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ABSTRACT 
[bookmark: _Hlk54024610]Saw-scaled or carpet vipers (genus Echis) are considered to cause a higher global snakebite mortality than any other snake. Echis carinatus sochureki (ECS) is a widely distributed snake species, also found across the thirteen provinces of Iran, where it is assumed to be responsible for the most snakebite envenomings. Here, we collected the Iranian specimens of ECS from three different geographically distinct populations, investigated food habits, performed toxicity assessment and venom proteome profiling to better understand saw-scaled viper life. Our results show that the prey items most commonly found in all populations were arthropods, with scorpions from the family Buthidae particularly well represented. LD50 (median lethal dose) values of the crude venom demonstrate highly comparable venom toxicities in mammals. Consistent with this finding, venom characterization via top-down and bottom-up proteomics, applied to both crude venoms and size-exclusion chromatographic fractions, revealed highly comparable venom compositions among the different populations. By combining all proteomics data, we identified 22 protein families from 102 LC-MS/MS raw files, including the most abundant snake venom metalloproteinases (SVMPs, 29-34%); phospholipase A2 (PLA2s, 26-31%); snake venom serine proteinases (SVSPs, 11-12%); L-amino acid oxidases (LAOs, 8-11%), C-type lectins/lectin-like (CTLs, 7-9%) protein families, and many newly detected ones, e.g. renin-like aspartic proteases (RLAPs), fibroblast growth factors (FGFs), peptidyl-prolyl cis-trans isomerases (PPIs) and venom vasodilator peptides (VVPs). Furthermore, we identified and characterized methylated, acetylated, and oxidized proteoforms relating to the PLA2 and disintegrin toxin families and the site of their modifications. It thus seems that post-translational modifications (PTMs) of toxins, particularly target lysine residues, may play an essential role in the structural and functional properties of venom proteins and might be able to influence the therapeutic response of antivenoms, to be investigated in future studies.
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INTRODUCTION 
Snake venoms comprise a highly complex mixture of proteins and peptides (90-95%), along with minor amounts of other compounds such as salts, carbohydrates, nucleosides, amines, lipids and free amino acids.1 The proteinaceous components of venoms have been shown to vary among species and to exhibit a wide range of biological functions.2 While these toxins have primarily evolved to facilitate prey capture, they are also utilized defensively in cases of human snakebite.2 Snakebite envenoming is a global public health crisis that results in more than 100,000 deaths per year from at least 1.8-2.7 million annual envenomings.3 While few reliable statistics exist relating to non-fatal outcomes of snakebite, many snake venoms are known to cause permanent physical (e.g. via local tissue necrosis or kidney injury) and psychological disabilities.4 Snakebites also disproportionately affect the rural impoverished populations of the tropics, and thus perpetuates poverty, resulting in the World Health Organization (WHO) recently recognizing snakebite envenoming as a priority “neglected tropical disease”.5 Snakebites are therefore a significant and serious medical problem, but it is worth noting that the same pathological toxins found in venom represent a rich natural biological resource with potential value for translation into human therapeutics.6 
The most medically important snake species belong to the families Viperidae (e.g. vipers, pit vipers) and Elapidae (e.g. cobras, mambas, sea snakes, kraits, etc.).7 Generally, the clinical systemic symptoms induced by elapid snakebites are neurotoxic, neuromuscular paralysis and respiratory arrest resulting in mortality. Contrastingly, the clinical features observed after envenoming by viperids usually relate to haemotoxicity and/or cytotoxicity, these include local tissue damage such as oedema, blistering, haemorrhage, dermo- and myonecrosis, and also systemic alterations such as haemorrhage, coagulopathy, cardiovascular disturbances and renal damage.7,8 Among all venomous snakes, the saw-scaled or carpet vipers (family Viperidae; genus Echis) are thought to be responsible for a higher global snakebite mortality than any other snake genus.9 In part, this is due to their broad geographical distribution – from the regions of west, northern and east Africa, to west, south and east Arabia, through parts of Iran and Afghanistan north to Uzbekistan, and to Pakistan, India and Sri Lanka.11 The genus Echis is categorized into four main clades, containing E. carinatus, E. coloratus, E. ocellatus and E. pyramidum.10 The E. carinatus group has been further divided in to two subspecies; E. carinatus carinatus and E. carinatus sochureki (ECS), the latter of which is distributed across the thirteen provinces of Iran.12
Iran is located between three zoogeographical realms (Palearctic, Oriental and Afrotropical), which have helped shape its high habitat diversity, and in turn support diverse herpetofauna.12 There are approximately 37 species of venomous snakes (26 front-fang and 11 rear-fang species) and they are distributed across all ecoregions of the country.12,13 Despite a paucity of reliable snakebite burden data, it is estimated that ~4500-6500 individuals are envenomed in Iran annually, resulting in at least 3-9 deaths.14 It is also assumed that ECS is responsible for the majority of serious envenomings, and the WHO lists this species as Category 1 of “highest medical importance”.15 The clinical profile mainly observed, following bites by this species, include local manifestations such as pain, swelling, blistering, necrosis, and systemic manifestations like spontaneous bleeding, intravascular hemolysis, venom-induced consumption coagulopathy (VICC; historically referred to as disseminated intravascular coagulation (DIC)), which sometimes leads to acute renal failure (ARF) and acute pancreatitis.16–18 The administration of RAZITM polyvalent F(ab’)2 antivenom, which is produced from hyper-immune plasma, collected from horses which were immunized with a mixture of various snake venoms (from Echis carinatus, Macrovipera lebetina, Pseudocerastes persicus, Gloydious halys, Montivipera albicornata and Naja oxiana), continues to be the only treatment for systemic snakebite envenoming in Iran.19 Although there is some controversy regarding the efficacy of this antivenom,20 recently Monzavi et al.16 reported its clinical effectiveness in treating bites by ECS envenoming in northeast Iran. 
While antivenom therapies save thousands of lives each year, their efficacies are typically restricted to the species of snake whose venom was used in its manufacture,21 as a result of inter- and intraspecific variation in venom composition.22 Such venom variation can be the result of evolutionary history, climatic factors, ontogeny, or adaptation towards different prey.22-25 Therefore, knowledge of snake venom composition, and associated variation, among conspecific populations can provide important information for predicting the likely efficacy of an existing antivenom, along with influencing the design of more effective immunizing mixtures for future antivenom production.26 Consequently, over the past decade, significant research efforts have been made towards profiling venom proteomes using mass spectrometry (MS)-based proteomics and venom gland transcriptomic approaches.27 
The current most widely used proteomics method for identifying venom-expressed proteins is bottom-up (BU) venomics, in which venom proteins are digested into peptide fragments prior to MS interrogation and de novo peptide sequencing. As an example, this approach was previously used to characterize the venom of ECS from United Arab Emirates (UAE), in combination with venom gland transcriptomics.22,28 These studies resulted in the identification of snake venom metalloprotease (SVMP), snake venom serine protease (SVSP), phospholipase A2 (PLA2), L-amino acid oxidase (LAAO), cysteine rich secretory protein (CRiSP), C-type lectin (CTL) and disintegrin (DIS) protein families, among others, in the venom of ECS. However, while BU analysis has a  high throughput, is sensitive and robust,29 it is predominately only capable of identifying the representative protein for each expressed gene,30 and does not provide information on the proteoforms, genetic variation and PTMs, associated with the sample.31,32 Thus, a top-down (TD) strategy, based on measurement of an intact protein, is a valuable approach for analyzing venoms at the proteoform-level, as genes often encode several isoforms and proteins with different modifications.33 Steady advances in mass spectrometry technologies has facilitated improvements in TD proteomics, enabling quick and accurate investigation of intact toxin families and their proteoforms (see 33, 34). However, this technique still has limitations in providing full sequence coverage of large (>30 kDa), as well as low-abundant, intact proteins. In this case, the application of a denaturing TD approach, in particular for viper venoms that mostly contain larger protein families (e.g. SVMPs, LAAOs, hyaluronidase, etc.), limits detection to part of a sequence, and requires the use of native MS which is experimentally and bioinformatically challenging.35 Nevertheless, the development of various MS-based proteomics strategies has verified the technique as an essential technology for achieving sequence information for protein identification and the interpretation of post-translational modifications. 
Here, we performed different studies related to one of the medically most important snakes, ECS, which is illustrated schematically as an overview in Figure 1 and explained in the following sub-sections. Briefly, at the beginning of the study, individual snakes were systematically identified and collected for compression from three populations located in the South (Hormozgan province), Southeast (Sistan and Baluchestan province) and East (South Khorasan province) of Iran. It seems likely that the sampled areas are geographically exposed to the high-risk places for snakebite incidence and envenomation, particularly in ECS bite cases. We continued our study with milking the venom of individuals and pooled venom within the populations, followed by an investigation on the feeding habits of individuals within each community. Next, the median lethal toxicity (LD50) of each population-representative venom was evaluated by administration of various dosages of crude venoms to laboratory mice. Subsequently, we used a combination of BU and TD proteomics approaches to identify and characterize in detail venom protein compositions and overview of conspecific venom variation of Iranian ECS. 
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Figure 1. Overview of the proposed experimental workflow used for interrogation of food habits, toxicity assessment and venom proteome profiling of three Iranian populations of saw-scaled viper, Echis carinatus sochureki. HO: Hormozgan; SK: South Khorasan; SB: Sistan and Bluchestan; LD50: median lethal dose.



EXPERIMENTAL SECTION
Sample Collection and Venom Milking
The saw-scaled viper, Echis carinatus sochureki, specimens were collected in 2015-2017 between March and October in three locations (South Khorasan [SK], Sistan and Bluchestan [SB], Hormozgan [HO] provinces) of Iran (Figure. 1). Venom extractions (milking) were performed by encouraging the snakes to bite down on parafilm-covered hygiene beakers without exerting pressure on the venom glands, followed by immediate flash-freezing of the samples with liquid nitrogen. In total, venom was milked from 59 (SK), 86 (SB) and 67 (HO) snake specimens from each location. The samples were pooled by region, lyophilized and stored at -80 °C for future research.
Snake Diet and Venom Lethality
After milking, the specimens were investigated for dietary habits by checking the stomach contents as well as faecal pellets of the living captured specimens. The belly of the snakes from each population was gently palpated to detect prey items (particularly large prey items). The specimens with gut contents were forced to regurgitate the ingested bolus according to the ethically sound method described by Kjaergaard.36 In addition, the snakes were kept in a cage with water ad libitum until collection of faecal pellets. The prey items were mostly identified to wide taxonomic classification such as phylum, family and genus by using sample evidences e.g. few scales and/or clumps of feathers (birds), hair (mammals), telson and stinger (scorpion) as well as field observations. The snakes were released to their original capture sites after the collection of dietary samples.
[bookmark: _Hlk54024437]The LD50 (median lethal dose) of the three regional ECS venoms were determined by intraperitoneal (IP) administration of varying doses of the three crude venoms (in 0.9% NaCl; total volume 200 µl) to albino mice (20±2 g). Mortality was recorded 24 h after the injections and the LD50 calculated according to the Reed and Muench method.37 All animals used in this study were maintained under standard conditions, and all experiments were performed according to the international guiding principles involving animals for scientific research38 and under approvals granted by the Ethics Committee of Shahid Beheshti University. 
Protein Estimation
All crude venoms and isolated fractions (see later) were stored at –80 °C and the protein concentrations were determined before each proteomics analysis using a standard Bradford assay (Biorad, Hercules, CA, USA), with bovine serum albumin (BSA) used as reference. Absorbance was measured spectrophotometrically at 595 nm on a BioTek Synergy 2 plate reader (BioTek, Winooski, VT, USA) with Gen5 software (version 2.01).
Chemicals
All chemicals were purchased from Sigma-Aldrich (Sigma-Aldrich, MO, USA), and MS-grade solvents (acetonitrile and water) were purchased from VWR chemicals (VWR international, Darmstadt, Germany). RapiGest SF surfactant was purchased from Waters (Waters Corporation, MA, USA). The mass spec grade Trypsin/Lys-C mix was purchased from Promega (Promega, Mannheim, Germany). Zip Tip C18 was purchased from Millipore (Bedford, MA, USA). 
SDS-PAGE and Gel Filtration Separation
Each of the regional ECS venoms were individually applied to SDS-PAGE, as previously described,39 as well as a HiLoad 16/60 Superdex 200 prep grade gel-filtration chromatography column (GE Healthcare Bio-Sciences, Freiburg, Germany) in a Fast Protein Liquid Chromatography (FPLC) system (Bio-rad NGCTM Quest Plus) running Bio-Rad ChromLab software (version 3.1). For FPLC, a constant flow rate of 0.7 ml/min was used with a buffer consisting of 40 mM Tris-HCL and 150 mM NaCl (pH 7.4). The resulting six fractions were determined by a UV detector (280 nm), and collected automatically by a fraction collector (BioFracTM, Bio-Rad). After size exclusion separation, the collected fractions were dialyzed against distilled water using 2,000 MWCO Slide-A-Lyzer Dialysis Cassettes (Thermo Fisher Scientific) at 4 °C to remove the salts, and then freeze-dried using an Alpha 1-2 LD plus freeze dryer (Martin Christ, Osterode, Germany). 
Bottom-up Proteomics
Equal amounts of the whole venom and collected fractions (20 µg) were diluted with 50 mM ammonium bicarbonate buffer, containing 0.1% RapiGest, and incubated for 15 min in a thermomixer at 80 °C (Eppendorf Thermomixer C, Hamburg, Germany) to complete proteome solubilisation. The denatured samples were reduced and alkylated with 100 mM dithiothreitol (DTT) at 56 °C for 15 min, and 200 mM iodoacetamide (IAA) at room temperature (dark place) for 30 min, respectively. The digestion was performed with mass spec grade Trypsin/Lys-C mix (1:25 enzyme to proteins ratio) at 37 °C. The reaction was stopped after 16 h by adding concentrated formic acid and incubating at 37 °C for 10 min prior to centrifugation. The peptide samples were desalted before MS measurements by using ZipTip C18 and then concentrated by using Eppendorf Concentrator Plus (Eppendorf, Hamburg, Germany) and finally stored at –80 °C for future use. The digested crude venoms and fractions were separated using an UltiMate 3000 RSLC UHPLC system (Ultra High Performance Liquid Chromatography, Thermo Fisher Scientific) on a Kinetex C18 (2.1 × 100 mm, 2.6 µm 100 A° particle size) column (Phenomenex, CA, USA) coupled to a Q Exactive HF-X and Q Exactive (QE) Orbitrap (Thermo Scientific, Bremen, Germany). Chromatographic analysis was performed at 250 µl/min flow rate with water/0.1% formic acid (mobile phase A) and acetonitrile/0.1% formic acid (mobile phase B). The optimized gradient elution of 90 and 120 min were applied for fractions and whole venoms respectively as follows: isocratically (2% B) for 5 min, followed by 2-40% B over 70 min (30 min decreased for fractions), 40-50% B over 5 min, 50-98% B over 2 min, and re-equilibration in 2% B. The mass spectrometers were operated in data-dependent acquisition (top-10 DDA) with the following parameters in full MS scans: mass range of m/z 350 to 1800 in QE HF-X (mass resolution of 120,000, AGC target of 3e6, IT of 50 ms) and QE (mass resolution of 70,000, AGC target of 1e6, IT of 120 ms), and MS/MS scans: mass range of m/z 200 to 2000 in QE HF-X (mass resolution of 30,000, AGC target of 1e5, IT of 120 ms, isolation window m/z 1.3 and dynamic exclusion of 60 s) and QE MS (mass resolution of 17,500, AGC target of 1e6, IT of 120 ms, isolation window D(m/z) 3 and dynamic exclusion of 15 s).
Bottom-up Data Analysis 
The raw files were processed using Proteome Discoverer version 2.2 (Thermo Scientific) with SEQUEST and MS Amanda (a peptide identification algorithm for high-accuracy and high-resolution mass spectrometry)40 algorithms against the UniProtKB flat file databases (downloaded on July 01, 2018), taxonomically set to the Serpentes (taxon ID # 8570) and Echis carinatus (Taxon ID # 40353). The parameters were set to two missed cleavage sites of trypsin digestion, minimum peptide length of 6, MS1 and MS2 tolerances of 10 ppm and 0.5 Da respectively. Dynamic modification was set to oxidation (+15.995 Da [M]) and static modification to carbamidomethyl (+57.021 Da [C]). In addition, acetylation (+42.011 Da), mono-methylation (+14.016 Da), tri-methylation (+42.047 Da) and phosphorylation (+79.966 Da) were set as dynamic modifications for the Echis carinatus database search. Percolator41 node was used to validate identified PSMs and filter the data with parameters of a strict Target FDR (false discovery rate) of 0.01 and a relaxed Target FDR of 0.05. The MaxQuant contaminant database was used to mark contaminants in the results file. Peptides and proteins were filtered with only high confidence and master proteins in the final results. Additionally, relative quantitation of protein abundance was achieved based on normalized spectral abundance factor (NSAF) manually.42,43 
Top-down Proteomics
The Q Exactive HF-X Orbitrap (Thermo Scientific, Bremen, Germany) was equipped with a heated electrospray (HESI) probe installed in the Ion Max source, coupled with an UltiMate 3000 RSLC UHPLC system (Thermo Scientific). Chromatographic analysis was performed using a Jupiter C18 (4.6 × 250 mm, 3 µm 300 A° particle size) column (Phenomenex, CA, USA). The venom samples were dissolved in 1% formic acid and reduced with TCEP (tris (2-carboxyethylphosphine)) according to the protocol described by Liu et al.44 The samples were eluted with water/0.1% formic acid (mobile phase A) and acetonitrile/0.1% formic acid (mobile phase B). The optimized gradient elution of 290 min at a flow rate of 0.5 ml/min was applied for the whole venom separation as follows: isocratically (5% B) for 10 min, followed by 5-15% B over 45min, 15-40% B over 170 min, 40-70% B over 25 min, 70% B for 10 min and re-equilibration in 5% B. For the fractions, a 90 min gradient was used as follows: isocratically (5% B) for 5 min, followed by 5-55% B over 60 min, 55-95% B over 10 min, 95% for 5 min and re-equilibration in 5%. The mass spectrometer operated in data dependent acquisition (DDA) mode with external calibration and positive-ionization mode. The capillary temperature was set to 380 °C, and the spray voltage to 3.5 kV. The auxiliary gas and sheath gas flow rate were set to 20 and 60 respectively. Full MS scans were collected from m/z 300 to 3000 with a mass resolution of 120,000 (@ m/z 200) and an AGC target of 1e6. MS/MS scans were collected in the Orbitrap with the TopN 2 method (DDA mode) at a mass resolution of 60,000 @ m/z 200, an AGC target of 1e6, an (N)CE of 30, an isolation window of m/z 4 and dynamic exclusion of 60s.
Top-down Data Analysis 
TopPIC Suite (http://proteomics.informatics.iupui.edu/software/toppic) software package 45 (version 1.1.1; released November 2017) was used to convert the .raw files to MzXML files, to deconvolute the mass spectra and to identify PrSM (Proteoform Spectrum Matches) via MSConvertGUI, TopFD and TopPIC_GUI, respectively. In the deconvolution process, the maximum charge was set to 60, signal to noise ratio was set to 2, precursor window size set to m/z = 4, and m/z error to 0.02 u. Intact protein masses and MS/MS spectra were searched against the taxonomy settings of Serpentes (Taxon ID # 8570) and Echis carinatus (Taxon ID # 40353) in the UniProtKB database (downloaded on July 01, 2018), with the following parameter settings: mass error tolerance of 10 ppm and decoy database set to filter spectrum and proteoform level with a false discovery rate (FDR) cut-off of 0.01.
Data Availability
The mass spectrometry-based TD and BU proteomics data were deposited to the ProteomeXchange Consortium via the PRIDE partner repository46 with the dataset identifier PXD021183 and project name “Saw-scaled viper, Echis carinatus sochureki, venomics”. 

RESULTS AND DISCUSSION
Dietary Composition and Venom Lethality 
In total, more than two hundred live snake specimens were examined to investigate the dietary composition of the three Iranian saw-scaled viper (Echis carinatus sochureki; ECS) communities. We detected prey items in the stomach and faecal contents of 96 live snakes, as detailed in Supplementary Information Table S1. The prey (in total 125 items) most commonly found in all three populations were arthropods (n=77, 61.6%) which most frequently assigned to members of the scorpion family Buthidae (n=73, 58.4%). The other frequently eaten species were from family Bufonidae (n=11, 8.8%), Lacertidae [n=13, 10.4%] and Gekkonidae [n=15, 12%]. We also recorded prey items from the following groups: insecta (n=4, 3.2%), arthropoda (araneae [n=2, 1.6%] and diplopoda [n=2, 1.6%]), aves (only one item, 0.8%) and mammalia (n=4, 3.2%). Regarding the scorpion fauna in the targeted area, two families, Buthidae and Scorpionidae, are distributed over the sampling regions,47,48 but family Buthidae is the predominant prey of ECS. Thus, it could be supposed that the food preference is strongly correlated with the availability and abundance of the Buthidae prey species. Although vertebrate diets are the ancestral characteristic of vipers, and most extant species remain vertebrate predators,49 our study shows that arthropods (particularly scorpions) make up over three-quarters of the diet of Iranian ECS. These findings are consistent with a previous study by Barlow et al.49 who reported that E. carinatus feeds on arthropods to a greater extent than vertebrates. In addition, due to an assumed connection between prey composition and venom toxicity, the venom of E. carinatus was shown to be more toxic to scorpions than the venom of infrequently arthropod-feeding saw-scaled vipers such as E. ocellatus.50 Here, we also assessed the lethal venom potencies of all three regional ECS venoms to determine the approximate LD50 dose to laboratory mice. The results showed highly comparable venom LD50 doses, corresponding to 32.28 µg/mouse for the SK population and 33.50 µg/mouse for SB and HO populations. Thus, in this case, highly comparable dietary composition appears to correlate well with highly comparable venom toxicity. However, further investigation into the venom toxicity on natural prey items is required to gain a deeper understanding of the relationship between diet and venom function at the intra-specific level.
SDS-PAGE and Size Exclusion Chromatography Separation of The Crude Venoms
To investigate venom composition, first the overall protein composition of crude venoms from three populations were screened by utilizing 1D SDS-PAGE and intact RP-UHPLC separations (Supplementary Information Figure S1). Evidence from multiple gel band patterns and the UHPLC chromatograms strongly suggested the complex proteome profile of ECS venom. The venom's complexity was expected by referring to the recently analyzed venoms of Pakistani and Indian E. carinatus.51-53 In addition, Coomassie blue-staining of the resulting gels revealed a high degree of similarity in the electrophoretic profiles of the three venoms, with all exhibiting polypeptide molecular weight ranges from <10 kDa to around 120 kDa in size. SEC was applied to de-complex the ECS venom proteome prior to MS measurements, and six fractions were detected and collected from each population of ECS and visualized by SDS-PAGE (Supplementary Information Figure S2). Subsequently, the resulting fractions were desalted and subjected to denaturing TD and in-solution digestion BU proteomics for protein identification.
Bottom-up Proteomics of ECS Venom Proteomes
To profile the venom proteomes of the three Iranian ECS populations by BU, the whole crude venoms, alongside with size-exclusion-separated fractions, were subjected to in-solution digestion before reverse-phase LC-ESI-HR-MS/MS measurements. All recorded spectra were searched against protein sequences of the Serpentes database entries in UniprotKB (contains all annotated and reviewed protein sequences of Echis species) by Sequest/Amanda/Percolator algorithms under the Proteome Discoverer software platform. The false discovery rate (FDR) was restricted to 1% at both protein and peptide levels using the target-decoy strategies and set to only high-confidence sequence matches. The data acquired by BU from the crude venoms (three populations in triplicate) were merged to allow identification of peptides corresponding to 54 (HO), 49 (SK) and 53 (SB) unique protein entries, which belong to 12, 11 and 13 snake protein families respectively (Table 1 and Supporting Information Table S2-4).  However, BU measurements of SEC venom fractions (six fractions per population in triplicate) via the same LC-MS/MS method (in DDA mode) led to the identification of 101 (HO), 99 (SK) and 91 (SB) unique protein entries that were clustered in 16, 18 and 14 protein families respectively (Table 1 and Supporting Information Table S5-7). Thus, it is important to note that pre-digestion protein fractionation by SEC substantially increased the BU MS/MS protein quantification by nearly two-fold. The results indicate that the three populations shared 14 protein families, belonging to the snake venom metalloproteinase (SVMP), group-II phospholipase A2 (PLA2), snake venom serine proteinase (SVSP), L-amino acid oxidase (LAO), C-type lectin/lectin-like (CTL), cysteine-rich secretory protein (CRISP), snake venom nerve growth factor (NGF), phospholipase B (PLB), disintegrin (DIS), 5’-nucleotidase (5’NTD), glutaminyl-peptide cyclotransferase (GC), renin-like aspartic protease (RLAP), aminopeptidase (AP), and phosphodiesterase (PDE) families. Furthermore, the venoms from HO and SK populations also exhibited the presences of hyaluronidase (HYAL) and vascular endothelial growth factor (VEGF) protein families. Two additional protein families were detected only in the SK population, namely acetylcholinesterase (AChE) and dipeptidyl peptidase (DPEP). 
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Figure 2. Overview composition and relative abundance of protein families from venom proteomes of three Echis carinatus sochureki populations. Pie charts representing the relative abundance of protein families based on the normalized spectral abundance factor (NSAF), identified in six size exclusion fractions of each venom community by bottom-up proteomics approach. SVMP: snake venom metalloproteinases; PLA2: group II phospholipase A2; CTL: C-type lectin; DIS: disintegrin; SP: serine protease; LAO: L-amino oxidase; CRISP: cysteine-rich secretory proteins; VEGF: vascular endothelial growth factors; NGF: nerve growth factor; AP: aminopeptidase; PDE: phosphodiesterase; HYAL: hyaluronidase; RLAP: renin-like aspartic protease; PLB: phospholipase B; GC: glutaminyl-peptide cyclotransferase; 5’NTD: 5’-nucleotidase; DPEP: dipeptidyl peptidase; AChE: acetylcholinesterase.



The major protein classes identified in all ECS venoms are SVMP, PLA2, svSP, LAO and CTL, which is consistent with previous analyses of UAE ECS venom composition.22,28 Interestingly,  the relative concentration of the major protein families detected in the three venom populations are highly similar as shown in Figure 2. Among them, SVMP and PLA2 are the most abundant toxin families, accounting for ~29-34% and ~26-31% of the venom components, respectively. These findings are also consistent with the main consequences of the local (edema, swelling, haemorrhage and pain) and systemic (blood coagulation) manifestations of snakebite by ECS in Iran.16 Previous venomics studies of E. carinatus from India revealed that SVMP, CTL, and PLA2 are the three dominant toxin families,52,53 corroborating our results. However, in Iranian ECS venom, the relative abundance of SVSP was higher than that of the C-type lectin, so that it has taken the third dominant place. 
In all three venoms, both P-II and P-III sub-classes of SVMPs were detected, although the latter (more haemorrhagic than the P-II form) were more abundant, with a three- to six-fold increase over the P-IIs. In the case of the PLA2 protein family, our results showed the presence of two major sub-subgroups: Asp(49)- and Ser(49)-PLA2s were detected in the venom of all three Iranian ECS populations (Supplemental Information Table S2-11). Although the Ca++-dependent D(49)-PLA2 isoform is the plesiotypic form of PLA2 molecules in viperids, showing potent esterolytic activity,54 our data demonstrated that the Ca++-independent S(49)-PLA2 isoform, which exhibits low enzymatic activity,54 is the dominant PLA2 toxin. The next most abundant toxin family secreted in all targeted ECS venoms is SVSP, which exhibits highly consistent abundances across the three populations (11.5-12.5%). This multigene enzyme protein family has been shown hemostatic system disturbances and affects hemostasis, blood coagulation, platelets and fibrinolytic system in snakebite victims. Noteworthy, the SVSP toxin family was previously reported to be a minor toxin family in the venom gland and venom of ECS from UAE and India.22,52 As shown in Figure 2, other major toxin families, LAOs and CTLs, were present in lower but highly similar abundance across the three populations. It is assumed that they exert distinct multifunctional actions through snakebite envenoming such as edema, anticoagulation, platelet aggregation inhibiting, cytotoxicity, and disruption of hemostasis mechanisms through focusing on core elements involved in the blood-coagulation cascade.51,55,56 Further interesting toxin family with an even lower abundance (~5%) is CRiSP, which was recently isolated from Bothrops jararaca and reported to dictate the induction of pro-inflammatory responses that provoke the production of interleukin (IL)-6, also targeting the complement system.57,58 These records are also in good agreement with the clinical observations of Iranian ECS envenomation in human patients.16
In addition to those toxin families described above, our multidimensional (MD)-LC/MS-based BU proteomics approach obtained data on peptides that confirmed the existence of a wide variety of low-abundance protein families (e.g. <1%), such as 5’NTD, GC, RLAP, AP, PLB, PDE, HYAL, NGF, VEGF, AChE, and DPEP, in Iranian ECS venoms (Figure 2, Table 1 and Supporting Information Table S2-7). Notably, few of them have been reported in EC venom proteomes so far. This trend suffers mainly from the distribution of high-abundance proteins in complex samples (such as snake venom) which can prevent the detection of low-abundant ones, and also searching the MS data against incomplete sequence information in an existing database. In this case, using physicochemical protein separation before RP-LC/HR-MS/MS is capable of better resolving the complexity of venom proteome and helps to detect higher numbers of polypeptides.59 In addition to the proteomics approach, a previous transcriptomic study of the ECS venom gland detailed the expression of these low abundant components, with the exception of PLB and GC.28 PLB is a catalytic enzyme which cleaves phospholipids from sn-1 and sn-2 position,60 and exhibited a potent haemolytic activity on both rabbit and human erythrocytes.61 GC is also known to play a role in catalyzing N-terminal pyroglutamate (pGlu) formation of amino-terminal glutamate residues of some snake venom polypeptides.62 The modification function is still poorly understood but seems to be essential for the maturation and conformation of some toxins and maybe for protection from degradation by peptidases such as aminopeptidase.63 Additionally, we found very trace quantities of AChE enzyme in venom of the SK population that functionally hydrolyzes esters of choline. This enzyme has been reported mostly in the venom of Elapidae family with significant amounts but not in viperidae exclusively.64 However, weak AChE activity was detected for the venom of Pakistani E. carinatus recently.51 It should be noted that, although some studies identified and reported low abundance components of snake venom, their biological and pathophysiological functions are not well understood, and further studies are necessary to confirm whether many of these components actually contribute to pathology.
As already mentioned, despite the large geographical distances between each ECS population (~400 km), venom components of populations seem highly similar. However, each population shows some distinct properties, in terms of both quantitative and qualitative venom composition (Figure 2). Intraspecific venom variation is a known phenomenon65 and has previously been correlated with natural selection pressure for regional feeding habits65,66 among several other factors.23-26 Thus, the remarkable similarity in venom composition correlates with our dietary survey, and suggests that consistent foraging preferences (e.g. scorpions as the dominant prey item) may underpin the remarkable similarity of venom compositions of three ECS populations.

	Table 1. Identified protein families in the whole and SEC fractions of three Echis carinatus sochureki venom populations by bottom-up and top-down proteomics.
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Top-down Proteomics of ECS Venom Proteomes
In addition to BU mass spectrometry of digested venom proteomes, we applied TD proteomics to provide in-depth profiling of the three ECS venoms and to facilitate the characterization of proteoforms with post-translational modifications (PTMs). All TD experimental spectra were initially searched against a decoy UniprotKB database containing Serpentes proteins, using a 1% spectrum-and proteoform-level FDR for stringent filtering identification with TopPIC. Data extracted from the triplicate TD LC-MS/MS analysis of the mixed crude venom (non-reduced and reduced form), revealed a total of 6910 identified PrSMs (Supplemental Information Table S12), which mapped to 170 proteins with unique accession numbers (Supplemental Information Table S8). In addition, duplicate LC-MS/MS analyses of each SEC fraction in non-reduced and reduced forms generated 5489 identified PrSMs (Supplemental Information Table S13-15), and resulted in 102 (HO), 114 (SB) and 133 (SK) proteins sorted by unique accession number (Supplemental Information Table S9-11). An overview of the TD results obtained from these various measurements revealed that all the detected proteins were grouped into 20 protein families, namely: 5'NTD, PLA2, CRISP, SVMP, DIS, CTL, GC, LAO, SVSP, RLAP, AP, PLB, PDE, HYAL, VEGF, BPPs/pHpG/C-NP (Bradykinin-potentiating/poly-His-poly-Gly/C-type natriuretic peptides), DPEP (Dipeptidyl peptidase), FGF (Fibroblast growth factor), PPI (Peptidyl-prolyl cis-trans isomerase) and VVP (Venom vasodilator peptide) (see Table 1). Comparisons of the BU and TD data indicated that differences in protein family detection related predominately to low-abundant protein families. For example, we detected FGF, PPI and VVP protein families in the TD datasets (mixed crude venom), while these were absent from BU MS measurements. In addition, these three protein classes were not observed in TD analysis of the venom fractions, and were only detected in the sample containing a mixture of the three venom population pools. Contrastingly, both NGF and AChE were only detected in the BU datasets (Table 1). It seems likely that the lack of detection of these protein families via proteomics measurements is the result of low-abundance loss during sample digestion, coupled with purification steps before MS measurements.67–69 Upon merging the TD and BU data, in total 22 protein families were identified through the series of 102 LC-MS/MS data files. Supplemental Tables S12-15 detail the identified PrSMs obtained from LC-ESI-HR-TD proteomics. These data highlighted that the largest number of identified PrSMs related to the SVMP, PLA2, and LAO toxin families, which is largely consistent with findings from BU. Ultimately, this comparative approach reveals that BU and TD proteomics complement each other and facilitate thorough identification of the diversity of snake venom components.
It is interesting to bring to notice that most abundant snake toxin families (such as PLA2, SVMP and svSP) are encoded by multi-locus gene families.70,71 These gene families generate a range of alternative gene products which are unequal to the fundamental polypeptides. Here, PrSMs derived from TD MS of ECS venoms, searched against the Serpentes database, give rise to many proteoforms with unknown mass discrepancies (Supplemental Table S12-15). While gene-based diversity is much lower than the proteoform variety, these unexplained mass shifts are often the result of primary structure alterations (PSAs), e.g. substitution, insertion or deletion of amino acids (gene product alterations), post-translational modification (PTMs) and terminal truncations.69 However, without a species-specific molecular database, such as that derived from genomic or transcriptomic experiments, it is ambiguous to discern the observed mass discrepancies to the aforementioned alterations/modifications accurately. To guide our interpretations here, we searched TD spectra against an ECS-specific database deposited in UniProtKB (which includes the prior venom gland transcriptome sequences of ECS from UAE) using the MIScore method,70 and choosing four common PTMs (acetylation, methylation, oxidation, and phosphorylation) in TopPIC software. Our resulting data revealed 166 modified full-length isoforms, with enough fragment ions to cover exact masses, across the three population-level venoms (HO=57, SK=43, SB=66), belonging to the PLA2 (157 proteoforms) and disintegrin (9 proteoforms) toxin families (Supplemental Information Table S16). These reported modifications correspond to mass shifts associated with three types of common PTMs; specifically via combinations of 11 methylated, 5 oxidized and 3 acetylated proteoforms in the venom fractions of all three populations (Table 2). Among all of the identified proteoforms, 54 PLA2 proteoforms showed a combination of two modified sites, of which 46 proteoforms can be elucidated by two methylation sites and 8 proteoforms by one acetylation and one oxidation sites. For example, comparison of the TD MS/MS of unmodified PLA2 proteoform (m/z 1063.2693 with charge state 13+ and proteoform mass of 13809.41 Da) and its modified proteoform (m/z 923.50 with charge state 15+ and proteoform mass of 13837.41 Da) resulted in a mass increase of 28 Da (Figure 3). The tandem mass spectra of the modified proteoform contained fragment ions (b and y ions) with additional mass of +28 and +14 Da compared to the unmodified proteoform, which can be explained by two methylations. Figure 4 illustrates another example relating to a methylated proteoform of the disintegrin protein family. It should be noted that ±1 Da errors are mostly observed in the deconvolution of precursor masses with more than 5 kDa,73 and in this case the deconvoluted MS2 spectra with mass shift of +13 Da instead of +14 Da were mapped and reported as a methylated proteoform (Figure 4). 
The TD data also suggested that the methylated sites correlated with N-terminal (S1), Glu (E12), Gln (Q11) and Lys (K7, K15, and K67) amino acid residues (Table 2 and Supplemental Information Figure S3-12). In addition, indirect measurements of proteins at the peptide level by bottom-up MS provide some insight into the types of potential PTMs and their localization, in accordance with TD results (Table 2, Supplemental Information Table S17 and Figure S13). 
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Figure 3. Top-down spectra of HCD fragmentations, and sequence coverages of Phospholipase A2 proteoforms in Echis carinatus sochureki venom from Iran. A) Xtract-deconvoluted MS/MS spectrum from unmodified protein sequence which was identified as PLA2 protein family, and localization of b and y ions in sequence, B) Xtract-deconvoluted MS2 spectrum generated from Ser-1 and Glu-4 modified proteoform of PLA2 protein family, and its sequence coverage. The masses of fragment peaks (red arrows) are shifted by 14 and 28 Da, which can be explained by a methylation in the two localized sites (red words) with their MIScores of 99.90%.
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Figure 4. Top-down MS/MS spectra of HCD fragmentations and sequence coverages of unmodified and modified disintegrin proteoforms in Echis carinatus sochureki venom from Iran. A) Xtract-deconvoluted MS/MS spectrum generated from unmodified protein sequence, identified as disintegrin protein family, and localization of b and y ions in sequence, B) Xtract-deconvoluted MS2 spectrum generated from a Glu-3 modified proteoform of disintegrin protein family, and its sequence coverage. The mass shifts (+14 Da) between product ions (red arrows) can be explained by a methylation in the localized sites (red words) with the MIScores of 92%.



	Table 2. Proteoform characterization of PLA2 toxin family by top-down mass spectrometry. The TD MS/MS spectra are searched against the UniProtKB Echis carinatus database (#40353) by using TopPIC suite software with employing the four common PTMs (methylation, acetylation, oxidation and phosphorylation) and modification identification score (MIScore). The symbol marked with star indicates modified peptide which was identified by BU approach. Graphic sequence representations were generated by Caititu software,74 and the colors indicate the structure section of helical regions (blue), hydrogen-bonded turns (yellow) and beta strands (green) within the PLA2 protein sequence (UniProtKB entry identifier #P48650).
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Furthermore, data indicate the presence of mass shifts of +42 Da upon some lysine residues of PLA2 proteoforms (Table 2, Supplemental Information Figure S8-10). The mass shift suggests a residue modification by mono-acetylation (∆M = 42.0106 Da) or by tri-methylation (∆M = 42.0470 Da). Distinguishing isobaric tri-methyl and acetyl modifications with 0.0364 Da difference requires a mass-resolving power of nearly 41,000 and a mass accuracy of 25 ppm for a 1500 Da peptide. Our BU results identified peptides with acetylated and methylated modifications of residues in PLA2 isoforms (Table 2 and Supplemental Information Table S17) with a high mass resolution (more than 100 k) and mass accuracy (less than 2 ppm). In this case, the obtained results unambiguously distinguish between acetylated or methylated peptides. 
Protein methylation and acetylation are one of the most abundant functional forms of PTMs which can significantly change the structural properties of proteins and in principle can influence any cellular process.71,72 Compared with all modified amino acid sites, lysine (particularly K7 and K15) was predominately targeted for methylation and acetylation in the PLA2 proteoforms (Table 2). The occurrence of acetylated lysine in snake venom proteome has also been reported previously in the minor venom proteins of East African green (Dendroaspis angusticeps) and black (D. polylepis) mamba by Petras and colleagues.73 Beside above-mentioned PTMs, TD results revealed other types of modifications such as pyroglutamic acid formation at the N-terminus of the disintegrin proteoform (Supplemental Information Figure S12) and oxidation of methionine (as a chemical modification) in PLA2 proteoform.33 It thus seems that PTMs of toxins (particularly lysine modification) may play an important role in structural and functional properties of venom proteins. Characterizing them may therefore prove to be important for better understanding toxin activity and evolution of venom components. Furthermore, toxin neutralization through antibody binding may be influenced by PTMs on epitope’s sites and/or structure of toxin, resulting in weak therapeutic response of antivenoms. 

CONCLUDING REMARKS
Despite much recent research efforts focusing on the characterization of snake venoms, advances in technological and methodological approaches now enable such investigations with unparalleled resolution. In this study, population TD and BU proteomics of the medically important Iranian saw-scaled viper (Echis carinatus sochureki) venoms were performed by applying multidimensional chromatography coupled to high-resolution mass spectrometry. To promote better comparison between the snake venoms, food habits and venom toxicity of the populations were also studied. The proteomics approaches revealed great complexity in the protein composition of all ECS venoms which was not reported before. The data also illustrates the remarkable similarity of venom compositions and toxicity, which suggest close correlation with consistent dietary preferences between the populations. In addition, the application of TD proteomics enabled the identification and characterization of PTMs present in the venom proteome, thereby unravelling a dynamic additional layer of toxin complexity. Thus, this study demonstrates the potential of a combined separation and proteomics approach as an analytical platform for the comprehensive analysis of complex proteome samples such as animal venoms.   
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