
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TABLE 1. Characteristics of the two primary antivenoms used in North America. Both of the antivenoms  
are polyvalent and cross reactive with all North American pit vipers.  

  

 
Antivenom 

 

 
Donor Source 

 
Binding Protein 

 
Immunizing Venom 

 
Crofab  

 
 
 
 

Antivipmyn 
 
  

 
Ovine 

 
 
 
 

Equine 

 
FAB1 

 
 
 
 

F(AB’)2  
  

 
Crotalus atrox 

Crotalus adamanteus 
Crotalus scutulatus 

Agkistrodon piscivorus 
 

Bothrops asper  
Crotalus d. durissus 
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 Another reason for investigating the composition of snake venoms is the potential for 

the discovery of therapeutic compounds already present in the venom. Until the 1970s, a 

number of diluted venom and venom mixture products were marketed and used as analgesics 

and arthritis treatments in the United States. None of these formulations are currently 

approved by the FDA (Dhanak et al. 2010).  

Currently, there are no independently verified therapeutic benefits of administering 

whole snake venom to humans, and the negative impact of raw snake venom on human 

health is quite clear. These facts notwithstanding, a number of very successful peptide drug 

therapies, including Capoten and Aggrastat, have their origin as isolated peptide components 

of different snake venoms (Thayer 2011). Capoten, a bradykinin-potentiating peptide found 

in Bothrops jararaca is used to decrease hypertension (Ferreira 1965; Cushman et al. 1977). 

While Aggrastat (tirofiban), discovered in the African saw-scaled viper (Echis carinatus), is 

used to prevent blood clots by inhibiting platelet aggregation (Hartman et al. 1992). Many 

therapeutically useful venom peptides have been isolated in other organisms as well (Table 

2), and many are undoubtedly waiting to be uncovered.   

The main objectives of this study are to establish a methodological groundwork for 

the intraspecific and intergenus comparison of the venom proteomes of two North American 

pit vipers, the western cottonmouth (Agkistrodon piscivorus leucostoma) and the western 

diamondback rattlesnake (Crotalus atrox) using new proteomics techniques to increase 

venome coverage and attempt to isolate novel low molecular mass (<2 kDa) peptides that 

have potential therapeutic value. Envenomation by these snakes induces a qualitatively 

similar pathophysiological profile including pain, swelling, edema, and necrosis (Flowers 

and Goucher 1963; Najman and Seshadri 2007). Even with these similarities, their venoms 
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are under direct selective pressure and each species has a vastly different diet, foraging 

strategy, and habitat (Beavers, 1976; Campbell and Lamar, 2004; Eskew et al. 2008; Gloyd 

and Conant 1990; Luiselli 2006; Taylor et al. 2005), in spite of a partially overlapping range 

(Figure 1). Therefore the comparative venomics of these two species may eventually lead to 

insights into the ontogenic, ecological or evolutionary factors shaping the venoms (Gibbs et 

al. 2009; Barlow et al. 2009; Oguiura et al. 2009; Gibbs and Mackessy 2009; Salazar et al. 

2009; Pozarowski et al. in preparation). 
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FIGURE 1.  Overlapping distribution maps of Agkistrodon piscivorus leucostoma and Crotalus atrox.  

(Adapted from the National Natural Toxins Research Center Website) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 
 
 
 
 
 
 
TABLE 2. Selected medications approved by the FDA for use in humans that have their origins in venom proteins and peptides. 

 
Brand 
Name 

 

 
Generic 
Name 

 
Molecule Type 

 
Source Organism 

 
Scientific Name 

 
Disease 

 
Company 

 
Aggrastat 

 
 

Byetta 
 
 

Capoten 
 
 

Integrilin 
 
 

Prialt 
 

 
Tirofiban 

 
 

Exenatide 
 
 

Captopril 
 
 

Eptifibatide 
 

 
Ziconotide 

 
Peptidomimetic 

 
 

Peptide 
 
 

Peptidomimetic 
 
 

Cyclic Peptide 
 
 

Miniprotein 

 
Saw-scaled Viper 

 
 

Gila Monster 
 
 

Brazilian Viper 
 
 

Southeastern 
Pygmy Rattlesnake 

 
Magician’s Cone 

Snail 

 
Echis carinatus 

 
 

Heloderma 
suspectum 

 
Bothrops 
jararaca 

 
Sistrurus 

miliarius barbouri 
 

Conus magus 
 

 
Angina and 
Heart Attack 

 
Type 2 Diabetes 

 
 

Hypertension 
 
 

Ischemic Stroke 
 

 
Chronic Pain 

 

 
Medicure 

 
 

Amylin/Eli Lilly 
and Co. 

 
Bristol-Myers 

Squibb 
 

Millennium 
Pharmaceuticals 

 
Elan/Azur Pharma 
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The complete classification of new individual proteins and peptides found in snake 

venom (venomics) can be a long and tedious process. In the past a researcher would perform 

a literature search and find a purported link between genes and the protein products found in 

the venom. They would then either perform a linkage study or follow the traditional 

biochemical approach to complex biological mixtures. The biochemical approach involves 

progressive cycles of fractionation for purity and assays for the specific activity of each 

component. Once isolated, each compound’s structure, function, and chemical characteristics 

are studied. Finally, researchers would try to elucidate how they all act in concert. These 

methods are still effective, but they are very slow.  

The sequencing of entire genomes has since revolutionized these processes. The 

deluge of so much genomic information opened up new fields of research and is enhancing 

how the biochemical approach to biological complexity is carried out. Researchers can now 

search publicly available databases, which contain the entire genome of a few organisms as 

well as approximately 90 million expressed sequence tags (ESTs) from them and other 

organisms that have yet to have their entire genome sequenced (Benson et al. 2011). ESTs 

are stretches of deoxyribonucleic acid (DNA) sequence (usually 300 to 500 contiguous 

nucleotides) generated by sequencing an expressed gene (Benson et al. 2011). ESTs are 

made by extracting messenger ribonucleic acid (mRNA) from a target cell or tissue that are 

used as a template for reverse transcriptase to synthesize complementary DNA (cDNA). This 

cDNA library should be the same as the sequence of genes’ exons and represent the 

transcriptome of the cell or tissue. An alignment program is then used to map the exons onto 

the organism’s genome, which can help the researcher make predictions about chromosomal 

locations for genes whose functions are currently unknown (Casey 2002). DNA microarrays 



10 
 

can also be used to compare genomes or transcriptomes through comparative genomic 

hybridization or gene expression profiling, respectively. These programs and techniques can 

also be used to find potential genes across species.  

A number of snake venom gland transcriptomes have been sequenced including that 

of the western cottonmouth (Gutiérrez et al. 2009; Jia et al. 2008), but they only provide part 

of the story. Certain studies have shown that transcriptomes do not necessarily reveal much 

about the final protein products, the levels of specific proteins, or their regulatory behavior in 

a specific biological context, such as a venom gland (Ghazalpour 2011). This would be the 

realm of proteomics.  

Proteomics is the study of all proteins expressed by a well-defined biological system. 

For instance, a cellular proteome would be all the proteins expressed by a cell given its 

internal and environmental conditions, while an organism’s complete proteome would be the 

sum total of all its cellular proteomes under all conditions. Essentially, proteomics is an 

experimental approach to understanding the expression of information found in the genome.  

While proteomics may seem similar to genomics, there are many challenges unique to 

proteomics. Genomics attempts to determine the nucleotide sequence and location of all 

genes present in a given biological system’s genome as well as any nucleotide sequences that 

influence the expression of those genes. Proteomics is concerned not only with the amino 

acid sequence (primary structure) of the biological system’s proteins, but also the secondary, 

tertiary, and quaternary structures of the proteins as well as their cellular interactions. 

Therefore proteomics is concerned with how the genomic information is actually expressed 

in the structure, function, and control of biological systems (Patterson and Aebersold 2003). 
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As a result of alternative splicing of genes, sequence polymorphisms, post-

translational modifications (PTMs), and the fact that proteomes can vary according to 

stimuli, the number of proteins within an organism’s proteome is considerably larger than the 

number of genes in its genome. Both the complexity of the proteins, and their sheer number 

makes whole organism proteomics a monumental undertaking. Due to the complexity of 

studying complete proteomes, it is often preferable to limit research to a defined subset of the 

complete proteome. In this case, the venom proteomes (venomes) of the western cottonmouth 

(A. p. leucostoma) and the western diamondback rattlesnake (C. atrox).  

While snake venomics is a relatively young field, studies dealing with crude venom 

properties in aggregate and individual venom proteins have been around for many years 

(Pringle and Tait 1910; Changeux et al. 1970; Cohen and Levi-Montalcini 1956). However, 

identifying the components of snake venom has always been limited by the techniques and 

technology available to the researcher. In the early 1900s it was apparent that snake venom 

was composed of multiple protein components but it was not until the advent of 1-D 

polyacrylamide gel electrophoresis (PAGE) and column chromatography that the complexity 

of snake venom was more fully appreciated (Ohsaka 1960; Bjarnason and Tu, 1978). The 

development of 2-D sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) 

and improved chromatography techniques have further enhanced our ability to visualize the 

complexity of snake venom (Rioux et al. 1998).  

Currently, the majority of methodologies used for studying snake venom proteomics 

employ a variety of separation techniques coupled with mass spectrometry (MS) or tandem 

mass spectrometry (MS/MS) (Fox and Serrano, 2008). Most of these methodologies are 

considered bottom-up sequencing strategies. Bottom-up sequencing strategies analyze 
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complex peptide fragment mixtures that are the result of proteolytic digestion, usually with 

trypsin. Analysis of the peptide fragments results in the partial sequencing and identification 

of proteins primarily through database searching algorithms.  

To date, the most comprehensive review of the field of snake venomics identified 55 

genera of snake venoms that have been analyzed using various combinations of separation 

and MS techniques (Fox and Serrano, 2008). HPLC in line with MS have been used 

effectively to detect low abundance and low molecular mass compounds unable to be 

analyzed by traditional 2D gel-based techniques (Van den Bergh et al. 2003; Hu et al. 2004; 

Finamore et al. 2010). Advances in chromatography, including nano-flow ultraperformance 

liquid chromatography (nanoUPLC), have increased the resolution, sensitivity, and 

reproducibility of separations (Grumbach et al. 2005; Finamore et al. 2010). These studies 

and others have demonstrated that in order to produce a more complete picture of a snake’s 

venome, multiple orthogonal techniques must be employed (Juarez et al. 2004; Calvete et al. 

2007; Fox and Serrano 2008; Finamore et al. 2010).  
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OBJECTIVE 1: INTRODUCTION 

As mentioned earlier, one objective of this study is to identify novel low molecular 

mass peptides (<2 kDa) within each snake venom that may have potential therapeutic 

applications. A class of small cationic peptides which may be present in snake venom are 

termed cationic antimicrobial peptides (CAPs) and are part of the innate immune system of 

many different species (Hancock and Sahl 2006). In addition to their role in the innate 

immunity of numerous different organisms, CAPs are being investigated as a potential source 

for therapeutic drugs for both multi-drug-resistant (MDR) bacteria (Breithaupt 1999; Davies 

1994; Hancock and Knowles 1998) and neoplastic cells that have acquired a MDR phenotype 

(Cornut et al. 2008). In order to develop new drugs to combat both MDR bacteria and MDR 

tumor cells researchers are now hunting for new sources of naturally occurring CAPs.  

An unpublished 2-D gel produced by Tony Kanavage at the University of Arizona 

indicated the presence of small cationic peptides within C. atrox venom. Another 

unpublished 2-D gel associated with the current study indicated the presence of peptides with 

similar characteristics within A. p. leucostoma venom. Given this preliminary data and the 

fact that snake venom has been a rich source of new pharmaceuticals in the past (Table 2), it 

would be reasonable to try and identify CAPs in both A. p. leucostoma and C. atrox venom.   

In order to identify and sequence novel peptides that could be CAPs, size exclusion 

chromatography was used to remove the high molecular mass compounds from both snake 

venoms. Size exclusion fractions collected were then further separated by hydrophobicity 

through reverse phase high performance liquid chromatography (RP-HPLC). Matrix-assisted 

laser desorption/ionization tandem time of flight mass spectrometry (MALDI-TOF/TOF-MS) 
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of the RP-HPLC isolated fractions generated spectra that were analyzed using the DeNovo 

mass analysis program within BioTools (Bruker, v. 2.2). 

Using de novo sequencing circumvents two central challenges of performing snake 

venomics, the absence of annotated snake genomes, as well as the lack of snake venom 

protein and peptide sequence data in general. In other words, it is impossible for an algorithm 

to find a peptide sequence match for an experimentally derived spectrum when the peptide it 

is searching for is not already in the database. De novo sequencing does not require any pre-

existing information about the sequence of the peptides and derives the peptide sequence 

information directly from the MS/MS spectra using mass search algorithms. Therefore de 

novo sequencing was applied to the MALDI-TOF/TOF-MS generated data in order to 

identify any novel low molecular mass peptides with the potential to be CAPs.  
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OBJECTIVE 1: MATERIALS AND METHODS 
  

Sample Collection 

The western cottonmouth (A. p. leucostoma) and western diamondback rattlesnake 

(C. atrox) were chosen as the study animals for their similar pathophysiological profile, 

overlapping geographic range (Figure 1), and preliminary data indicating the presence of low 

molecular weight peptides found in their venom (Kanavage unpublished). Venom samples 

from the western cottonmouth were collected from snakes captured by Jason Strickland, a 

former student at Angelo State University. Each snake was manipulated through a tube and 

positioned near a sterile collection cup. One male snake was chosen at random then allowed 

to voluntarily bite and inject venom into the collection cup. Venom was immediately 

transferred to a freezer vial and stored at -20o C and later transferred to a -80o C freezer. 

Lyophilized western diamondback rattlesnake venom was obtained from a single male snake 

housed in the Natural Toxins Research Center (NTRC) at Texas A&M University Kingsville 

and stored at -20o C.  

Size Exclusion Chromatography and RP-HPLC Analysis 

 Sephadex G-25 (Sigma-Aldrich) was swelled in potassium phosphate buffer (pH 7.4) 

overnight and poured into a 1.0 x 30.0 cm glass desktop column (Kontes, Thermo Fisher 

Scientific, Waltham, MA). Bacitracin A (Sigma-Aldrich, 1422.69 Da) and Aprotinin (6511 

Da) were used as molecular weight standards to calibrate the column. The Sephadex G-25 

column was used to fractionate each venom sample and isolate low molecular weight 

molecules within the column’s fractionation range (100 Da – 5 kDa). A Gilson 203 auto-

sampler was programmed to collect 1 mL fractions via gravity flow. Each of the venom 

fractions was tested for the presence of proteins and peptides with a UV-visible 
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spectrophotometer (Varian Cary) using absorbance at 280 nm. Quartz cuvettes of 1 cm path 

length were used and blanked against the solvent. All fractions were then stored at -20° C.  

 Venom fractions thought to contain peptides around the same molecular weight of 

bacitracin A (0.5-2 kDa) based upon their elution time relative to the standard were then 

thawed, transferred to auto-sampler vials, and injected by an auto-sampler (Waters 717 plus, 

Milford, MA) for reverse phase high performance liquid chromatography (RP-HPLC). Each 

sample was pumped through a short RP-column (SUPELCO, SUPELCOSIL™ LC-18 

Column 50 mm x 4.6 mm x 3 µm, Bellefonte, PA) with a binary HPLC pump (Waters 1525, 

Milford, MA) using the gradient described in Table 3. A dual wavelength absorbance 

detector (Waters 2487, Milford, MA) recorded sample absorbance at 210 nm and 280 nm. 

The resulting venom chromatograms were analyzed using Breeze v 3.30 (Waters Corp. 

Milford, MA). RP-HPLC fractions were collected using the Gilson 203 auto-sampler, 

lyophilized using a lyophilizer (Labconco FreezeZone, Kansas City, MO), and stored at -20° 

C.  

 
 
 
 
 
 
 
 
 



 

 
 
TABLE 3. Gradient method used during RP-HPLC to further fractionate the molecular sieve fractions of western cottonmouth (A. p. leucostoma)  

and western diamondback rattlesnake (C. atrox) venom. Separations were carried out on a 15 cm  x 4.6 mm x 3 たm SupelcosilTM  L-C18 
HPLC column (SUPELCO, Bellefonte, PA). Each step represents a linear gradient (Curve 6) in which the percentage of Solvent A (Water + 
0.1% trifluoroacetic acid (TFA)) and the percentage of Solvent B (Acetonitrile + 0.1% TFA) change the same amount for each unit of time. 

 
Step Time (min) Flow Rate (mL/min) Solvent A (% Water) Solvent B (% Acetonitrile) Curve 

 

1 

2 

3 

4 

5 

6 

7 

0 

1 

3 

33 

37 

47 

50 

60 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

90 

90 

75 

35 

10 

10 

90 

90 

10 

10 

25 

65 

90 

90 

10 

10 

 

6 

6 

6 

6 

6 

6 

6 
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MALDI-TOF/TOF, De Novo Peptide Sequencing, and Secondary-structure Analysis 

In order to determine the purity of each peak isolated from the RP-HPLC as well as 

sequence any peaks of interest, MALDI-TOF/TOF-MS was performed on selected samples 

using a Bruker Ultraflex III TOF/TOF instrument. The matrix used in this study was g-

cyano-4-hydroxycinnamic acid (CCA) in 30% acetonitrile and 1% trifluoroacetic acid (TFA). 

Each sample was mixed with 300 たL of methanol and prepared in a 5:1 CCA matrix 

solution:sample mixture. A MTP 384 ground steel MALDI target plate (Bruker Daltonics, 

Billerica, MA) was prepared with 5 たL spots of each venom sample CCA matrix mixture. A 

neodymium-doped yttrium aluminum garnet (Nd-YAG) laser at a wavelength of 352 nm was 

used to bombard the sample matrix spots. All analyses were performed in positive ionization 

mode and in a refractory TOF region.  

Spectra with annotated masses were loaded into BioTools (Bruker, v. 2.2) and the 

mass error settings set to 0.1 Da. The DeNovo program searches the spectra based on amino 

acid residue distances and predicts the peptide sequence. The highest scoring sequence 

matches for each spectrum was then loaded into BLASTP and searched against the Viperidae 

database downloaded from NCBI to ensure sequence novelty. 

Secondary-structure analysis was carried out on the novel de novo sequenced 

peptides using the PSIPRED secondary-structure prediction method (Buchan  et al. 2010; 

Jones 1999). PSIPRED is a simple and accurate secondary-structure prediction method, 

incorporating two feed-forward neural networks, which perform an analysis on position 

specific scoring matrices (McGuffin et al. 2000) obtained from PSI-BLAST (Position 

Specific Iterated - BLAST) (Altschul et al. 1997).  
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OBJECTIVE 1: RESULTS 

 
Size Exclusion Chromatography and RP-HPLC 

 The elution profile for both the western cottonmouth venom and the western 

diamondback rattlesnake venom using a size exclusion chromatography column (Sephadex-

G25) can be seen in figure 2A. Figure 2B is an enlarged view of the aprotinin and bacitracin 

A elution profiles at 280 nm, which were used to calibrate the column. Aprotinin (6512 Da) 

elution peaked during fraction 9 and bacitracin A (1422 Da) elution peaked during fraction 

13. Figure 2C is an enlarged view of selected sections of the western cottonmouth (A. p. 

leucostoma) venom and western diamondback rattlesnake (C. atrox) venom elution profiles. 

The selected sections were chosen based upon the calibration values in Figure 2B and further 

separated using RP-HPLC.  

 Each size exclusion fraction was separated using RP-HPLC as seen in figures 3 & 4. 

Figures 3A & 4A are stack plots of size exclusion fractions 12-17 of both venoms. It is 

evident from the unique peaks present that there are multiple peptides present within each 

size exclusion fraction. The RP-HPLC elution profiles clearly show that the majority of 

variation in peptide composition is within the first 20 fractions of both venoms. Due to this 

fact, RP-HPLC fractions within this range (Figures 3 and 4 C) from size exclusion fraction 

16 (Figures 3 and 4 B) were chosen for de novo peptide sequencing using MALDI-TOF/TOF 

MS. Size exclusion fraction 16 (Figures 3 and 4 B) was selected based on both the variety of 

peaks present in the RP-HPLC elution profile and the fact that by fraction 16 most larger 

peptides should have already eluted from the size exclusion column as evidenced by the 

aprotinin (6511 Da) absorbance curve approaching 0 by fraction 16 (Figure 2B). 



 

 
 
 
 
 
 

FIGURE 2. Size exclusion chromatography of A. p. leucostoma and C. atrox venom. A) Elution profile at 280 nm of western diamondback rattlesnake  
venom and western cottonmouth venom on a Sephadex G-25 column calibrated using aprotinin (6511 Da) and bacitracin A (1422.7 Da).  
B) Enlarged view of the aprotinin and bacitracin A elution profiles at 280 nm used to calibrate the column. C) Enlarged view of the western 
diamondback rattlesnake venom and western cottonmouth venom elution profiles at 280 nm.
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FIGURE 3. Selected RP-HPLC elution profiles of C. atrox venom fractions collected using size  
exclusion chromatography. A) Stack plot of RP-HPLC elution profiles of size exclusion fractions 
12 – 17. B) Enlarged view of the RP-HPLC elution profile of size exclusion fraction 16.  
C) Enlarged view of the portion of size exclusion fraction 16 selected for de novo sequencing.  
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FIGURE 4. Selected RP-HPLC elution profiles of A.p. leucostoma venom fractions collected using  
size exclusion chromatography.  A) Stack plot of RP-HPLC elution profiles of size exclusion 
fractions 12 – 17. B) Enlarged view of the RP-HPLC elution profile of size exclusion fraction 16. 
C) Enlarged view of the portion of size exclusion fraction 16 selected for de novo sequencing.  
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MALDI-TOF/TOF and De Novo Peptide Sequencing Results 

 In order to determine the purity of each RP-HPLC peak as well as sequence any novel 

peptides, the selected RP-HPLC fractions from size exclusion fraction 16 (Figures 5 and 6 C) 

were subjected to MALDI-TOF/TOF-MS and de novo sequencing analysis.  The survey run 

of the MALDI-TOF/TOF to determine the purity of the RP-HPLC peaks revealed multiple 

components within each RP-HPLC fraction. In spite of this fact, de novo sequencing can still 

be performed within a mixture of peptides by selecting the precursor ions to sequence. Of the 

selected precursor ions, five unique peptides from the C. atrox venom and two unique 

peptides from the A. p. leucostoma venom (Table 4) produced novel sequences. The physical 

characteristics, sequence, and secondary-structure analysis of each sequenced peptide are 

shown in Table 4 and Figure 5.   

 None of the isolated peptide sequences have been identified previously in any viperid 

species as confirmed through BLASTP analysis. Each venom also contained at least one 

novel peptide with a net positive charge around physiological pH (Table 4), SKCVCVMPK 

(A. p. leucostoma) and SPRVHTH (C. atrox). Secondary-structure prediction for each 

peptide yielded only one peptide found in C. atrox with considerable helical character 

(HAGRDELEH). The rest were mainly a mixture of strands and coils. 

Objective 1 Data Source Acknowledgments 

RP-HPLC and size exclusion chromatography data were acquired at Angelo State 

University and partially funded through the Head of the River Ranch research fund. Mass 

spectrometric data was acquired through the Arizona Proteomics Consortium supported by 
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NIEHS grant ES06694 to the SWEHSC, NIH/NCI grant CA023074 to the AZCC and by the 

BIO5 Institute of the University of Arizona.  



 

 
 
 
TABLE 4. De novo peptide sequencing of RP-HPLC separated venom peptides. The peptide mass (Da) was used to select the peak source for de novo  

sequencing within RP-HPLC fractions (F#) of A. p. leucostoma and C. atrox size exclusion fraction 16 (APL 16 & CA 16). The isolelectric 
point (pI) and net charge (pH 7) shown for each peptide was calculated using the Innovagen peptide property calculator. 
 

Species Peak Source Peptide Mass (Da) Amino Acid Sequence pI Net charge (pH 7) 
C. atrox CA16 F5 833 SPRVHTH 11.04 1.2 

 CA 16 F6 1063 HAGRDELEH 5.17 -1.8 
 CA 16 F8 1315 PMLFWATLCFS 5.33 0 
 CA 16 F10 1277 DFGVAARTPGTAD 3.88 -1 
 CA 16 F11 1201 TMSTNDMNGGSS 3.10 -1 

A. p. leucostoma APL 16 F14 1589 HGGNWWYPGGGGECL 5.13 -1 
 APL 16 F15 994 SKCVCVMPK 9.11 1.9 
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FIGURE 5. Secondary-structure analysis of novel peptides found in A. p. leucostoma and C. atrox  

venom. Secondary-structure prediction for each peptide was performed using the PSIPRED Protein 
Structure Prediction Server (Buchan  et al. 2010; Jones 1999). Numerical confidence scores of 
structural element prediction are shown in the grey box and graphically above the secondary 
structural elements. 
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OBJECTIVE 2: INTRODUCTION 

As mentioned earlier, it is important to establish a methodological groundwork for the 

intraspecific and intergenus comparison of the venom proteomes of the western cottonmouth 

(A. p. leucostoma) and the western diamondback rattlesnake (C. atrox) using new proteomics 

techniques to increase proteome coverage. Each technological advancement seeks to limit or 

eliminate the problems inherent to current proteomics tools. For instance, 2D-PAGE has 

many limitations as a separation technique. One limitation is the technique’s inabilit y to 

measure changes in protein abundance due to gel-to-gel variation (Patton et al. 2002). In 

order to circumvent this problem, a relatively new technique, called differential in-gel 

electrophoresis (DIGE) (Unlu et al. 1997) uses different fluorescent labels to represent each 

sample running in the same gel. In this way DIGE helps detect variation in protein abundance 

(Marouga et al. 2005). Unfortunately, DIGE is still  very cost prohibitive to perform.  

Additionall y, DIGE does not address the other limitations of 2D-PAGE as a 

separation technique. For example, the detection levels of the stain used and the presence of 

PTMs, such as glycosylation, can obscure the detection of low abundance proteins (Earl et al. 

2006). Additionall y, proteins with extreme isoelectric points (pIs) or molecular mass will 

most likely not be detected (Patton et al. 2002). Given the limitations of gel separations, only 

liquid chromatography techniques were employed in this study.   

Using different combinations of chromatographic separation techniques coupled to 

MS techniques have yielded better venome coverage (Fox and Serrano, 2008), but other 

advances, such as using different data acquisition modes may also improve coverage. 

Traditionall y, data-dependent acquisition (DDA) is used with many liquid chromatography 

tandem mass spectroscopy (LC-MS/MS) approaches where mixtures are separated using 
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HPLC and precursor ions are fragmented using electrospray ionization (ESI) to produce 

product ions. DDA is based on the selection of target precursors identified for fragmentation 

from an initial survey scan in MS mode. The program parameters for the subsequent tandem 

MS runs are selected to maximize the number of peptides identified depending on the 

precursor ion intensities in the survey scan. Once a good fragmentation spectrum has been 

obtained the program will then exclude those precursor ions from fragmentation (Blackburn 

et al. 2010). The bias in the DDA selection process can cause peptides of complex mixtures 

to be missed or combined.  If  peptides coelute, resulting in precursor ions that are similar, the 

highest abundance ion is considered the precursor ion of interest and the other ions are not 

selected for further analysis unless the peptide shows up in subsequent fractions. For many 

low abundance peptides this can lead to them being completely overlooked. 

However, through the use of a novel mode of acquisition, known as elevated energy 

tandem MS (MSE), it may be possible to detect and account for these lower abundance 

precursors. During MSE the instrument is set to collect data for all  coeluting precursors in 

parallel instead of in series (DDA). In order to accomplish this, MS scans detect precursors 

and elevated energy MS scans (MSE) generate product and detect product ions. Since 

information about the precursor ions is not required for scanning the product ion spectra this 

technique is referred to as data-independent acquisition (DIA). The experimentally acquired 

spectra are then searched against hypothetical spectra produced from peptides and proteins 

within a selected database. At least one study using LC/MSE and DIA has been shown to 

produce better sequence coverage and proteome coverage of low abundance compounds in a 

solution-digested, tomato leaf tissue sample than DDA (Blackburn et al. 2010).  
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In this study, nanoUPLC/MSE and DIA were used to investigate the venome of the 

western cottonmouth and the western diamondback rattlesnake. Neither UPLC/MSE nor DIA 

have been used to analyze either snake venome or any other snake venom in publication. 

These techniques and data acquisition methods should produce spectra of low abundance 

compounds and provide some insight into the presence of never before identified proteins 

and peptides in these snake venoms. Spectral counting will  also be used for comparing the 

relative abundance of the broadly classified venom proteins. This work should lay the 

groundwork for producing more complete venomes of each species providing a basis for 

comparison.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 



 30 

 
OBJECTIVE 2: MATERIALS AND METHODS 

 
 

Sample Collection 

 See same section in OBJECTIVE 1 above. 

Label-Free Data Independent HPLC-MSE Analysis 

 C. atrox and the A.p. leucostoma YHQRP�VDPSOHV�ZHUH�EURXJKW�WR�����/�ZLWK��0�

Ambic. The disulfidH�ERQGV�ZLWKLQ�WKH�VDPSOHV�ZHUH�UHGXFHG�XVLQJ����/�RI�����P0�'77F�

incubated at 55º C for 45 min. The tube was allowed to cool to room temperature, 

FHQWULIXJHG�EULHIO\F�DQG�WKH�FRQGHQVDWH�FROOHFWHG��7KH�VDPSOHV�ZHUH�DON\ODWHG�XVLQJ�����/�RI�

200 mM IAA, which was incubated at room temperature in the dark for 30 min. Trypsin 

digestion of reconstituted snake venom was performed according to the in-solution trypsin 

digestion protocol (University of Arizona) and stored at -20º C.  

Four 800 ng replicates of each trypsin-digested venom were injected onto an 

ultraperformance liquid chromatography column (UPLC: Waters NanoAcquity, Mil ford MA) 

DW�����Q/�PLQ�XVLQJ�D�&���FROXPQ�B:DWHUV������P�%(+����&��F�����PP�[�����PC��

Peptides were eluted onto a quadrupole time of flight (QTOF) Premier mass spectrometer 

(Waters, Mil ford MA) using a H2O, 0.1% formic acid (FA)/ 0.1% acetonitrile (ACN) 

gradient (2-35%) over 90 minutes, followed by a wash and equilibration. Each replicate was 

spiked with 50 fmol of trypsin-digested bovine serum albumin (BSA) as an internal standard 

SULRU�WR�LQMHFWLRQ��7KH�WRWDO�YROXPH�RI�WKH�LQMHFWLRQ�ZDV������/��$OO�VROYHQWV�ZHUH�REWDLQHG�E\ 

Fisher Scientific, and were Optima grade. A lock spray of [Glu1]-f ibrinopeptide B (Sigma 

P/N F3261) was used as internal caOLEUDQW�DW�����SPRO��/�FRQFHQWUDWLRQ�UXQQLQJ�DW�����

nL/min with the same MS method. The reference signal from [Glu1]-f ibrinopeptide B (Sigma 
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P/N F3261) is also collected during the whole run every 30 sec with a mass of 785.8426 Da 

to calibrate the mass of ions. 

Nano-flow electrospray ionization (ESI) was the ionization method used at the end of 

the UPLC column. Peptides were sprayed at a capill ary voltage of 3.40 kV with a sampling 

cone voltage of 25 eV. The extraction cone voltage was 4.0 eV, and the ion guide voltage 

was 1.3 eV. The temperature of the source was set to 80o C, and the mass spectrometer was 

set to scan between 50 – 2000 amu at a rate of 1.5 sec/scan.  Once the peptides are ionized, 

the MSE technique employs a lower colli sion energy followed directly by a higher collision 

energy to simultaneously capture peptide precursor intensity data and peptide fragmentation 

data. For data generation, the constant colli sion energy was 4 eV in the low collision energy 

MS mode, the colli sion energy was then ramped from 15 to 35 eV during each 1.5 sec/data 

collection cycle for elevated energy MS/MS (MSE) mode.  

Database Searching and Data Analysis of MSE Data 

The LC-MSE data were processed using the program Scaffold v 3.5.1 (Proteome 

Software, Portland, OR) and searched with the protein lynx global server known as 

IDENTITYETM (PLGS, Waters Co., Mil ford, MA) version 2.4. The spectra and their 

resultant peptide matches were searched against their respective individual species protein 

databases (Uniprot 2012; A. p. leucostoma and C. atrox) as well as a Crotalinae database 

downloaded on 03/01/2011, which included 2,504 protein entries (Uniprot 2011).  

IDENTITYETM  uses search algorithms to reconstruct MS/MS spectra by combining 

all masses with identical retention times to match the MSE generated sequences to proteins 

within the databases.  A PLGS Score is calculated by PLGS software using a Monte Carlo 

algorithm to analyze all available MS data and is a statistical measure of accuracy of 
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assignation (Wright et al. 2008). A list of high scoring, confidently identified proteins and 

the spectra for which no matches could be found are also generated.  

The search parameters included one trypsin cleavage that could be missed, and 

cysteine carbamydomethylation (+57 Da) was chosen as the fixed modification. Oxidation of 

methionine (+16 Da) was chosen as the variable modification.  The mass and retention time 

tolerance are set automatically by PLGS. The ions have time-aligned LC-MSE precursor ion 

mass errors of <25 ppm. The fragments have mass errors of <20 ppm and the retention time 

errors are <0.05 min. The instrument had a peptide tolerance of 0.011Da (monoisotopic) and 

a fragment tolerance of 0.026Da (monoisotopic).  

 The MSE spectra from both A.p. leucostoma and C. atrox venom were merged and 

analyzed using the Peptide Prophet (Keller et al., 2002) and Protein Prophet (Nesvizhskii et 

al., 2003) algorithms in Scaffold. Both programs assign probabiliti es to peptide and protein 

identif ications and implement a statistical model based on expectation maximization 

(Gulcicek et al. 2005). The algorithms then report the probabilit y that a given peptide or 

protein represents a correct identification. Protein Prophet also predicts the false discovery 

rate at dif ferent protein probabilit ies (Gulcicek et al. 2005). 

 The first analysis merged datasets consisting of all spectra searched against the 

Crotalinae (UNIPROT) database as well as the A.p. leucostoma venom spectra searched 

individuall y against the A. piscivorus database (UNIPROT) and the C. atrox venom spectra 

searched individuall y against the C. atrox database (UNIPROT). The peptide probabilit y 

threshold for detection was set at 80% and the protein probabilit y threshold was set at 95% 

probabilit y with a minimum of two unique peptides found in at least two technical replicates. 

In order to increase the sensitivity of database searching and thereby improve proteome 
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coverage, an analysis was performed that included holding the peptide and protein 

probabilit y thresholds constant but lowering the threshold for the number of unique peptides 

to one.  These data were then subjected to manual parsimony analysis and any proteins that 

did not have their unique peptide found in at least two technical replicates were not accepted.  

 In order to get a semi-quantitative estimate of the relative protein abundance of 

different classes of toxins in each venom, the spectral data searched against the Crotalinae 

database was used for spectral counting. The Protein Prophet filter threshold probabilit y was 

lowered to 80%. The lowering of the threshold allowed previously unassigned spectra to be 

included in the analysis and their spectra counted. The average spectral count of the four 

replicates was taken and the data was manually screened to remove any proteins that did not 

have representative spectra in at least two replicates. The final spectral counts were then 

grouped to broad protein/peptide classif ications.  

Objective 2 Data Source Acknowledgments 

Mass spectrometric data was acquired through the Arizona Proteomics Consortium 

supported by NIEHS grant ES06694 to the SWEHSC, NIH/NCI grant CA023074 to the 

AZCC and by the BIO5 Institute of the University of Arizona.  
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OBJECTIVE 2: RESULTS 
 

UPLC/MSE  

 As described above, tryptic digests of venom proteins and peptides were analyzed 

using an alternate scanning mode of data acquisition (MSE) on a Q-TOF mass spectrometer. 

Figures 5 and 6 show the chromatograms of the four independent samples of each trypsin-

digested A.p. leucostoma and C. atrox raw venom sample on a UPLC column (Waters 

NanoAcquity, Mil ford MA). Each figure demonstrates the reproducibilit y of the technique 

with consistent elution times and peak placement.  

 The most stringent of thresholds for positive protein identification used for database 

searching with the MSE data in this study was a peptide probabilit y threshold for detection of 

80% coupled with a protein probabilit y threshold of 95% and a minimum of two unique 

peptides found in at least two technical replicates. These probabilit y  thresholds yielded 69 

unique protein identifications with an average protein sequence coverage of 39.3%. Lending 

further support to these protein identifications the average number of peptides assigned to 

each protein was 9.6 with an average peptide PLGS score of 7.47 (Tables 5 and 6). The 

analysis also correctly identified 5 A. p. leucostoma venom proteins and 10 C. atrox venom 

proteins with proteins from their own species within the databases. The rest of the venom 

proteins were identified as homologous proteins from other species.  

 Using the same thresholds and criteria, figure 7 ill ustrates the protein identifications 

that are shared by both venoms organized by the database where the identifications were 

made. The figure clearly demonstrates that there is a high degree of venome similarity 

between the protein components of these two species with 42 of the 69 identified proteins 

being shared. It also illustrates the protein matches that were unique to each venom. There 
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were 15 unique protein identifications from the A. p. leucostoma venom and 12 from the C. 

atrox venom.   

 Lowering the unique peptide threshold number yielded around 20 new protein 

identifications. However, after undergoing manual parsimony analysis and removing any 

proteins that did not have their unique peptide found in at least two technical replicates, only 

6 new proteins were confidently identified. Bradykinin inhibitor peptide (P0CJ34 

& P85025) was found in almost every replicate from both venoms, and Phospholipase A2 

BA2 (O42190) was found in A. p. leucostoma venom. Two snake venom zinc 

metalloproteinases (SVMPs) (Q9W6M5 & A2CJE4) and a snake venom vascular endothelial 

growth factor (EGF) toxin (C0K3N3) were identified in C. atrox venom. Only one of SVMPs 

from the C. atrox venom was identified as a homologous protein, bringing the number of 

proteins correctly matched to C. atrox to 13. In total, combination of the multiple techniques 

enabled the identification of 74 unique proteins 

 Comparison of the relative abundance of the broadly classified venom proteins as 

deduced through spectral counting revealed that the two most abundant proteins in both A.p. 

leucostoma and C. atrox venom are phospholipase A2 (PLA2) and snake venom Zn2+ -

metalloproteinases (SVMPs). Total PLA2s are more relatively abundant in A. p. leucostoma 

venom (34.68%) than SVMPs (21.77%), while in C. atrox venom SVMPs are more abundant 

(48.39%) than PLA2s (20.07%). The relative abundance of snake venom serine proteases 

(SVSPs), disintegrins, and cysteine-rich secretory proteins (CRISPs) were similar in both 

A.p. leucostoma and C. atrox venom (Table 9). However, at 3.33% C.atrox venom had 

almost double the relative abundance of lectin-like (C-type lectins and Galactose-specific 

lectins) proteins of A.p. leucostoma at 1.52%. A.p. leucostoma venom had a relative 
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abundance of 1% L-amino acid oxidases (LAAOs). Bradykinin-inhibitory peptide (BIP), a 

vasoactive peptide, was found in both venoms (12.21%; 3.82%). Additionall y, spectra 

associated with bradykinin-potentiating peptide (BPP), C-type natriuretic peptide (NAP), 

fetuin-like proteins, as well  as endogenous inhibitors of SVMPs and PLA2 were also present 

but were not above the established reporting threshold for this experiment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 
 
FIGURE 5. Chromatograms of A. p. leucostoma venom replicates.  Four independent samples of raw Agkistrodon piscivorus leucostoma venom were  

GLJHVWHG�XVLQJ�WU\SVLQ�DQG�HOXWHG�RQWR�D�&���FROXPQ�B:DWHUV������P�%(+����&��F�����PP�[�����PC��7U\SWLF�SHSWLGH�SHDNV�DUH�WLPe labeled to 
demonstrate reproducibilit y of the A.p. leucostoma venom profile using an ultraperformance liquid chromatography (UPLC) column (Waters 
NanoAcquity, Mil ford MA). Note that each peak may represent more than one peptide and some peptides elute as more than one peak. This is 
due to the separation of glycosilation and deamidation peptide isoforms.
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TABLE 5.  A. p. leucostoma venom proteins identified using MSE with a minimum of two unique peptides. Protein identifications listed below used a  
peptide probability threshold of 80% (Peptide Prophet) and a protein probability threshold of 95% (Protein Prophet) with a minimum of two unique peptides 
found in at least two technical replicates.  
 

Protein Database Match 
Accession 
Number 

Database 
Sourcea 

Associated 
Organism 

Average Protein 
Identification 

Probability (%) 

Peptide 
PLGS 
Score 

Sequence 
Coverage 

(%) 

Assigned  
Peptides 

(n) 

Molecular 
Weight 

(Da) 
Brevinase Q9PT51 Crotalinae A. h. blomhoffi 99.0 7.72 39.10 10 25725.4 

Catroxase-1 Q8QHK3 Crotalinae C. atrox 100.0 8.34 23.70 5 28625.2 
C-type lectin G8FML6 A. piscivorus A. p. leucostoma 100.0 7.05 82.90 16 18626.5 

Disintegrin applaggin P16338 A. piscivorus A. p. piscivorus 99.8 8.68 94.40 7 7522 
  Crotalinae A. p. piscivorus 99.1 8.73 94.40 6  

Disintegrin-alpha C9E1S2 A. piscivorus A. p. leucostoma 99.8 8.49 36.00 4 12103.1 
Galactose-specif ic lectin P21963 Crotalinae C. atrox 100.0 7.28 30.40 4 16291.6 
L-amino-acid oxidase Q6STF1 Crotalinae A. h. pallas 100.0 6.8 6.94 4 57126.2 

Phospholipase A2 P51972 A. piscivorus A. p. piscivorus 99.9 7.43 44.70 10 13989.2 
  Crotalinae A. p. piscivorus 100.0 7.92 40.70 6  
 P00624 Crotalinae C. atrox 100.0 7.83 54.30 4 15346.5 

Phospholipase A2 BITP01A Q8QG87 Crotalinae B. insularis 97.9 7.3 23.20 4 15758.5 
Phospholipase A2, AppD49 Q65ZR0 A. piscivorus A. p. piscivorus 99.9 7.17 63.70 10 14065.3 
Phospholipase A2 homolog  P04361 A. piscivorus A. p. piscivorus 100.0 7.68 74.40 17 13961.5 

  Crotalinae A. p. piscivorus 100.0 7.92 74.40 14 13961.5 
Phospholipase A2, basic 9 P86805 Crotalinae C. d. cumanensis 96.1 7.16 41.80 4 14176.4 

Piscivorin Q7ZTA0 A. piscivorus A. p. piscivorus 100.0 7.51 67.90 16 26681.6 
  Crotalinae A. p. piscivorus 100.0 7.75 67.10 15  

Plasminogen activator-li ke 
protein E5L0E5 A. piscivorus A. p. leucostoma 100.0 7.31 55.80 16 28078 

Protein C activator-like protein E5L0E6 A. piscivorus A. p. leucostoma 97.8 6.39 41.20 6 27811.9 
Serine protease ancrod P26324 Crotalinae A. rhodostoma 99.9 7.63 25.20 7 26570.6 
Serine protease protac P09872 Crotalinae A. c. contortrix 100.0 8.17 74.90 15 25106.6 

Serine protease Q2QA04 Crotalinae C. d. durissus 100.0 7.86 34.00 13 28271 
Thrombin-li ke enzyme Q072L7 Crotalinae L. stenophrys 100.0 7.53 34.10 14 27814.6 

TLE calobin-1 Q91053 Crotalinae G. ussuriensis 100.0 8.08 50.00 15 28908.9 
TLE defibrase Q7SZE1 Crotalinae G. saxatilis 99.4 7.81 35.70 7 28172.4 

TLE kangshuanmei P85109 Crotalinae A. h. brevicaudus 99.9 7.9 39.80 9 26432.3 
TLE pallabin Q9YGJ2 Crotalinae A. h. pallas 99.9 7.72 43.10 13 28681.5 

38
 



 

 

TLE salmonase Q9PTL3 Crotalinae A. h. brevicaudus 100.0 7.79 47.10 13 28921.7 
Venom plasminogen activator Q91516 Crotalinae T.stejnegeri 97.1 7.19 17.40 4 28334.6 

SVSP bhalternin P0CG03 Crotalinae B. alternatus 99.8 7.33 30.40 8 28045 
Venom serine protease 

homolog Q7T229 Crotalinae B. jararacussu 100.0 7.91 37.30 10 28654.6 
Venom serine protease KN6 Q71QJ2 Crotalinae T.stejnegeri 99.9 7.58 46.20 9 28541.3 

Venom serine protease 
KN9/K10 

Q71QJ1/Q
71QI8 Crotalinae T.stejnegeri 99.9 7.95 35.00 10 28168.4 

Venom serine proteinase-like Q072L6 Crotalinae B. asper 99.7 7.52 22.80 8 28018.7 
Zinc metalloprotease VMP1 B7U492 A. piscivorus A. p. leucostoma 100.0 7.26 37.00 17 46583.5 

Zinc metalloproteinase ACLF Q92031 Crotalinae A. c. laticinctus 99.9 7.18 9.49 8 46230.9 
Zinc metalloproteinase ACLH Q92032 Crotalinae A. c. laticinctus 100.0 7.61 20.90 7 46109.2 

Zinc metalloprteinase 
atrolysin-B Q90391 Crotalinae C. atrox 100.0 7.52 7.97 2 46806.7 

Zinc metalloproteinase/ 
disintegrin Q805F4 A. piscivorus A. p. piscivorus 99.6 7.14 38.50 19 54072.4 

   A. p. piscivorus 100.0 7.34 18.20 6  
 O73795 Crotalinae A. h. brevicaudus 100.0 7.45 12.10 6 56336.4 
 Q7SZE0  G. saxatilis 99.8 7.33 19.50 9 54010.7 
 Q8JIR2  T. flavoviridis 99.9 6.37 10.30 3 68764.5 
 O57413  T. mucrosquamatus 100.0 8.76 6.03 2 54178.2 

Zinc metalloproteinase-
disintegrin ACLD O42138 Crotalinae A. c. laticinctus 100.0 6.68 8.39 4 69512.6 

Zinc metalloproteinase-
disintegrin stejnihagin-A Q3HTN1 Crotalinae T. stejnegeri 99.8 6.84 6.50 3 67803.6 
Zinc metalloproteinase-

disintegrin VAP1 Q9DGB9 Crotalinae C. atrox 100.0 7.41 17.40 13 67959.9 
Zinc metalloproteinase-

disintegrin VMP-III  C9E1S0 A. piscivorus A. p. leucostoma 100.0 6.68 43.20 17 68211.9 
 
a The spectra and their resultant peptide matches were searched against the A. p. leucostoma protein database (Uniprot 06/11/2012) as well  as a Crotalinae 
database downloaded on 03/01/2011, which included 2,504 protein entries.  
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FIGURE 6.  Chromatograms of Crotalus atrox venom replicates.  Four independent samples of raw Crotalus atrox venom were digested using trypsin  
DQG�HOXWHG�RQWR�D�&���FROXPQ�B:DWHUV������P�%(+����&��F�����PP�[�����PC��7U\SWLF�SHSWLGH�SHDNV�DUH�WLPH�ODEHOHG�WR�GHPRQVWUDWe 
reproducibility  of the C. atrox venom profile using an ultraperformance liquid chromatography (UPLC) column (Waters NanoAcquity, Mil ford 
MA). Note that each peak may represent more than one peptide and some peptides elute as more than one peak. This is due to the separation of 
glycosilation and deamidation peptide isoforms. 
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TABLE 6. C. atrox venom proteins identified using MSE with a minimum of two unique peptides. Protein identif ications listed below used a peptide  
probabilit y threshold of 80% (Peptide Prophet) and a protein probabilit y threshold of 95% (Protein Prophet) with a minimum of two unique 
peptides found in at least two technical replicates.  

Protein Database Match 
Accession 
Number 

Database 
Sourcea 

Associated 
Organism 

Average 
Protein 

Identification 
Probability 

(%) 

Peptide 
PLGS 
Score 

Sequence 
Coverage 

(%) 

 Assigned  
Peptides 

(n) 

Molecular 
Weight 

(Da) 
Catrin-1/2 Q7ZT99 Crotalinae C. atrox 100.0 7.36 59.6 12 26646.5 

  C. atrox C. atrox 100.0 7.4 59.6 12  
Catroxase-1 Q8QHK3 Crotalinae C. atrox 100.0 7.71 80.2 19 28625.2 

  C. atrox C. atrox 100.0 7.7 80.2 20  
Catroxase-2 Q8QHK2 Crotalinae C. atrox 100.0 7.9 75.2 12 27909.3 

  C. atrox C. atrox 100.0 7.41 62.0 9  
Coagulation factor IX-binding 

protein subunit A Q7LZ71 Crotalinae T. flavoviridis 97.1 6.7 10.9 2 14639.9 
Disintegrin mojastin-2 P0C7X7 Crotalinae C. s. scutulatus 100.0 8.66 87.7 9 7650.2 

Galactose-specif ic lectin P21963 Crotalinae C. atrox 100.0 7.19 77.0 9 16291.6 
  C. atrox C. atrox 100.0 7.24 77.0 9  

Gyroxin analog P33589 Crotalinae L. m. muta 99.9 7.11 23.7 4 25629.3 
Hemorrhagic metalloproteinase 

HT-1 (Fragment) Q9PSN7 Crotalinae C. r. ruber 99.3 7.34 13.9 3 23600.2 
Phospholipase A2 P51972 Crotalinae A. p. piscivorus 100.0 7.85 20.3 3 13989.2 

 P20474  B. asper 99.4 7.12 18.1 3 15751.8 
 P00624  C. atrox 100.0 7.82 75.4 10 15346.5 
  C. atrox C. atrox 100.0 7.89 75.4 10  

Phospholipase A2 (Fragments) P0CV89 C. atrox C. atrox 99.7 7.65 55.7 4 7361.7 
Phospholipase A2 homolog  P04361 Crotalinae A. p. piscivorus 100.0 7.23 40.5 9 13961.5 

Phospholipase A2 homolog Cax-
K49 Q8UV27 Crotalinae C. atrox 100.0 7.48 56.2 14 15597.8 

  C. atrox C. atrox 100.0 7.55 57.7 13  
Phospholipase A2, acidic P14418 Crotalinae A. h. pallas 99.9 7.74 30.6 4 13973.7 

Piscivorin Q7ZTA0 Crotalinae A. p. piscivorus 100.0 7.33 21.3 6 26681.6 
Serine protease ancrod P26324 Crotalinae A. rhodostoma 99.7 7.13 15.4 4 26570.6 
Serine protease protac P09872 Crotalinae A. c. contortrix 99.9 7.41 28.1 6 25106.6 

Serine protease Q2QA04 Crotalinae C. d. durissus 99.9 7.19 30.9 10 28271 
Thrombin-li ke enzyme (TLE) Q072L7 Crotalinae L. stenophrys 99.5 7.21 30.2 7 27814.6 
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TLE calobin-1 Q91053 Crotalinae G. ussuriensis 100.0 7.74 36.6 9 28908.9 
TLE defibrase Q7SZE1 Crotalinae G. saxatilis 99.4 7.52 45.7 9 28172.4 
TLE pallabin Q9YGJ2 Crotalinae A. h. pallas 100.0 7.29 23.8 5 28681.5 

Venom serine protease homolog Q7T229 Crotalinae B. jararacussu 98.9 7.28 19.6 5 28654.6 
Venom serine protease KN6 Q71QJ2 Crotalinae T. stejnegeri 99.9 7.18 38.5 8 28541.3 

Venom serine protease 
KN9/KN10 

Q71QJ1/ 
Q71QI8 Crotalinae T. stejnegeri 99.9 7.67 35.0 10 28168.4 

Venom serine proteinase HS114 Q5W959 Crotalinae B. jararaca 99.8 7.54 27.9 4 27842.7 
Venom serine proteinase-like Q072L6 Crotalinae B. asper 100.0 7.23 60.2 12 28018.7 

Zinc metalloprotease-disintegrin 
agkihagin Q1PS45 Crotalinae A. acutus 100.0 6.92 13.3 7 67572.6 

Zinc metalloprotease-disintegrin 
halysase Q8AWI5 Crotalinae A. h. pallas 100.0 6.7 17.7 9 67651.6 

Zinc metalloproteinase atrolysin-
B Q90391 Crotalinae C. atrox 100.0 7.57 32.1 17 46806.7 

Zinc metalloproteinase HT-2 P20897 Crotalinae C. ruber ruber 100.0 8.08 70.8 12 23321.4 
Zinc 

metalloproteinase/disintegrin Q072L5 Crotalinae B. asper 99.9 7.13 21.4 5 53564.1 
 Q98SP2  B. jararaca 100.0 6.92 14.7 5 53440.9 
 P17349  T. elegans 97.7 7.25 21.2 7 54208.3 
 Q8JIR2  T. flavoviridis 98.8 7.05 32.2 27 68764.5 
 O57413  T. mucrosquamatus 100.0 7.24 23.7 13 54178.2 
 Q2QA02  C. d. durissus 100.0 7.5 43.0 26 68290.7 

Zinc metalloproteinase-
disintegrin ACLD O42138 Crotalinae A. c. laticinctus 99.8 6.71 20.8 7 69512.6 

Zinc metalloproteinase-
disintegrin BjussuMP-1 

(Fragment) Q1PHZ4 Crotalinae B. jararacussu 100.0 7.08 17.2 7 61983.8 
Zinc metalloproteinase-
disintegrin bothropasin O93523 Crotalinae B. jararaca 100.0 7.69 28.5 13 68212.6 
Zinc metalloproteinase-
disintegrin brevil ysin-H6 P0C7B0 Crotalinae A. h. brevicaudus 97.3 7.53 20.0 14 68217.1 
Zinc metalloproteinase-

disintegrin VAP1 Q9DGB9 Crotalinae C. atrox 100.0 7.09 45.2 28 67959.9 
Zinc metalloproteinase-

disintegrin VAP2B Q90282 C. atrox C. atrox 99.9 7.7 37.8 26 68247.7 
a The spectra and their resultant peptide matches were searched against the C. atrox protein database (Uniprot 06/11/2012) as well as a Crotalinae database 
downloaded on 03/01/2011, which included 2,504 protein entries.  
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TABLE 7.  A. p. leucostoma venom proteins identified using MSE with one unique peptide. Protein identif ications listed below used a peptide  

probabilit y threshold of 80% (Peptide Prophet) and a protein probabilit y threshold of 95% (Protein Prophet) with a minimum of one unique 
peptide found in at least two technical replicates. 

 

Protein Database Match 
Assigned Peptide Sequences 

Accession 
Number 

Database 
Source 

Associated 
Organism 

Average Protein 
Identification 

Probability (%) 

Peptide 
PLGS 
Score 

Sequence 
Coverage 

(%) 

Assigned  
Peptides 

(n) 

Peptide 
Mass +1H  

(AMU) 

Molecular 
Weight 

(Da) 
Bradykinin inhibitor peptide P85025 Crotalinae A. bilineatus 71.9  100.0 1 1063.5 1063.1 

TPPAGPDVGPR     8.3225     
          

Phospholipase A2 BA2 O42190 Crotalinae A. h. pallas 79.7  21.8 3  13801.5 
AAA ICFR     7.94   808.4  

CCFVHDCCYGK     8.59   1505.5  
DNLNTYNDK     6.825   1096.5  
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TABLE 8. C. atrox venom proteins identified using MSE with one unique peptide. Protein identif ications listed below used a peptide probability   

threshold of 80% (Peptide Prophet) and a protein probabilit y threshold of 95% (Protein Prophet) with a minimum of one unique peptide found in 
at least two technical replicates. 

 

 
a The spectra and their resultant peptide matches were searched against the C. atrox protein database (Uniprot 06/11/2012) as well as a Crotalinae database 
downloaded on 03/01/2011, which included 2,504 protein entries.  

Protein Database Match 
Assigned Peptide Sequences 

Accession 
Number 

Database 
Sourcea 

Associated 
Organism 

Average Protein 
Identification 

Probability (%) 

Peptide 
PLGS 
Score 

Sequence 
Coverage 

(%) 

Assigned  
Peptides 

(n) 

Peptide 
Mass +1H 

(AMU) 

Molecular 
Weight 

(Da) 
Bradykinin inhibitor peptide P0CJ34     100.0 1  1063.1 

TPPAGPDVGPR  C. atrox C. atrox 94.8 8.16   1063.5  
TPPAGPDVGPR  Crotalinae C. atrox 55.2 8.05   1063.5  

          
Snake venom vascular EGF toxin C0K3N3 C. atrox C. atrox 97.0  11.8 1  16125.2 

CGGCCTDESLTCTATGK     6.78   1877.7  
          

Zinc metalloproteinase- 
disintegrin acutolysin-E Q9W6M5 Crotalinae A. acutus 98.7  10.8 5  68411.5 
ASMSECDPAEHCT 
GQSSECPADVFHK     8.14   2953.1  

GMVLPGTK     8.07   802.4  
GNYYGYCR     7.2   1052.4  

LYCKDDSPGQNNPCK     6.73   1795.7  
SISACNGLK     6.33   949.4  

          
Zinc metalloproteinase- 
disintegrin catroriarin A2CJE4 C. atrox C. atrox 97.8  73.1 8  19438.9 
ASMSECDPAEHCT 
GQSSECPADVFHK     8.3   2937.1  

DNSPGQNNPCK     8.53   1230.5  
DNSPGQNNPCKMLCSNEDEHK     6.62   2474.0  

ENGNKIPCAPEDVK     7.34   1570.7  
GNYYGYCR     7.38   1052.4  
IPCAPEDVK     8.04   1028.5  

LKSGSQCGHGDCCEQCK     7.97   2010.7  
NGQPCLDNYGYCYNGNCPIMY
HQCYDLFGADVYEAEDSCFER     6.27   5165.0  
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TABLE 9. Comparison of the relative abundance of broadly classified venom proteins as deduced through spectral counting in A. p. leucostoma and  

C. atrox venom. All  spectral identifications used had a peptide probability threshold of 80% (Peptide Prophet) and a protein probabilit y threshold 
of 80% (Protein Prophet) with a minimum of one unique peptide found in at least two technical replicates. 

 
A. p. leucostoma venom C. atrox venom 

 
Protein Classification 

Total Venom Proteins 
(% Assigned Spectra) 

 
Protein Classification 

Total Venom Proteins 
(% Assigned Spectra) 

Phospholipase A2 (PLA2) 34.68% Zn2+-metalloproteinases (SVMP) 48.39% 
Zn2+-metalloproteinases (SVMP) 21.77% Phospholipase A2 (PLA2) 20.07% 

Disintegrins 12.52% Serine proteases (SVSP) 12.74% 
Bradykinin-inhibitory peptide (BIP) 12.21% Disintegrins 9.02% 

Serine proteases (SVSP) 12.16% Bradykinin-inhibitory peptide (BIP)*  3.82% 
Cysteine-rich secretory protein (CRISP) 4.12% Lectin-li ke proteins 3.33% 

Lectin-li ke proteins 1.52% Cysteine-rich secretory protein (CRISP) 2.63% 
L-amino acid oxidases 1.00%   
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DISCUSSION 
 

Snake venom is composed primarily of 11 protein families (Calvete 2007; Fox and 

Serrano 2008) (Mackessy 2009), and the primary variation in venoms seems to reside in the 

relative abundance of those protein families (Fox and Serrano 2008). It is therefore of interest 

to understand this variation in A. p. leucostoma and C. atrox venom. Consistent with previous 

studies, the spectral counting of the merged MS/MS and MSE results show that the major 

components of A. p. leucostoma and C. atrox venom proteins belong to only a few protein 

families, but the venoms of the individual species differ from one another in the composition 

and the relative abundance of their toxins (Table 9 and Figure 8) (Calvete et al. 2007).  

Comparative Venomics of A. p. leucostoma and C. atrox 

The most striking difference between the venoms of the two species is the relative 

abundance of PLA2 and SVMPs. A. p. leucostoma venom contains 34.68% PLA2 and 21.77% 

SVMPs, whereas C. atrox venom is made up of 20.07% PLA2 and 48.39% SVMP. As 

mentioned earlier, A. p. leucostoma and C. atrox venom also differ in their relative 

concentration of CRISPs, SVSPs, and lectin-like proteins (Table 9 and Figure 8). Since A. p. 

leucostoma and C. atrox envenomation share a similar pathophysiological profile yet have a 

major difference in subcutaneous (SC) median lethal dose (LD50), 25.8 mg/kg SC and 

18.5 mg/kg SC (Fry 2012; Tu 1977) respectively, the differences in toxicity has to be linked 

to the relative abundances of these protein classes. It would be reasonable to hypothesize that 

the higher proportion of SVMPs is responsible for the majority of the difference in toxicity, 

since SVMPs are often hemorrhagins (Mackessy 2009) causing extremely rapid capillary 

endothelial structural alterations (Gutiérrez et al. 2005) and blood loss. Lending further 

support for that hypothesis, at least at a local level it has also been observed that when certain 
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SVMPs or raw venom was pretreated with an SVMP inhibitor, local hemorrhage and 

dermonecrosis halted (Mackessy 2009), however further study is warranted.  

In this study alone seven novel peptides were isolated using pre-processing separation 

techniques (size exclusion chromatography and RP-HPLC) coupled to MALDI-TOF/TOF for 

de novo sequencing. With the vast majority of A. p. leucostoma and C. atrox venom 

consisting of large toxins, which are highly homologous to one another, evaluation of the low 

molecular weight, low abundance peptides may provide much useful proteomic data for 

observing differences between ontogenically, ecologically or evolutionarily grouped snakes.  

Low-abundance proteins may serve to “customize“ venom to feeding on particular prey, and 

may be more plastic either in evolutionary or ecological time scales (Calvete et al. 2009a; 

Calvete et al. 2009b) 

As mentioned earlier, one peptide characterized in each venom was cationic around 

physiological pH. This is significant because a group of small therapeutically useful peptides 

are partially characterized by their positive charge. CAPs, or cationic antimicrobial peptides, 

are ubiquitous in nature and are an evolutionarily conserved portion of the innate immune 

response. While SPR+VH+TH+ and SK+CVCVMPK+ are both cationic, SK+CVCVMPK+ 

structurally appears to be the most likely candidate to be of therapeutic value. Secondary-

structure analysis indicates that it will most likely form a strand. Another interesting feature 

is the distribution of hydrophilic (lysine) or neutral (serine) residues at the ends of the peptide 

and hydrophobic residues (valine, methionine, and cysteine) in the middle of the peptide. 

These properties combined with having a length of 9 amino acids means that 

SK+CVCVMPK+ has the potential to span a prokaryotic membrane (~7nm). 
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Characteristics of A. p. leucostoma Venom  

The merged MS/MS and MSE data have yielded the first broad venomic snapshot of 

A. p. leucostoma. There is a fair amount of concordance between the proteomic data gathered 

for A. p. leucostoma in this study and the venom gland transcriptome sequenced by Jia et al. 

(2008). For instance, PLA2 transcripts account for 35% of the total mRNA sequenced from 

the venom gland, while actual PLA2 proteins make up 34.68% of the total venome by 

spectral count. However, there are some important differences. Three of the main 

components of the A. p. leucostoma venome in this study, SVSPs, SVMPs, and disintegrins, 

combine to account for only 6% of the venom gland transcripts while making up 46.45% of 

all proteins.  

A study of the ocellated carpet viper, Echis ocellatus attempted to combine snake 

venome and venom gland transcriptome analysis (Wagstaff et al. 2009) and found much 

better transcriptome-proteome agreement than this study has with Jia et al. (2008). SVSPs, 

SVMPs, and disintegrins combined to make up 66.3% of the venom gland transcripts and 

75.3% of the proteome in the Wagstaff et al. (2009) study. A number of factors may have 

contributed to the differing transcriptome-proteome correlations. For instance, the E. 

ocellatus study consisted of the pooled venom of 150 adult snakes and the venom gland 

mRNA of 10 snakes, but the transcriptome data from the A. p. leucostoma and this current 

study each came from a single snake. Pooled venom is somewhat of an unknown variable but 

having individual, well-characterized sample specimen as in the current study means that the 

research team could potentially re-sample the same specimen. However, the discrepancy may 
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simply be due to differing rates of protein production and mRNA synthesis or the number of 

uncharacterized transcripts (34%) of A. p. leucostoma venom in the Jia et al. (2008) study.  

 

Characteristics of C. atrox Venom  

The overall picture of C. atrox venome composition that emerged from this study 

differs from previous work (Calvete et al. 2009a). Many of the C. atrox relative protein 

abundances in this study were comparable to the previous proteomic studies of the venom but 

a few were considerably different (Calvete et al. 2009a). For instance, the relative abundance 

of SVMPs was similar in the current study (48.39%) to previous work (49.70%) (Calvete et 

al. 2009a). The relative abundance of disintegrins (9.02%) and CRISPs (2.63%) were also 

similar in this study when compared to previous work (6.20%; 4.30%) (Calvete et al. 2009a).  

The absence of L-amino acid oxidases (LAAOs) in C. atrox venom is notable, 

considering venom from the previous study had a relative abundance of 8% LAAOs.  

However, the previous study may have overestimated the abundance of LAAOs. Since 

absorbance peaks from RP-HPLC separations matched to MS spectra were used as their 

measure for relative abundance, DDA may not have distinguished between coeluting species 

(Calvete et al. 2009a). While this could lead to the overestimation of the relative abundance 

of LAAOs, unpublished data using DDA techniques from this study does indicate the 

presence of LAAOs in the C. atrox venom sample. These differences could also be attributed 

to differences in sampling (pooled versus individual), techniques used (DIA versus DDA), or 

sample processing, and continue to argue for the use of multiple techniques.  
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Framework for Future Study 

When looking at this study as laying the groundwork for examining intraspecific and 

intergenus variation in snake venoms a few things come quickly to the fore. If the goal is to 

gain insights into the ontogenic, ecological or evolutionary factors shaping the venoms 

(Gibbs et al. 2009; Barlow et al. 2009; Oguiura et al. 2009; Gibbs and Mackessy 2009; 

Salazar et al. 2009), then a few underlying assumptions must be tested and new methods 

standardized or invented to cope with some of the challenges posed by performing snake 

venomics. Perhaps the most obvious challenge that must be addressed is the creation of a 

well-annotated genomic database or a broadly representative venom gland transcriptome for 

A. p. leucostoma and C. atrox.  Without greater database coverage resulting from either of 

these developments for A. p. leucostoma and C. atrox, conclusively identifying the 

contributing factors involved in intergenus or intraspecific venom variation is hampered by 

the fact that you can only broadly and indirectly determine what variation is within the 

venom proteome.  

The data from this study reveals that it is also necessary to have more complete 

individual protein sequence coverage in order to have this type of comparative intergenus 

venomic analysis. Forty-two of the sixty-nine most confidently identified proteins were 

identified as the same protein in both venoms (Figure 7). Whether or not this is a 

consequence of an insufficient database or sequence homology remains to be seen. However, 

sequence homology seems like a reasonable conclusion from the current study given the 

number of proteins the search algorithm matched to a different species of snake.  

Due to such close sequence homology between similar proteins, some researchers 

(Fox and Serrano 2008) have proposed 85% individual protein sequence coverage to be the 
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gold standard for conclusively identifying individual proteins. However, many venomic 

studies do not even reach 40% average sequence coverage for its individual proteins (Bazaa 

et al. 2005). The average sequence coverage for this project was 39.3%, which is about 

normal. In order to reach that benchmark, either technological advances in high throughput, 

high sequence coverage techniques or a new statistical technique that can account for the 

lower sequence coverage will have to be developed. 

 Another foundational idea that is reinforced by this study is the importance of using 

multiple complementary techniques when performing comparative venomics. Even with the 

most cutting edge technology, the dream of processing the snake’s venome with a single 

methodology is so far out of reach. The simple fact that peptides unidentified through using 

nanoUPLC and MSE were detected in a previous study (Calvete et al. 2009a) should make 

the argument for continued use of multiple orthogonal techniques to gain maximum venome 

coverage (Juarez et al. 2004; Calvete et al. 2007; Fox and Serrano, 2008; Finamore et al. 

2010).  

Understanding that multiple methodologies should be employed, it seems clear from 

novel de novo sequenced peptides from the RP-HPLC isolated fractions and the lack of low 

molecular weight, low abundance peptides detected by other techniques that pre-processing 

of the venom samples should be employed when attempting to achieve complete venome 

coverage for comparison. One possible methodological solution to exclude the high 

molecular weight and high abundance peptides that obscure the signal of low abundance, low 

molecular weight peptides would be to use a size exclusion chromatography column, as was 

used in the “Size Exclusion Chromatography and RP-HPLC Analysis” section above, 

followed by nanoUPLC with MSE data acquisition. The high sensitivity of the nanoUPLC 
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coupled with MSE data acquisition should be able to detect even the low abundance peptides, 

if higher abundance proteins are first removed. 

Last but certainly not least, in order to get at questions of ontogenic, ecological or 

evolutionary effects that shape venome variation within and among groups, there is a need to 

confidently determine if pooled venom accurately represents the variation within groups of 

individuals or populations of snakes or at the very least establish standardized procedure for 

the care and pooling of snake venom samples to ensure accuracy of comparison.  Currently, 

there is no standardized procedure for how individual venom samples are pooled. 

Researchers as early as 1988 concluded that the biological activity of a pooled venom was 

dependent on the proportional composition of venoms of the individuals making up that pool 

(Kornalik and Taborska 1988; Chippaux et al.1991). However, it does not seem that much 

work if any has been performed to establish how pooled venom represents the variation 

introduced by individual snakes or the number of snakes needed for a venom pool to be truly 

representative of that population. With this being the case, all individual venom samples 

should be pooled volumetrically to eliminate this source of variation. Additionally, a study 

should be performed using the same procedures on a large group of individual venom 

samples and volumetrically pooled venom from the same snakes to establish confidence in 

the practice of pooling.  

In summary, the proteomics data generated through multiple complementary 

methodologies (nanoUPLC, RP-HPLC, MALDI-TOF/TOF) and data acquisition techniques 

(DDA and MSE) in this study have served to expand the current understanding of both the 

A.p. leucostoma venome and C. atrox venome. While broad proteomic analysis has been 

attempted multiple times on C. atrox venom, it has never been carried out on A.p. leucostoma 
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venom. Nano-UPLC coupled with MSE data acquisition has never been used to explore either 

venom. The proteomic data generated through MALDI-TOF/TOF-MS coupled to de novo 

sequencing has helped to identify novel peptides from both A.p. leucostoma and C. atrox 

venom with potential therapeutic value. The lessons learned from this study can help build a 

foundation for future investigators of ontogenic (Alape-Girón et al. 2008), ecological or 

evolutionary effects shaping intergenus and intraspecific (Fry et al. 2003; Minton and 

Weinstein 1986) variation in snake venom proteomes. 
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