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A B S T R A C T   

Snake venoms consist of highly biologically active proteins and peptides that are responsible for the lethal 
physiological effects of snakebite envenomation. In order to guide the development of targeted antivenom 
strategies, comprehensive understanding of venom compositions and in-depth characterisation of various pro-
teoforms, often not captured by traditional bottom-up proteomic workflows, is necessary. Here, we employ an 
integrated ‘omics’ and intact mass spectrometry (MS)-based approach to profile the heterogeneity within the 
venom of the forest cobra (Naja melanoleuca), adopting different analytical strategies to accommodate for the 
dynamic molecular mass range of venom proteins present. The venom proteome of N. melanoleuca was cata-
logued using a venom gland transcriptome-guided bottom-up proteomics approach, revealing a venom consisting 
of six toxin superfamilies. The subtle diversity present in the venom components was further explored using 
reversed phase-ultra performance liquid chromatography (RP-UPLC) coupled to intact MS. This approach 
showed a significant increase in the number of venom proteoforms within various toxin families that were not 
captured in previous studies. Furthermore, we probed at the higher-order structures of the larger venom proteins 
using a combination of native MS and mass photometry and revealed significant structural heterogeneity along 
with extensive post-translational modifications in the form of glycosylation in these larger toxins. Here, we show 
the diverse structural heterogeneity of snake venom proteins in the venom of N. melanoleuca using an integrated 
workflow that incorporates analytical strategies that profile snake venom at the proteoform level, com-
plementing traditional venom characterisation approaches.   

1. Introduction 

Snakebite envenomation is classed as a ‘neglected tropical disease’ 
by the World Health Organisation (WHO) that claims 2.7 million victims 
annually worldwide, with up to 138, 000 reported deaths and the ma-
jority of snakebite survivors permanently debilitated [1–3]. The 
morbidity and mortality attributed to snakebite envenomation are 
largely due to the potent nature of snake venom. Venom is a complex 
mixture of enzymatic and non-enzymatic toxins that act synergistically 

to disrupt various physiological pathways in the body. The effects of 
these proteins often result in tissue necrosis, neuromuscular paralysis, 
systemic haemorrhage and eventual death [4–9]. 

Antivenom treatment remains the current cornerstone therapy for 
snakebite envenomation where animal-derived antibodies raised against 
a specific snake venom are administered [8,10]. However, due to the 
variable nature of production, animal-based antivenoms are not always 
efficacious and can often fail to prevent key toxins from eliciting 
toxicity, leading to permanent debilitation in snakebite victims despite 
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antivenom administration [8]. 
The urgent need for better antivenom treatments has thus led to the 

exploration of alternative strategies such as the use of peptide inhibitors 
and small molecule-based antivenom therapies to target and neutralise 
specific lethal components in the venom [11–14]. While promising, this 
targeted strategy requires thorough structural and functional under-
standing of the venom composition which poses a tremendous challenge 
due to the highly variable and heterogeneous nature of snake venom. 
Inter- and intraspecies venom variation, geographical, ontogenic and 
dietary factors can drastically affect the composition of the venom 
[15,16]. Furthermore, various toxin proteoforms, where protein se-
quences differ by a few amino acid residues or by additional structural 
moieties in the form of post-translational modifications (PTMs), 
contribute towards the subtle diversity in venom compositions and are 
increasingly speculated to be important in venom toxicity [17,18]. 

The advent of ‘omics’ technology in recent years has enabled sig-
nificant development of high-throughput strategies to identify and 
characterise venom proteomes. Bottom-up (BU) proteomic approaches 
have become well-established pipelines to catalogue venom proteomes 
where whole venom or venom fractions separated by a chromatographic 
technique, typically reverse-phase liquid chromatography, are enzy-
matically digested into smaller peptides for analysis by tandem mass 
spectrometry (MS/MS) [19,20]. Venom protein identification is then 
determined by searching the spectral data against a protein database for 
snake venoms [19,20]. While there is well-established precedence for 
this type of workflow, this digestion process leads to a disconnect be-
tween the original protein and the generated peptides, resulting in the 
loss of the molecular mass of the intact protein which is valuable in 
inferring structural variations such as post-translational modifications 
(PTMs) that contribute towards venom proteoform diversity [21]. 
Therefore, BU proteomics alone is unable to capture the subtle varia-
tions in venom proteoforms that lend diversity to toxins, and orthogonal 
approaches are needed to supplement BU proteomics. 

Intact mass spectrometry has emerged as a complementary tech-
nique as it is able to directly measure intact mass of the whole protein 
which is critical in distinguishing proteoforms and maintaining any 
PTMs present [22,23]. The application of intact MS in tandem with BU 
proteomics for characterising venoms is gaining momentum as a way to 
explore venom diversity from a myriad of snakes, specifically for smaller 
toxins (<30 kDa), which are more amenable to intact MS analysis 
[24–31]. 

In addition, heterogeneity of venom proteins at a higher-order 
structural level, such as non-covalent interactions that may be impor-
tant for venom activity, remain poorly characterised. Biophysical stra-
tegies such as native MS and mass photometry (MP) are promising yet 
underexplored approaches that could be used to probe and capture 
venom protein diversity at the quaternary structural level [32]. Native 
MS allows direct infusion of the venom samples into the mass spec-
trometer under gentle ionisation conditions using physiological buffers 
to maintain proteins in a native-like structural state, and enables rapid 
detection of protein mass and higher oligomeric species in the gas-phase 
[33,34]. Mass photometry (MP) as an intrinsically quantitative tech-
nique operates on the principle that light scattering of an individual 
biomolecule in solution is directly proportional of the mass of the 
biomolecule [35,36]. Given this, the combination of native MS and MP 
can provide insight into the structural heterogeneity of a venom sample 
when the protein population is diverse, and importantly, probe for 
larger non-covalent protein interactions that are not well-preserved by 
other techniques [35]. 

In this study, we endeavour to contribute to this growing field and 
describe the characterisation of the venom from the forest cobra (Naja 
melanoleuca) using an integrated multi-faceted approach. N. melanoleuca 
is the largest species of the true African cobras and is found to inhabit an 
extensive range of habitats across Western, Southern and Central Africa 
[37,38]. Despite the snake’s propensity to deliver enormous venom 
yields and the severe envenomation symptoms of systemic paralysis 

leading to death, the venom of N. melanoleuca remains largely under-
explored [37]. 

Endeavours to catalogue the venom composition of N. melanoleuca 
have commenced, using a BU proteomic approach and generic Serpentes 
protein database-searching to identify the venom proteins present 
[37,39]. Here, we report a venom gland transcriptome-guided BU pro-
teomic analysis of N. melanoleuca venom for the first time. Furthermore, 
we endeavour to explore the N. melanoleuca venom heterogeneity using 
intact MS as well as interrogate selected higher-order protein assemblies 
using native MS and MP. This work hopes to facilitate characterisation 
of N. melanoleuca venom proteoforms and higher-order structures in 
order to appreciate venom complexity and diversity, thus furthering our 
current understanding of the structural and functional roles of venom 
proteins to subsequently aid more informed antivenom therapies. 

2. Materials and methods 

2.1. Materials 

All reagents were purchased from Sigma Aldrich unless specified 
otherwise. 

Whole lyophilised N. melanoleuca venom (pooled from three indi-
vidual snakes) was purchased from Venom Supplies Pty. Ltd. (Tanunda, 
Australia) and was stored at − 20 ◦C until required. Venom glands from a 
N. melanoleuca snake were gifted from Venom Supplies Pty. Ltd. 
(Tanunda, Australia) and were stored in RNAlater solution (Thermo 
Fisher Scientific) at − 20 ◦C until required. 

2.2. Venom gland RNA extraction, sequencing, and bioinformatics 

Total RNA was extracted from venom glands of a N. melanoleuca 
snake. Venom gland tissue (25 mg) was excised and homogenised on ice 
using a microfuge pestle sterilised by RNAse Away reagent (Thermo 
Fisher Scientific). Total RNA was extracted using the TRIzol reagent 
method (Thermo Fisher Scientific) prior to purification using the Pure-
Link RNA mini kit (Thermo Fisher Scientific) as per the manufacturer’s 
protocol. Purified RNA was reconstituted in RNAse-free water (80 μL) 
and RNA QC was performed on a Bioanalyser instrument (Agilent 
Technologies) with a RNA Integrity Number (RIN) score of 7.4. The 
sample was stored at − 80 ◦C until required for downstream RNA 
sequencing analysis. 

2.3. RNA sequencing analysis, bioinformatics, and toxin annotation 

Total RNA was converted to strand-specific Illumina compatible 
sequencing libraries using the Nugen Universal Plus Total RNA-Seq li-
brary kit from Tecan (Mannedorf) as per the manufacturer’s instructions 
(MO1485 v4), using 12 cycles of PCR amplification for the final li-
braries. Sequencing of the library pool (2 × 150 bp paired-end reads) 
was performed on an Illumina Nextseq 500 using a mid-output kit. Raw 
RNA-seq data of N. melanoleuca was first filtered for low quality reads 
and adapters were removed using TrimGalore (v0.6.7) with default 
settings [40]. The processed reads were used to perform de novo tran-
scriptome assembly using Trinity (v2.8.5). The assembled contigs were 
then used to perform open reading frame (ORF) prediction from the top 
strand using TransDecoder (v5.5.0) [41]. Peptides between the lengths 
40 to 2730 amino acids were retained for further downstream analysis as 
this was the range expected for toxin proteins. 

Protein sequences were searched against all Serpentes protein se-
quences obtained from the UniProt protein database (database down-
loaded on 12th November 2022) using command line BLAST (v2.13.0) 
with default settings [42]. Only the top BLAST hit for each sequence was 
retained for further filtering based on an e-value <10− 4. The filtered 
peptide sequences were then further distinguished into non-toxins and 
toxins, with the latter group annotated and further categorised into 
respective toxin families. 
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2.4. Chromatographic fractionation of whole venom 

Venom proteins were fractionated by size exclusion chromatography 
(SEC). Lyophilised N. melanoleuca venom was reconstituted in 200 mM 
ammonium acetate (NH4OAc, pH 6.8) at a concentration of 10 mg/mL 
and loaded onto a Superdex200 10/300 size exclusion column (GE 
Healthcare), coupled to an ÄKTA Pure FPLC system (GE Healthcare). 
Prior to sample loading (600 μL), the column was equilibrated with 200 
mM NH4OAc (pH 6.8) as the eluent. Fractions (400 μL) were collected at 
a flowrate of 0.4 mL/min over a volume of 36 mL using an isocratic 
gradient. Venom fractions were visualised by gel electrophoresis; frac-
tions containing protein species of similar molecular mass based on the 
gel analysis were pooled and concentrated to a final volume of 50 μL 
using Amicon Ultra-0.5 mL centrifugal filter units (Merck Millipore) 
with a 3 kDa molecular mass cut-off. Total protein concentrations of 
each of the pooled venom fractions were determined using a colori-
metric Pearce™ bicinchoninic acid (BCA) protein assay (Thermo Fisher 
Scientific) as per the manufacturer’s protocol. Samples were stored at 
− 20 ◦C until required for further analysis. 

2.5. 1D SDS-polyacrylamide gel electrophoresis 

Pooled venom fractions of interest were added in a 1:1 (v/v) ratio to 
5× non-reducing sample buffer (150 mM Tris-HCl, 6% SDS, 30% glyc-
erol, 0.3% bromophenol blue, pH 6.8). The same fractions were also 
added in a 1:1 (v/v) ratio to 5× reducing sample buffer (300 mM DTT, 
non-reducing sample buffer recipe). Both sets of samples were denatured 
at 95 ◦C for 20 min prior to loading on to a 4–15% Mini-Protean TGX 
Tris-HCl polyacrylamide gel (Bio-Rad Laboratories). Gel electrophoresis 
was performed at 140 V and 400 mA for 50 min in 1 x SDS tris-glycine 
running buffer. Novex Sharp unstained protein standards (Thermo 
Fisher Scientific) were used as protein molecular mass markers. SDS- 
PAGE gels were then visualised by Coomassie Brilliant Blue staining 
(Coomassie Brilliant Blue R250 dye, 40% (v/v) methanol, 10% (v/v) 
glacial acetic acid) prior to imaging using a ChemiDoc XRS+ imaging 
system (Bio-Rad Laboratories). 

2.6. In-solution tryptic digestion 

Venom SEC samples (50 μg total protein) were treated with 50 mM 
dithiothreitol (DTT) in 7 M urea/100 mM ammonium bicarbonate (100 
μL), and incubated at 37 ◦C for 1 h. The samples were further incubated 
with 55 mM iodoacetamide (IAA) in 7 M urea/100 mM ammonium bi-
carbonate (100 μL) for 20 min in darkness. The samples were diluted 
with 50 mM ammonium bicarbonate (400 μL) and Promega MS grade 
trypsin (Thermo Fisher Scientific), resuspended at 0.1 μg/μL in 10 mM 
ammonium bicarbonate, was added to the venom samples at a mass 
ratio of 1:50 (trypsin:protein). The venom samples were incubated at 
37 ◦C overnight before being quenched with trifluoroacetic acid (TFA) at 
a final concentration of 1%. The digested peptides were dried by vacuum 
centrifugation and reconstituted in 2% acetonitrile (ACN)/ 0.1% formic 
acid (FA) (v/v) (50 μL). The peptides were then purified using C18 Bio-
spin columns (Thermo Fisher Scientific), and sample concentrations 
were determined using a NanoDrop 2000/2000c UV–Vis spectropho-
tometer at a wavelength of 205 nm and an extinction coefficient ε205 of 
31 mL.mg− 1.cm− 1 [43]. Samples were stored at − 20 ◦C until required 
for further LC-MS/MS analysis. 

2.7. LC-MS/MS analysis of venom fractions 

Digested venom samples were analysed using an Ultimate 3000 
nano-LC system (Thermo Fisher Scientific) coupled to a LTQ XL Orbitrap 
mass spectrometer (Thermo Fisher Scientific). Peptide sample (1.5 μg) 
was pre-concentrated on a C18 trapping column (Acclaim PepMap 100 
C18 75 μm × 20 mm, Thermo Fisher Scientific) at a flowrate of 5 μL/min 
using 2% ACN/0.1% TFA (v/v) over 10 min. Peptides were then 

separated using a C18 analytical nano-column (Acclaim PepMap100 C18 
75 μm × 50 cm, Thermo Fisher Scientific) at a flowrate of 0.3 μL/min. A 
linear gradient of 5% to 45% of solvent B was applied over 38 min. This 
was followed by a 2 min wash with 90% B, then a 15 min equilibration 
process with 5% B. (Solvent A: 2% ACN/ 0.1% FA (v/v). Solvent B: 80% 
ACN/ 0.1% FA (v/v)). LC-MS/MS acquisitions were controlled by Xca-
libur v2.1 (Thermo Fisher Scientific) and the mass spectrometer was 
operated in data-dependent acquisition mode. Spectra were acquired in 
positive polarity over the mass range of 300–2000 m/z at a resolution of 
60, 000 in FT mode. The 5 most intense precursor ions were further 
selected for CID fragmentation using a dynamic exclusion of 5 s where 
the dynamic exclusion criteria included a minimum relative signal in-
tensity of 1000 and ≥ 2+ charge state. An isolation width of 3.0 m/z and 
a normalised collision energy of 35 were used. The mass spectrometry 
proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE partner repository with the dataset identifier 
PXD045209 and https://doi.org/10.6019/PXD045209. 

Raw MS/MS data was submitted for qualitative protein identification 
using Proteome Discoverer (v2.5, Thermo Fisher Scientific). The data 
was searched against all entries in the custom N. melanoleuca venom 
gland transcriptome database using Sequest HT as the search engine. 
Search parameters were as follows: tryptic peptides with a maximum of 
2 missed cleavages were allowed, peptide mass tolerance of 20 ppm, 
fragment mass tolerance of 0.8 Da, cysteine carbamidomethylation set 
as a static modification and acetylation of the protein N-terminus, 
methionine oxidation and deamidation of glutamine and asparagine set 
as dynamic modifications. False positives were identified using a False 
Discovery Rate (FDR) of 0.05%. False positives, contaminants and any 
proteins that did not contain a toxic function were eliminated from 
further analysis. A minimum of 2 unique peptides was set as the 
threshold for protein identification. The relative semi-quantitative 
values for a given toxin family were calculated from the sum of the 
peptide spectrum matches (PSM) generated by Proteome Discoverer. 

2.8. LC-MS analysis of intact venom samples 

Venom samples were reconstituted in 5% acetonitrile, 0.1% formic 
acid. Venom samples were analysed using an I-Class Acquity UPLC 
system coupled to a Xevo G2-XS Q-ToF mass spectrometer (Waters 
Corporation). Sample (2 μg) was loaded onto an Acquity UPLC Protein 
BEH C4 (300 Å pore size, 1.7 μm particle size, 2.1 mm ID x 50 mm bed 
length) column (Waters Corporation) at a flowrate of 0.3 mL/min. The 
gradient for Solvent B used was as follows: 5% to 15% over 1 min, 15% 
to 55% over 8 min, 55% to 95% over 1 min, held at 95% over 1 min, 95% 
to 5% over 1 min and held at 5% for 2 min (Solvent A: 99.9% MS-grade 
water/ 0.1% FA (v/v). Solvent B: 99.9% ACN/ 0.1% FA (v/v)). Column 
temperature was maintained at 80 ◦C. The mass spectrometer instru-
ment conditions were set as follows: m/z range, 250–5000; polarity, 
positive; analyser mode, sensitivity; capillary voltage, 3.5 kV; sampling 
cone voltage, 80 V; source temperature, 120 ◦C; desolvation tempera-
ture, 300 ◦C; desolvation gas flow, 800 L/h; source offset, 90; quadru-
pole profile, 500, 1000, 1500. 

2.9. Native MS analysis of larger venom fractions 

All native MS experiments were performed on a Bruker Impact II 
HDMS quadrupole time-of-flight mass spectrometer (Bruker). Venom 
samples (NM1–3) were buffer-exchanged into 200 mM ammonium ac-
etate buffer prior to analysis. Sample (4 μL) was directly infused into the 
instrument by nanoESI using platinum-coated borosilicate capillaries 
prepared in-house. The instrument conditions were set as follows: m/z 
range, 500–8000; polarity, positive; capillary voltage, 2 kV; end plate 
offset, 500 V; source temperature, 60 ◦C. All mass spectra were analysed 
using Bruker Compass Data Analysis software (Bruker), and smoothed 
across 0.5 Da per 2 cycles. 
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2.10. Mass photometry analysis of larger venom fractions 

Venom samples (NM1–3) were diluted with 0.22 μm filtered 200 mM 
ammonium acetate. Mass calibrations were performed using bovine 
serum albumin and thyroglobulin as standard proteins. Venom samples 
were diluted to a final total protein concentration of approximately 34 
pg/ μL in 200 mM ammonium acetate and MP experiments were per-
formed on a TwoMP instrument (Refeyn Ltd) at room temperature. 
Objective lens focusing was performed using 200 mM ammonium ace-
tate (10 μL) before venom sample (10 μL) was applied to the same 
sample well and mixed by rapid pipetting before data acquisition using 
the software AcquireMP (Refeyn Ltd). The generated video data was 
processed and analysed using the software DiscoverMP (Refeyn Ltd) 
where raw interferometric contrast values were converted to molecular 
mass by applying the standard mass calibration. 

3. Results and discussion 

3.1. Venom gland transcriptomics 

As the venom gland transcriptome affords a global representation of 
the toxin genes being expressed, it becomes a powerful database to guide 
downstream proteomic analysis for a more species-specific venom 
characterisation. In this work, venom gland transcriptomic analysis was 
first performed on a pair of N. melanoleuca venom glands where total 
RNA was extracted from N. melanoleuca venom glands, sequenced and 
translated into amino acid sequences. Proteins were searched against all 
known venom toxins in the existing UniProt protein database (Serpentes 
taxonomy), and only protein sequences with a toxin function were 
retained and further assigned to a toxin family. The number of identified 
toxin sequences that corresponded to the same family, for instance the 3- 
finger toxin (3FTx) superfamily, were then filtered for redundancies, 
summed, and used to construct a view of venom diversity (Fig. 1). 

Of 155,769 sequences, 1619 possessed a toxin function and 
contributed towards the generated toxin transcriptome database 
(Fig. 1). The high proportion of non-toxins is not unexpected as they 
most likely corresponded to housekeeping and regulatory proteins 
within the venom glands. 

The venom gland transcriptome of N. melanoleuca appeared to be 
diverse with 22 distinct toxin superfamilies identified. Three-finger 
toxin (3FTx, 15.4%) was shown to be the most abundant toxin family, 
followed by the snake venom metalloproteinase and disintegrin super-
family (SVMP-DIS, 12.8%), snake venom serine protease (SVSP, 12.2%), 
phosphodiesterase (PDE, 10.3%), and C-type lectin (CTL, 10.3%) fam-
ilies. The two other major toxin groups phospholipase A2 (PLA2, 5.4%) 
and L-amino acid oxidase (LAAO, 5.1%) were also accounted for, and 
minor toxin families including cystatin (CYS, 3.6%), 5’nucleotidase 
(5’NUC, 3.1%), cobra venom factor (CVF, 2.5%), aminopeptidase (AP, 
1.2%), snake venom serine protease inhibitor (SVSP INH, 1.0%), hyal-
uronidase (HYAL, 0.7%), hydrolase (HYD, 0.7%), phospholipase A2 in-
hibitor (PLA2 INH, 0.6%), cysteine-rich secretory protein (CRiSP, 0.6%), 
snake venom metalloproteinase inhibitor (SVMP INH, 0.4%), nerve 
growth factor (NGF, 0.4%), phospholipase B (PLB, 0.3%), and acetyl-
cholinesterase (AChE, 0.1%) constituted the rest of the transcriptome. 
To our knowledge, here we report the venom gland transcriptome for 
N. melanoleuca for the first time, and the abundant expression of 3FTx 
genes observed is a good first indication towards the dominant clinical 
symptom of neurotoxicity observed in N. melanoleuca envenomation, 
considered largely to be driven by 3FTx proteins [37]. Of note, the 
venom gland tissues were from the offspring of one of the specimens 
milked for its venom. We acknowledge this limitation and do not aim to 
explore in-depth correlation of toxin expression levels between the 
transcriptome and proteome. Rather, given the exploratory nature of 
this work, the venom gland transcriptome in Fig. 1 will serve as a 
custom, species-specific database for downstream protein identification 
in N. melanoleuca venom. 

3.2. Fractionation of N. melanoleuca whole venom 

In order to begin deconvoluting the complexity of the venom and 
facilitate increased protein identification, crude whole venom from 
N. melanoleuca was first fractionated by size-exclusion chromatography 
(SEC) (Fig. 2A). The proteins were eluted in ammonium acetate buffer 
compatible with downstream MS analysis to maintain any non-covalent 
protein complexes in a native state. SEC peaks are labelled numerically 
(NM1–5) along the elution profile for ease of reference, where earlier 
eluting peaks correspond to larger protein species. 

The SEC elution profile for N. melanoleuca suggested a complex 
venom with five main peaks corresponding to various large, interme-
diate, small protein species with a high abundance of smaller toxins as 
shown by the relative intensity of SEC peaks NM4 and NM5 (Fig. 2A). 
Further separation of the protein components in the five peaks of in-
terest was performed using a combination of non-reducing and reducing 
SDS-PAGE for an additional dimension of molecular mass separation and 
visualisation. Non-reducing SDS-PAGE analysis reflected the diverse 
range of protein constituents across the N. melanoleuca SEC fractions 
well (Fig. 2B). Large toxins constituted peak NM1 (60–150 kDa) and 
peak NM2 (40–150 kDa). Peak NM3 had a range of smaller to inter-
mediate sized proteins (15–50 kDa) whereas small toxins and peptidic 
species were most abundant in peak NM4 (10–25 kDa) and peak NM5 
(<10–25 kDa). 

In addition to visualising the protein constituents within the venom 
fractions, reducing SDS-PAGE enabled rapid screening for potential 
covalent complexes where shifts in protein bands served as the first 

Fig. 1. Toxin gene expression in the venom gland transcriptome of 
N. melanoleuca, where the coloured proportions are a count of different toxin 
transcripts identified. The 1619 toxin sequences were categorised into 22 toxin 
families, assigned in descending order from left to right with the number of 
identified transcripts included: three finger toxin (3FTx, 249), snake venom 
metalloproteinase and disintegrin (SVMP-DIS, 208), snake venom serine pro-
tease (SVSP, 197), phosphodiesterase (PDE, 167), C-type lectin (CTL, 166), 
natriuretic peptide (NP, 124), kunitz-type serine protease inhibitor (KUN, 90), 
phospholipase A2 (PLA2, 87), L-amino acid oxidase (LAAO, 83), cystatin (CYS, 
59), 5’nucleotidase (5’NUC, 50), cobra venom factor (CVF, 41), aminopeptidase 
(AP, 20), snake venom serine protease inhibitor (SVSP INH, 16), hyaluronidase 
(HYAL, 12), hydrolase (HYD, 11), phospholipase A2 inhibitor (PLA2 INH, 10), 
cysteine-rich secretory protein (CRiSP, 9), snake venom metalloproteinase in-
hibitor (SVMP INH, 7), nerve growth factor (NGF, 6), phospholipase B (PLB, 5), 
and acetylcholinesterase (AChE, 2). Of note, SVMP and DIS are treated as one 
superfamily here as SVMP and DIS domains are co-expressed at the transcript 
level [44]. 
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indication of the disruption of covalent protein structures (Fig. 2C). 
Notably for fractions corresponding to peak NM1, protein bands of 
approximately 30 kDa, 50 kDa and 70 kDa were observed with the 
disappearance of the 150 kDa protein band, suggesting that these may 
be subunits of a larger covalent complex. For peak NM2, the appearance 
of protein bands corresponding to approximately 25 kDa under reducing 
conditions also implied the presence of a larger covalent complex within 
the diverse mixture of proteins. Fractions corresponding to peaks NM3, 
NM4 and NM5 also showed the disappearance of protein bands at 25 
kDa, indicating the presence of smaller covalent complexes in the venom 
that could be disrupted to monomeric species. Furthermore, SDS-PAGE 
analysis of the crude venom under non-reducing and reducing condi-
tions showed no variations in protein bands to Fig. 2, confirming that the 
SEC peaks NM1–5 comprehensively capture the full range of proteins in 
N. melanoleuca venom (supplementary Fig. S1). 

3.3. Proteomic composition of N. melanoleuca venom fractions 

To catalogue the proteomic composition of the N. melanoleuca 
venom, the five SEC venom fractions were enzymatically digested into 
peptides and analysed by LC-MS/MS using a BU proteomic approach. 
Identification of the various toxin families present in the venom frac-
tions was performed by searching the proteomic spectra data against the 
transcriptome-derived database for N. melanoleuca venom (Fig. 1); the 
list of identified proteins is provided in supplementary data, Table S1. 
The number of peptide spectrum matches (PSMs) for a given protein hit 

in the search is used here as a simple estimation of relative abundance 
[45,46]. As venom compositions are extremely prone to both inter and 
intraspecies variations, absolute quantification of the venom compo-
nents was not the intention in this study. Here, the identification of toxin 
families in the venom was of primary interest and the sum of the PSMs 
for protein hits corresponding to the same toxin family was taken. The 
toxin families identified in each fraction are shown as different coloured 
proportions, relative to the sum of the PSMs for a given toxin family in 
Fig. 3. 

As shown in Fig. 3, the collective proteomic composition of the 
venom fractions revealed a diverse repertoire of six toxin superfamilies: 
CVF, LAAO, SVMP-DIS, 3FTx, PLA2 and NP. In this analysis, SVMP and 
DIS are still referred to as the superfamily SVMP-DIS based on the 
transcriptome-derived library the proteomic data was searched against. 

In the earlier eluting venom fractions NM1 and NM2, larger protein 
components such as CVF, LAAO and SVMP-DIS were the dominant 
constituents. Notably, we report a prominent abundance of CVF toxins 
in this venom compared to previous proteomic studies, which is possibly 
attributed to intraspecies venom variability [37,39]. Fraction NM3 is the 
most diverse, with five toxin families: SVMP-DIS, PLA2, 3FTx, CVF and 
LAAO, which correlates well with the fact that fraction NM3 is inter-
mediate between the high and low molecular mass venom fractions. The 
smaller fractions NM4 and NM5 are dominated by low molecular mass 
toxins belonging to PLA2 and 3FTx superfamilies. Lower abundant 
toxins from SVMP-DIS and NP families were also identified in fraction 
NM4. The abundance of 3FTx in this venom is noteworthy as 3FTx is a 

Fig. 2. (A) Size exclusion chromatography (SEC) elution profile of whole venom from N. melanoleuca. The eluted fractions across each SEC peak are labelled with the 
corresponding peak numbers as NM1–5. SEC fractions corresponding to each peak were further visualised using SDS-PAGE analysis under (B) non-reducing and (C) 
reducing conditions. 

Fig. 3. Proteomic compositions of the five SEC fractions from N. melanoleuca venom. Toxin families in each venom fraction were identified by database searching 
using the transcriptome-derived N. melanoleuca toxin database. Each coloured proportion corresponds to a distinct toxin family and the size of the proportion is 
relative to the sum of the PSMs for a given toxin family. 
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group of post-synaptic neurotoxins that are known to be potent in 
driving neurotoxicity and paralysis, which are characteristic symptoms 
of envenomation by cobra (Naja) venom [47]. Furthermore, coagulo-
toxicity has been reported as an underlying symptom for various cobra 
envenomation; several cobra species have been shown to produce 
anticoagulant effects by inhibiting blood coagulation factors, which 
other toxin families such as PLA2 and SVMP-DIS may have been strongly 
facilitating [47]. While this is not well-understood for N. melanoleuca, 
we speculate PLA2 and SVMP-DIS toxins may be involved in a similar 
role. 

Comparison between the toxin genes detected in N. melanoleuca 
venom glands and the secreted venom protein composition showed a 
relatively modest correlation between these two levels. While the 
dominance of 3FTx and SVMP-DIS toxin gene expressions was consis-
tently observed across both toxin gene and protein expression levels, 
there were other toxin families that were not as abundantly expressed at 
the protein level, such as SVSP. However, as the lack of SVSP toxins was 
also noted in previous proteomic studies for this snake venom, this may 
be intrinsic to N. melanoleuca venom and may imply another level of 
regulation between toxin gene transcription and protein translation for 
certain toxin families [37,39]. It is well-known that modest correlations 
between the transcriptomic and the proteomic expression levels occur 
often in other systems and are common for snake venoms as well 
[15,48,49]. 

The dominance of the six toxin families observed at the protein level 
highlights the significance of these toxins in defining the venom profile 
of N. melanoleuca. Nevertheless, the use of a species-specific venom 
gland transcriptome-derived database to guide the identification of 
venom proteins in this work was able to reveal the diverse and 3TFx-rich 
venom proteome as well as highlight some interesting diversity between 
the transcription and protein translation levels in N. melanoleuca venom 
for the first time. 

3.4. Intact LC-MS analysis of N. melanoleuca venom fractions 

While BU proteomics can identify the various toxin families that 
constitute the venom fractions, the subtle diversity of different proteo-
forms is not well-captured. In order to explore the proteoform variations 
within N. melanoleuca venom and to afford another dimension of sepa-
ration, SEC venom fractions were further separated by RP-UPLC and 
directly coupled to the mass spectrometer for intact MS analysis. The 
chromatograms of the five SEC venom fractions with LC peaks annotated 
with the deconvoluted intact protein masses at the corresponding 
retention time are shown below (Fig. 4). A detailed list of the proteins, 
corresponding intact masses and retention times can be found in sup-
plementary data, Table S2. 

Of note, preliminary top-down proteomic sequencing was attempted 
for these venom proteins, but owing to the extremely robust nature of 
these toxins, generation of informative fragment ions for sequence 
matching proved to be difficult and would require extensive optimisa-
tion (supplementary Fig. S2). Thus, this study explored the proteoform 
profiling at a more general proteoform level based on intact mass 
measurements, and putative toxin families were tentatively assigned to 
each identified intact proteoform by inference from experimentally 
determined masses, known literature molecular masses for specific toxin 
families, and the corresponding toxin families identified in the BU 
proteomic analysis for each venom fraction. 

LC-MS analysis revealed the subtle diversity in various toxin families 
across all fractions that was otherwise not evident in the BU proteomics 
analysis alone. The two highest molecular mass venom fractions NM1 
and NM2 contained proteoforms corresponding to the LAAO, SVMP and 
DIS toxin families (Fig. 4A and B). Notably, we begin to appreciate the 
various proteoforms of what appears to predominantly belong to SVMP 
and DIS toxin families. Here, SVMP and DIS have been referred to as 
separate protein families since there are various sub-types of processed 
forms of the SVMP-DIS superfamily upon protein maturation, including 

Fig. 4. Denaturing LC-MS analysis of the five SEC fractions of N. melanoleuca 
venom. Venom fractions (A) NM1, (B) NM2, (C) NM3, (D) NM4, and (E) NM5 
were separated by RP-UPLC and analysed under denaturing conditions by top- 
down mass spectrometry. The intact masses of all resolvable proteoforms were 
determined and the protein species eluting across the various chromatograms 
are denoted by the coloured circles. The corresponding protein mass for each 
species is shown in the mass list (inset), assigned in elution order from left to 
right. The annotated colours correspond to the following toxin families that 
have been putatively assigned, based on intact mass measurements and re-
ported literature masses for the toxin families: DIS (light blue), SVMP (dark 
blue), LAAO* (orange), 3FTx (purple), PLA2 (red), NP* (yellow). Ambiguous 
toxin family assignments have been denoted with an asterisk. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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the proteolytic release of the DIS domain from the SVMP domain, and 
the intact mass measurements enable distinctions of these domains for 
general protein assignment [44]. Of note, the list of proteoforms pre-
sented here is not all-encompassing as there were larger protein MS 
peaks that could not be resolved and mass deconvolved, impeded by 
what appeared to be complex post translational modifications (PTMs) in 
addition to intrinsically poorer ionisability of larger proteins (supple-
mentary Fig. S3). Many of these unresolved peaks may well correspond 
to larger venom proteins belonging to CVF and LAAO toxin families 
which would account for the lack of these toxin families in the analysis 
despite being abundant in the BU proteomic results (Fig. 3). 

Intact MS analysis for fraction NM3 showed toxin family diversity 
that is consistent with the BU proteomic results, where SVMP, PLA2, DIS 
and 3FTx proteoforms were assigned (Fig. 4C). The lowest molecular 
mass venom fractions NM4 and NM5 had many proteoforms that cor-
responded to PLA2 and 3FTx toxin families, with NP proteoforms 
tentatively assigned to fraction NM4 (Fig. 4D and E). To our knowledge, 
the subtle diversity in these venom proteoforms have not been explored 
or well-reported for N. melanoleuca venom. At the time of writing, there 
are only 15 reviewed venom proteins from N. melanoleuca reported in 
the Uniprot database, all belonging to either PLA2 or 3FTx families. Of 
the 15 protein entries, 12 have been identified in our study based on the 
combination of BU proteomic and LC-MS analyses (supplementary 
Table S3). While three of the Uniprot entries were not observed here 
potentially due to slight intraspecies variations, our study is overall in 
good agreement with literature and reveals additional PLA2 and 3FTx 
proteoforms that have not been reported yet. This showcases the sig-
nificance of using various techniques to catalogue and appreciate the 
subtle variations in these smaller toxins and their contribution to venom 
diversity, especially given their high abundance and potential role in the 
characteristic symptoms of envenomation. Furthermore, small toxins 
have also been reported to be difficult components to target during 

antivenom treatment as they have poorer immunogenicity and can 
evade antivenom neutralisation, further underpinning the importance of 
characterising these species [8,50,51]. 

It is noteworthy that inevitable ambiguity in assignment was present 
for some of the intact masses that could have corresponded to different 
toxin families overlapping in similar molecular mass ranges. In partic-
ular, tentative assignments for toxin families such as LAAO were made. 
The intact mass of the LAAO species also correlated to SVMPs; these two 
toxin families are known to have variable post-translational modifica-
tions which renders it difficult to confidently assign the mass measure-
ment to a given toxin family. Thus, the putative assignments made were 
based on the most relatively abundant toxin family observed in the BU 
proteomics analysis (Fig. 3). To circumvent this ambiguity, future en-
deavours would encompass a top-down proteomic approach where the 
intact proteins are further subjected to fragmentation and the fragment 
ions searched against the targeted venom protein database. Given the 
fact that intact venom proteins are extremely robust and difficult to 
fragment (supplementary Fig. S2), sample preparation strategies and 
optimising fragmentation techniques would be the first necessary steps 
towards achieving comprehensive proteoform sequencing. The rigour of 
proteoform assignment by top-down proteomics is beyond the scope of 
this study; nonetheless, the LC-MS analysis here reveals the extent of 
venom heterogeneity and serves as a foundation for future top-down 
proteomic endeavours. 

3.5. Higher-order structural interrogation of larger venom fractions 

Since some of the larger venom proteins were not as amenable to the 
denatured LC-MS workflow as the smaller toxins, a novel combination of 
two biophysical techniques, native MS and mass photometry (MP), was 
used to interrogate the venom fractions NM1–3 and probe for higher- 
order protein interactions (Fig. 5). 

Fig. 5. Higher-order structural characterisation of large venom fractions from N. melanoleuca. Native MS analysis of SEC fractions (A) NM1, (C) NM2, and (E) NM3 
were acquired in 200 mM ammonium acetate (pH 6.8). Mass photometry analysis was performed on fractions (B) NM1, (D) NM2, and (F) NM3 in the same buffer 
conditions as the native MS analysis with single-particle counts plotted as histograms and fitted to Gaussian distributions. 
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From Fig. 5, the heterogeneity of these venom samples is reflected in 
the native MS analysis where multiple proteoforms exist within the 
various mass distributions. Each mass distribution was approximated 
considering the significant peak broadening in fractions NM1–3 
rendered it difficult to perform accurate mass deconvolution for many of 
the protein species (Fig. 5A, C, E). However, these broad peaks are also 
strong indication of post-translational modifications (PTMs) [52]. The 
presence of extensive glycosylation in these venom proteins was 
confirmed by the deglycosylation treatment to remove N-glycans using 
the enzyme peptide-N-glycosidase F (PNGase F). Visualisation of venom 
fractions NM1–3 by SDS-PAGE showed distinct shifts in various protein 
bands, indicating the loss of glycan moieties (supplementary Fig. S5). 
The presence of glycosylation on these larger venom proteins supports 
the spectral peak broadening observed in the native MS analysis as this 
effect arises from the intrinsically heterogeneous nature of glycans, 
further adding to the complexity of protein heterogeneity (Fig. 5). 
Importantly, glycosylation is known to be a prevalent PTM in larger 
venom proteins and has been previously observed in toxin families such 
as CVF, LAAO, SVSP and SVMP in other snake venoms [44,53–55]. Such 
modifications have been speculated to be important in providing 
enhanced activity, structural stability and solubility as well as lending 
steric bulk to protect these larger venom proteins from degradation 
[56–58]. Given this, the role of glycosylation here may well serve similar 
protective functions in N. melanoleuca venom. Future studies would 
encompass more in-depth structural interrogation of these highly gly-
cosylated venom proteins from a top-down proteomic approach with a 
focus on glycan profiling to better understand the structural and func-
tional role of these PTMs. 

In terms of the heterogeneity observed in venom fraction NM1, three 
main mass distributions at approximately 26 kDa, 51 kDa and 150 kDa 
were noted in the native MS analysis (Fig. 5A). While exact proteoform 
assignment is difficult without top-down proteomic sequencing, the 
speculated toxin identities for these larger species were still tentatively 
inferred based on the BU proteomic analysis for each venom fraction and 
the molecular mass ranges known to be characteristic for each toxin 
family in literature. Given this, the 150 kDa distribution may likely 
encompass a CVF toxin or higher-order structures of LAAO whereas the 
26 kDa and 50 kDa populations likely correspond to various SVMP 
proteoforms and monomeric LAAO species, respectively (Fig. 3). Further 
MP analysis confirmed the presence of the two higher molecular mass 
distributions at 67 ± 14 kDa and 129 ± 20 kDa (Fig. 5B). As these are 
lower resolution analyses, the mass discrepancies between the two 
techniques were not unreasonable, with most native MS assignments 
still within the standard deviation ranges from the MP measurements. 

For fraction NM2, two distributions at approximately 28 kDa and 50 
kDa were determined by native MS whereas MP analysis captured two 
higher mass distributions – one predominant distribution at 59 ± 11 kDa 
and a low abundance distribution at 128 ± 17 kDa (Fig. 5C and D). The 
latter distribution was not observed by native MS, most likely due to 
poorer intrinsic ionisation. Given the similar venom compositions be-
tween fraction NM1 and NM2 based on the BU proteomic analysis 
(Fig. 3), the species observed at 59 kDa corresponds well to SVMP or 
LAAO proteoforms, and the 128 kDa distribution may be a CVF or co-
valent dimers of SVMP and LAAO toxins (Fig. 5C and D). 

For fraction NM3, native MS analysis showed a heterogeneous 
mixture of lower molecular mass proteins that could be mass decon-
volved, along with two other protein populations at around 27 kDa and 
49 kDa (Fig. 5E). These larger mass distributions may well be SVMP 
proteoforms given the abundance of this toxin family in the BU prote-
omic and LC-MS analyses, while the smaller proteins ranging from 6 to 
14 kDa correspond well to 3FTx and PLA2 toxins (Fig. 5E). In the MP 
analysis, only a single dominant mass distribution at 55 ± 18 kDa was 
observed. 

Of note, while the absence of <30 kDa species in the MP analysis was 
observed, this was not unexpected as this mass range coincides with the 
physical lower limit for MP [59]; below this limit, particles are unable to 

generate a strong interferometric contrast that would produce an ac-
curate mass measurement. Optical fluctuations, known as shot noise, 
also become significantly pronounced in this low-end mass region, 
rendering measurements below 30 kDa more unreliable [60]. Even the 
slight shoulder peak annotated as 32 kDa in fraction NM2 is largely due 
to shot noise (Fig. 5D). Thus, the absence of smaller toxin species in the 
MP analysis was not unexpected. 

However, this does not invalidate the presence of these lower mo-
lecular mass species as they are still observed in the native MS analysis 
(Fig. 5A,C,E). This is most likely due to enhanced ionisation effects of 
these smaller species and the relative intensities in the MS analysis are 
not a quantitative indication. MP as a quantitative, single-particle 
counting technique still accurately captures the abundance of the 
higher molecular mass species (Fig. 5), which is in agreement with the 
previous SDS-PAGE results that showed NM1–3 to be predominantly 
comprised of >50 kDa species (Fig. 2B). Here, native MS simply iden-
tifies species that may be present in the samples and lends a sensitivity to 
the low mass range species that may not have been well-captured by the 
SDS-PAGE analysis (Fig. 2B). 

In this study, the observed mass distributions reported above in these 
higher molecular mass venom fractions appeared to correlate to either 
monomeric species or covalent higher-order structures. Non-covalent 
complexes were not observed as treating the venom fractions under 
denaturing MS conditions that would otherwise disrupt any weakly-held 
interactions, did not result in any drastic shifts indicative of protein 
subunit dissociation (supplementary Fig. S4). Higher mass distributions 
corresponding to non-covalent protein interactions were also not 
observed in the MP analysis (Fig. 5B,D,F). Although these interactions 
were not identified in this study, it is important to recognise the com-
plementary potential of native MS and MP and how it lends itself to 
validating traditional techniques such as SDS-PAGE. MP was able to 
capture a larger 128 kDa species that was not observed in native MS, 
likely due to the low abundance nature of this species in the presence of 
highly ionisable species in the mixture. In contrast, native MS remains 
ideal for capturing the smaller protein species that are below the lower 
mass range limit for MP. Taken together, we demonstrate a promising 
proof of principle and envisage native MS and MP becoming a powerful 
set of techniques to rapidly probe for interesting non-covalent in-
teractions in other venom systems. 

4. Conclusions 

Here we have characterised the venom of N. melanoleuca using an 
integrated workflow and demonstrated the use of a multi-faceted 
approach to begin interrogating the heterogeneity of snake venom. 
Transcriptomic analysis of the N. melanoleuca venom glands showed the 
diverse expression of toxin genes, encompassing 22 toxin superfamilies. 
We have generated a transcriptome-derived toxin database to guide 
downstream proteomic findings for the first time for N. melanoleuca, 
where BU proteomics revealed a diverse and 3FTx-rich venom 
proteome. 

Further separation by RP-UPLC coupled to intact MS analysis 
allowed for broad profiling of the venom fractions and revealed a diverse 
repertoire of proteoforms in various toxin families, specifically in the 
smaller 3FTx and PLA2 toxins. The subtle diversity suggests small PTMs 
along with possible amino acid variations, however the exact sequences 
and finer structural details remain to be explored. A top-down proteomic 
approach to ascertain exact sequences would be the next important step 
towards better characterising these proteoforms and understanding 
their roles in toxicity and in aiding the development of effective targeted 
therapeutic agents to neutralise these toxic components. 

Importantly, we demonstrated the novel use of native MS and MP to 
explore the heterogeneity of the higher molecular mass venom fractions 
that were not as amenable to intact MS analysis as the smaller toxins. 
Notably, variations of 26 kDa, 50 kDa and 150 kDa protein species 
constituted these venom fractions and have been putatively assigned as 
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SVMP, LAAO and CVF toxin proteoforms. The complexity of these pro-
teins was further shown to be largely due to extensive glycosylation 
modifications on these proteins. Future studies would encompass gly-
coproteomic characterisation of these species to better understand how 
these modifications contribute to the structure and function of the 
venom proteins. 

The highly heterogeneous nature of snake venoms is multi-faceted, 
encompassed by intrinsic inter- and intra-species variability, diversity 
in proteoforms and a multitude of PTMs. While ongoing effort to develop 
robust and high-throughput venom screening pipelines is required, this 
study nonetheless presents an overarching profile of N. melanoleuca 
venom, utilising an approach that combines omics with intact MS and 
other biophysical techniques, and establishes a foundation on which 
further characterisation studies can be built upon or applied to the 
investigation of other snake venoms. 
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