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ARTICLE INFO ABSTRACT

Keywords: Snakebite primarily impacts rural communities of Africa, Asia, and Latin America. The sharp-nosed viper

PrOteO“fiC_S (Deinagkistrodon acutus) is among the snakes of highest medical importance in Asia. Despite various studies on its

;Iyt(])(t?mty venom using modern venomics techniques, a comprehensive understanding of composition and function of this
nakebite

species' venom remains lacking. We combined proteogenomics with extensive bioactivity profiling to present the
first genome-level catalogue of D. acutus venom proteins and their exochemistry. Our analysis identified an
unusually simple venom containing 45 components from 20 distinct protein families. Relative toxin abundances
indicate that C-type lectin and C-type lectin-related protein (CTL), snake venom metalloproteinase (svMP), snake
venom serine protease (svSP), and phospholipase Ay (PLA2) constitute 90 % of the venom. Bioassays targeting
key aspects of viperid envenomation showed considerable concentration-dependent cytotoxicity, particularly in
kidney and lung cells, and potent protease and PLA; activity. Factor Xa and thrombin activities were minor, and
no plasmin activity was observed. Effects on haemolysis, intracellular calcium (Ca?") release, and nitric oxide
(NO) synthesis were negligible. Our analysis provides the first holistic genome-based overview of the toxin
arsenal of D. acutus, predicting the molecular and functional basis of its life-threatening effects, and opens novel
avenues for treating envenomation by this highly dangerous snake.

1. Introduction

Snakebite is a neglected tropical disease recognised by the World
Health Organization (WHO) [1]. It affects an estimated 1.2 to 5.4 million
people annually, resulting in up to approximately 140,000 deaths and
400,000 reported cases of long-term disabilities worldwide [2-5]. This
disease primarily impacts rural, economically disadvantaged

communities in Sub-Saharan Africa, Asia, and Latin America [2,6,7].
Due to the challenge of collecting reliable data from the remote settings
where snakebite often occurs, only a fraction of cases is reported,
leading to a severe underestimation of its true global burden [4,8].
Acknowledging the global importance of this health risk, the WHO
has set a strategic goal to halve the number of deaths and disabilities due
to snakebite by 2030 [9]. A crucial element in achieving this goal is
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developing a coherent understanding of the composition and effects of
the venoms produced by snake species of major clinical relevance. This
stems from the wide variety of symptoms that can arise following en-
venomation, which depend on diversity and abundance of the toxins
present in snake venoms, as well as their molecular targets and enzy-
matic activities [3,10]. For instance, viper venoms tend to primarily
cause coagulotoxicity and tissue damage through the action of phos-
pholipases A, serine proteases, and metalloproteinases, commonly
found in high amounts in them [11-14]. Resolving the venom compo-
sitions from medically relevant species, and understanding the struc-
tural features (i.e., sequence-based determinants of toxin bioactivity) of
their toxin arsenals, as well as the symptoms they can cause, is thus
crucial in guiding the development of therapeutic tools against snake-
bite and improving its treatment.

The rise of venomics, broadly defined as the application of different
“omics” technologies to the study of toxic organisms, revolutionised
venom research [15-17]. Especially through pioneering studies
employing proteomics, venomics has enabled the exploration of a wide
range of venom profiles from all across the animal kingdom, particularly
in snakes [13,18,19]. In recent times, the application of proteomics to
the study of snake venom has been further enhanced by an increasing
body of works utilising transcriptomics and genomics [20-22]. The
latter is particularly valuable for identifying and studying snake venom
components. Indeed, it allows to infer the genomic localisation and
synteny of venom proteins, and facilitates large-scale comparative
evolutionary analyses [23-25]. From a pathobiochemical perspective,
genomics is of pivotal importance because it resolves the primary
structure of venom toxins at both the nucleic acid and amino acid levels,
providing species-specific databases. Additionally, it allows the in silico
investigation of structure-function relationships without the high error
rates found in de novo transcriptomic analyses. However, to date, the
undoubtedly powerful genomic toolkit has rarely been integrated with
proteomics to study snake venom profiles, and the tremendous potential
of such analyses in the context of snakebite remains largely untapped
[24,25].

The sharp-nosed viper (Deinagkistrodon acutus) is a medically rele-
vant pit viper (family Viperidae, subfamily Crotalinae) occurring in
southern China, Taiwan, and northern Vietnam, and its presence has
been suggested also for Laos [26-28] (Fig. 1). A thickset, powerful snake
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often exceeding 150 cm in total length [29], the sharp-nosed viper is
able to inject remarkably high quantities of venom, reportedly up to 180
mg (dry weight) with a single bite [30]. Consequently, envenomation
caused by D. acutus can be extremely severe, manifesting dramatic
coagulotoxic and tissue-damaging symptoms that frequently lead to
permanent morbidity or death [31-34]. Therefore, the sharp-nosed
viper is considered of the highest medical importance across most of
its distribution by the WHO [27].

Based on its high medical relevance, several studies have investi-
gated individual toxins from D. acutus venom over the years [35-38].
More recently, first exploratory proteomic studies attempted to shed
light on its composition, and revealed that C-type lectin and C-type
lectin-related protein (CTL), snake venom metalloproteinase (svMP),
serine proteases (svSP), and phospholipase A; (PLA;) dominate the
D. acutus venom profile [39-41]. The abundance of such toxins aligns
with the predominantly coagulotoxic and cytotoxic symptoms of
D. acutus envenoming [29,32,42]. Furthermore, multiple genomes and
venom gland transcriptomes have been generated for this species,
providing a basis for a more thorough exploration of its venom
composition, as well as the molecular mechanisms behind the evolution
of snake venom toxins and venom-related genes [43-45]. Nonetheless,
despite the considerable amount of omics-derived data on D. acutus, this
wealth of knowledge has yet to be fully utilised in venom research en-
deavours, and much remains to be learned about the toxin arsenal of this
critically important snake.

In the present work, we leverage a recently sequenced high-quality
genome of the sharp-nosed viper [44] alongside thorough proteomics
analysis to provide a first comprehensive overview of its venom
composition, and establish a full sequence-level atlas of its components.
This proteogenomics-guided inventory (sensu Jaffe et al. [46] and
Nesvizhskii [47]) of the D. acutus toxin arsenal is complemented by
extensive bioactivity profiling on key viper venom targets to place the
identified components within a functional context. Specifically, we
assess the cytotoxicity and haemolytic activity of sharp-nosed viper
venom, as well as the activity of protease, PLA,, coagulation factor Xa,
thrombin, and plasmin. Additionally, we test its impact on intracellular
Ca2" release, associated with processes like muscle contraction and
synaptic transmission, and NO synthesis, a cellular response to stress and
inflammation. Our study offers a detailed picture of the compositional
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Fig. 1. Appearance and distribution range of the sharp-nosed viper (Deinagkistrodon acutus). (A) Full-body photograph and (B) close-up of adult D. acutus. (C)
Distribution range of the species, sourced from the WHO Snakebite Information and Data Platform [27]. Photo credits: Sam Huang (A), Tom Williams (B).
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diversity of D. acutus venom, the structure of its components, and a
comprehensive assessment of its biological activities, thus serving as a
valuable foundation for understanding and treating the symptoms
resulting from bites inflicted by this species.

2. Materials and methods
2.1. Venom samples

Lyophilised D. acutus venom was purchased from Latoxan (https://
www.latoxan.com/index.php) and stored at —20 °C until analysis. It
comprised of pooled venom samples obtained from an unknown number
of captive adult sharp-nosed vipers originating from mainland China.

2.2. Shotgun proteomics of D. acutus venom

To analyse the protein composition of D. acutus venom, we employed
a mass spectrometry (MS) shotgun proteomics approach, following the
procedure previously applied by our group [48,49]. Initially, 10 pg of
lyophilised venom were dissolved in 25 mM ammonium bicarbonate
with 0.6 nM ProteasMaxTM (Promega) and reduced with freshly pre-
pared 5 mM dithiothreitol (DTT) for 30 min at 50 °C. Free thiols were
alkylated with 10 mM iodoacetamide for 30 min in the dark at room
temperature (24 °C). The reaction was quenched with excess cysteine
(15 mM) and trypsin added at a 50:1 ratio and incubated for 16 h at
37 °C. The reaction was terminated by adding trifluoroacetic acid (TFA)
to a final concentration of 1 % (v/v). Samples were purified using a C18-
ZipTip (Millipore), dried under vacuum conditions, and reconstituted in
10 pl of 0.1 % TFA (v/v) in ddH50.

For LC-MS analysis, 1 pg tryptic digested peptides in 0.1 % formic
acid were initially separated using an UltiMate 3000RSLCnano system
(Thermo Fisher Scientific) with a 50 cm pPAC C18 column (Pharma
Fluidics) at 35 °C. Peptide elution was carried out in 0.05 % formic acid
(v/v) using a linear gradient of MeCN, increasing from 3 % to 44 % (v/v)
over 4 h at a flow rate of 300 nl/min, followed by washing the column
with 72 % (v/v) MeCN. For MS analysis, eluting peptides were injected
in positive mode by an Advion TriVersa NanoMate (Advion BioSciences)
into an Orbitrap Eclipse Tribrid MS instrument (Thermo Fisher Scien-
tific) with a spray voltage of 1.7 kV and a source temperature of 275 °C.
MS/MS scans were performed in data-independent acquisition (DDA)
mode. The instrument performed full MS scans every 2.5 s over a mass
range of m/z 400-1600, with the resolution of the Orbitrap set to
120000. The RF lens was set to 30 %, auto gain control (AGC) was set to
standard with a maximum injection time of 50 milliseconds (ms). In
each cycle, the most intense ions (charge state 2-6) above a threshold
ion count of 5000 were selected with an isolation window of 0.7 m/z for
CID fragmentation at a normalised collision energy of 35 % and an
activation time of 10 ms. Fragment ion spectra were acquired in the
linear IT with a scan rate set to rapid and mass range to normal and a
maximum injection time of 100 ms.

Data acquisition and analysis utilised Xcalibur v4.3.73.11 (Thermo
Fisher Scientific) for instrumental operations, and Proteome Discoverer
v2.5.0.400 (Thermo Fisher Scientific) for data processing.

For protein annotation, PEAKS Studio 11.0 (build 20230414; Bio-
informatics Solutions Inc.) was utilised with the following settings:
Parent Mass Error Tolerance (15.0 ppm), Fragment Mass Error Toler-
ance (0.5 Da), Precursor Mass Search Type (monoisotopic), Enzyme
(Trypsin), Max Missed Cleavages (2), Digest Mode (Semi-Specific),
Peptide Length Range (6-45). Post-translational modifications (PTMs)
included carbamidomethylation (+57.02) as a fixed modification and
various variable modifications: acetylation (K) (+42.01), Oxidation (M)
(+15.99), pyro-glu from E (—18.01) and pyro-glu from Q (—17.03), with
a maximum of two variable PTMs per peptide. The database search was
conducted against the D. acutus genome published by Yin et al. [44],
including Deep Learning Boost (Yes) and FDR Estimation (Enabled). For
qualitative analysis, proteins were considered only if they met specific
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criteria: a Protein score —10IgP (>15), a minimum of one unique pep-
tide, and a Peptide-Spectrum Matches (PSM) FDR of 0.003, Peptide
Sequence FDR of 0.01 and Protein Group FDR of 0.125.

An ultra-sensitive DIAMOND v3.5.2 [50] search was performed
against UniProtKB/Swiss-Prot v2024_01 [51] (downloaded on 11 March
2024), UniProtKB/TrEMBL v2024_01 (downloaded on 11 March 2024),
a combined database of UniProtKB/Swiss-Prot and UniProtKB/TrEMBL
restricted to taxon ID 8570 (Serpentes, downloaded on 19 March 2024),
VenomZone (https://venomzone.expasy.org; accessed on 11 March
2024) to identify venom components. The E-value was set to a maximum
of 1 x 102 and max-target-seqs was set to 0 to search the entire data-
base. For each DIAMOND hit, the coverage of query and subject was
calculated. Similarity was calculated with the BLOSUM62 matrix [52]
using BioPython v1.83 [53]. The results were sorted by bitscore, simi-
larity, query and subject coverage in descending order for each venom
candidate. The resulting top DIAMOND hit was used for further analysis.
SignalP v6h [54] slow-sequential mode for Eukaryota was used to pre-
dict signal peptides. Additional screening using InterProScan
v5.66-98.0 [55] included all databases. Components without a signal
peptide and that could not be assigned to an InterProScan ID were
removed from our data set. Based on all information collected, putative
venom components were assigned to the appropriate toxin family/
group.

In order to not only represent the diversity of D. acutus venom
components but also provide information on toxin quantities, the rela-
tive abundances were calculated based on spectral counts (SpC), which
can serve as a proxy of protein abundance [56,57]. The Normalized
Spectral Abundance Factor (NSAF) of each protein was calculated, as
presented below:

(SpC/L),
Z;L (SpC/L),

The NSAF for a protein k is calculated by normalising its SpC per its
length (L), against the sum of all SpC/L for N proteins [58,59].

A detailed list of all identified venom components, as well as addi-
tional information on the calculated relative abundances, is reported in
Tables S1-S4. Mass spectrometry proteomics data have been deposited
under the project name “DATASET - Mass Spectrometry - Snake venom
proteomics of Deinagkistrodon acutus” to the Zenodo repository
(https://zenodo.org) with the dataset identifier “12785576” [60].

(NSAF), =

2.3. Reverse-phase high-performance liquid chromatography (RP-HPLC)

For the RP-HPLC analysis, 125 pg of lyophilised venom were diluted
in double-distilled water (ddHO) containing 0.1 % TFA (v/v) and
profiled with a ICS-300 SP HPLC system (Dionex) equipped with a C18
column (218TP, 3 pm, 50 x 4.6 mm, Vydac) operating with the
following gradients with 0.1 % TFA (v/v) at a flowrate of 2 ml/min: 5
min initial phase (100 % ddH;0), followed by a linearly increasing
MeCN gradient (3 min 0-15 %, 15 min 15-45 %, 3 min 45-70 %), and 4
min at constant 70 % MeCN. Wavelength was observed at A = 280 nm by
a Ultimate 3000 Diode Array Detector (Dionex) with a scan rate of 0.2 s.
Process control and data acquisition were performed with Chromeleon
(version 6.80 SR11 Build 3160 (183147), Dionex). The venom chro-
matogram was cleared from background noise by subtracting a pre-
liminary blank.

2.4. Gel electrophoresis (SDS-PAGE)

For one-dimensional SDS-PAGE profiling, 5 pg of lyophilised
D. acutus venom were dissolved in ddH50, mixed with non-reducing or
reducing (containing 5 % (v/v) 2-mercaptoethanol) Laemmli buffer.
Subsequently, the sample was incubated at 95 °C for 5 min, before being
loaded onto 4-20 % Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-
Rad). One-dimensional SDS-PAGE was carried out for 60 min at 150 V in
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a Mini-PROTEAN® Tetra Vertical Electrophoresis Cell (Bio-Rad). A
protein ladder (Precision Plus Protein All Blue Standard 10-250 kDa,
Bio-Rad) was used as apparent molecular weight reference. Protein
staining was the performed using ROTI®Blue quick solution (Carl Roth),
destaining in ddH,0. Digital images of the resulting gels were obtained
using a Nikon D80 digital camera (Nikon).

2.5. Biological activity assays

2.5.1. Cytotoxicity

To assess the cytotoxicity of D. acutus venom, different assay work-
flows were applied. For the cytotoxicity assays performed on Madin-
Darby canine kidney II (MDCK II) cells and the human alveolar basal
epithelial cell line A549 (CLS Cell Lines Service), cells were maintained
in Dulbecco's modified Eagle's medium (DMEM) GlutaMAX supple-
mented with 10 % foetal calf serum (FCS) and 1 % penicillin/strepto-
mycin, and kept at 37 °C in a 5 % CO- atmosphere. Cytotoxicity assays
were carried out following the protocol described by Hurka et al. [61].
Briefly, cells were seeded in 96-well plates and grown to confluence. The
venom was dissolved in water, ionomycin (7.74 mg/ml stock, Cayman
Chemicals) was dissolved in DMSO, and cells were treated with either
venom (25, 2.5 or 0.25 pg/ml), ddH50 (negative control), or ionomycin
(100 pM, positive control) and incubated at 37 °C in a 5 % CO5 atmo-
sphere. After 48 h, cell viability was assessed by measuring the ATP
content using the CellTiter-Glo Luminescent Cell Viability assay
(Promega) according to the manufacturer's instructions. Luminescence
was recorded using black 96-well plates in a Synergy H4 microplate
reader (BioTek). Measurements were performed in triplicates, and
expressed as mean =+ standard deviation. Luminescence readings were
normalised to the vehicle control (ddH50), which was set to 100 % cell
viability.

Additional cytotoxicity assays were performed on the macrophage
cell line RAW 264.7 and peripheral blood mononuclear cells (PBMCs), as
well as human embryonic kidney cells (HEK 293T) and neuroblastoma
cells SH-SY5Y, following the protocol described by Erkoc et al. [62]. Cell
viability was assessed using the Orangu™ assay (Cell Guidance Sys-
tems). In summary, 2 x 10° cells from each tested cell line were placed
in 96-well plates and exposed to different concentrations of D. acutus
venom or ddH»O as a control for 24 h. Subsequently, 10 pl of Orangu™
cell counting solution was added, followed by 60 min of incubation.
Absorbance readings were taken at A = 450 nm with a reference
wavelength of A = 650 nm using an EnSpire 2300 Multimode Plate
Reader (Perkin Elmer). Cell viability was expressed as a percentage
relative to the control cells treated with ddH,O, which were considered
100 % viable. Celecoxib (100 pM) and ddH,0 were applied as positive
control as negative control, respectively. For every cytotoxicity assay
performed, 1 pl of treatment (i.e., venom, positive control, or negative
control) was added to 99 pl of medium present in each well of the 96-
well plates used.

2.5.2. Protease activity

To investigate the protease activity of D. acutus venom, we used a
Protease Assay Kit (539,125, Sigma-Aldritch) following the manufac-
turer's manual, as described by Schulte et al. [49]. Briefly, the venom
was diluted in ddH,O to obtain three aliquots at different concentrations
(200, 100, and 50 pg/ml). Triplicates of each concentration were sub-
sequently tested against trypsin (final concentration of 166 pg/ml in PBS
with 1.66 mg/ml bovine serum albumin, Calbiochem) and ddH»0, used
as positive and negative controls, respectively. In a round-bottom 96-
well plate, a mixture containing 25 pl fluorescein thiocarbamoyl-
casein derivatives (FTC-casein), 25 pl incubation buffer, and 10 pl of
either venom or control was prepared. The plate was incubated at 37 °C
and 120 rpm for 2 h. Afterward, 120 pl of trichloroacetic acid (5 % in
ddH-0, Carl Roth) was added to each well, and the plate further incu-
bated for 20 min. The plate was then centrifuged at 4 °C and 500 x g for
15 min, followed by careful transfer of 40 pl of supernatant to a flat-
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bottom 96-well plate, where it was mixed with 160 pl of assay buffer.
Absorbance at A = 492 nm was measured using a BioTek Eon microplate
reader and Gen v2.09 software. Mean absorbance values obtained from
each treatment were normalised to positive controls (100 %) after
subtraction of negative controls (0 %).

2.5.3. Phospholipase Ay activity

To evaluate the phospholipase As (PLA) activity of D. acutus venom,
we used a EnzChek™ Phospholipase Ay Assay Kit (E10217, Thermo
Fisher), following the manufacturer's manual. The positive control was
prepared by diluting the 500 Units/ml PLA; stock solution to 10 Units/
ml in 1x PLA; reaction buffer. The negative control consisted of 1x
PLA, reaction buffer without PLA;. We then prepared the Lipid Mix by
mixing together 30 pl 10 mM dioleoylphosphatidylcholine (DOPC), 30
pl 10 mM dioleoylphosphatidylglycerol (DOPG), and 30 pl 1 mM PLA,
substrate. We then added 5 ml 1 x PLA; reaction buffer to a 20 ml
beaker containing a small magnetic stir bar, and placed the beaker on a
magnetic stirrer. To prepare 5 ml substrate-liposome for 100 assays, we
slowly injected 50 pl of Lipid Mix into the side of the vortex in the beaker
using a pipettor fitted with a narrow orifice gel-loading tip. Following
Still et al. [63], we prepared venom pre-dilutions at five different con-
centrations (50, 25, 12.5, 6.25, and 3.125 pg/ml). Subsequently, 50 pl of
the controls and 50 pl of each venom sample at different concentrations
were injected into individual wells of a black 96-well plate (F-bottom),
and added 50 pl of the substrate-liposome mix to each well to start the
reaction. The plate was incubated at room temperature for 50 min,
protected from light. Fluorescence was measured using a Synergy H4
microplate reader (BioTek) equipped for excitation at A = 470 nm and
fluorescence emission at A = 515 nm. Measurements were normalised
against the positive control (100 %) after subtraction of the negative
control (0 %).

2.5.4. Haemolytic activity

To explore the haemolytic activity of D. acutus venom, we applied the
protocol described by Saebg et al. [64] with minor modifications. Briefly,
we centrifuged 0.2 ml of sheep blood for 5 min at 804 x g at a tem-
perature of 4 °C. We then washed the erythrocytes through the following
steps: (i) removal of the supernatant by aspiration, (ii) addition of 1 ml
of Alsever buffer, and (iii) resuspension of the pellet with a cut 1000 pl
pipette tip to reduce shear forces. The washing was repeated until the
supernatant was clear. After the final washing, the supernatant was
removed and the remaining pellet diluted 1:100 (w/v) in Alsever buffer,
in order to obtain a 1 % erythrocyte suspension. Subsequently, we added
50 pl of the 1 % erythrocyte suspension to each V-bottom well of a 96-
well plate. We then prepared venom pre-dilutions at five different
concentrations (40, 20, 10, 5, and 2.5 pg/ml) in Alsever buffer, and
added 50 pl of each to the corresponding well with the 1 % erythrocyte
suspension. We used 1 % Triton X-100 dilution as positive control and
Alsever buffer as negative control, and added 50 pl of each to the cor-
responding well with the 1 % erythrocyte suspension. Each venom
treatment and the controls were prepared in triplicates. The plate was
incubated for 60 min at 37 °C and 130 RPM (Multitron, Infors HT). After
incubation, the plates were centrifuged at 804 x g for 5 min at 4 °C, and
50 pl of the supernatant from each well were then transferred to a
transparent, flat-bottom 96-well plate. Finally, absorbance at A = 405
nm was measured in triplicates by a Synergy H4 microplate reader
(BioTek) with the following parameters: shaking: double-orbital, fre-
quency: second level, speed: slow, duration: 10 s. The obtained values
were normalised to positive control (100 %) after subtraction of nega-
tive control (0 %).

2.5.5. Plasmin activity

Investigating the plasmin activity of D. acutus venom, we used the
Plasmin Activity Assay Kit (MAK244, Sigma-Aldrich), following the
manufacturer's manual. As a first step, 2 pl of Plasmin Substrate and 48
pl of Plasmin Assay Buffer were added to each well of a white, flat-
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bottom 96-well plate. Furthermore, a 10 pg/ml stock solution of Plasmin
Enzyme Standard in Plasmin Dilution Buffer was prepared to be used as
positive control. The lyophilised venom was suspended in ddH;O and
pre-diluted in Plasmin Assay Buffer, and added to the substrate in trip-
licates (1:1), at concentrations of 50, 25, 12.5, 6.25, and 3.125 pg/ml.
The pre-diluted stock for the positive control was further diluted in
Plasmin Assay Buffer to be added at a concentration of 5 pg/ml, while
50 pl Plasmin Assay Buffer were added as negative control. After incu-
bating for 55 min at 37 °C and protected from light, plasmin activity was
measured in a Synergy H4 plate reader (H4MLFPTAD, BioTek), with
excitation set to A = 360 nm and fluorescence measured at A = 450 nm.
Measurements were normalised to positive control (100 %) after sub-
traction of negative control (0 %).

2.5.6. Thrombin activity

In order to assess the thrombin activity of D. acutus venom, we used
the Thrombin Activity Fluorometric Assay Kit (MAK242, Sigma-
Aldrich), following the manufacturer's manual. To prepare the sub-
strate solution, 5 pl Thrombin Substrate were added to 45 pl Thrombin
Assay Buffer in each well of a white, flat-bottom plate, protected from
light. A stock of 2.5 pg/ml Thrombin enzyme standard in Thrombin
Dilution Buffer was prepared as positive control. The lyophilised venom
was suspended in ddH;0 and prediluted (1:5) in Thrombin Assay Buffer
to be added in triplicates (1:1) to the substrate, at concentrations of 50,
25, 12.5, 6.25, and 3.125 pg/ml. The positive control stock was further
diluted in Thrombin Assay Buffer and added to the plate in a concen-
tration of 0.3 pg/ml, as well as 50 pl Thrombin Assay buffer as negative
control. After incubation for 55 min at 37 °C, protected from light,
thrombin activity was measured in a Synergy H4 plate reader
(H4MLFPTAD, BioTek), with excitation set to A = 350 nm and fluores-
cence measured at A = 450 nm. Measurements were normalised to
positive control (100 %) after subtraction of negative control (0 %).

2.5.7. Coagulation factor Xa activity

To evaluate the factor Xa (FXa) activity of D. acutus venom, we used
the Factor Xa Activity Fluorometric Assay Kit (MAK238-1KT, Sigma-
Aldrich), following the manufacturer's manual. The substrate solution
was prepared by adding 2 pl FXa Substrate to 48 pl FXa Assay Buffer per
well in a white, flat-bottom plate, protected from light. The positive
control was prepared by diluting the FXa Enzyme Standard in FXa
Dilution Buffer for a 5 pg/ml stock solution. The lyophilised venom was
suspended in ddH,O and prediluted (1:5) in FXa Assay Buffer to be
added in triplicates (1:1) to the substrate, at concentrations of 50, 25,
12.5, 6.25, and 3.125 pg/ml. The pre-diluted positive control was
further diluted in FXa Assay Buffer, and added to the plate in a con-
centration of 0.4 pg/ml, as well as 50 pl FXa Assay buffer as negative
control. After incubation for 55 min at 37 °C and protected from light,
FXa activity was measured in a Synergy H4 plate reader (H4MLFPTAD,
BioTek), with excitation set to A = 350 nm and fluorescence measured at
A = 450 nm. Measurements were normalised to positive control (100 %)
after subtraction of negative control (0 %).

2.5.8. Assessment of intracellular Ca®" levels

The intracellular release of calcium (Ca®") is induced by the acti-
vation of cell surface receptors, and takes place following several key
cellular functions [65]. Quantification of Ca’" release was performed by
labelling cells with the calcium fluorescence probe Fluo-8-AM, as
described by Erkoc et al. [62]. Briefly, 2 x 10* HEK 293T cells were
plated in 96-well poly-p-lysine-coated plates and incubated at 37 °C for
24 h. Afterward, the cells were treated with 4.19 pg/ml Fluo-8-AM in
Hanks' balanced salt solution (HBSS) for 1 h at 37 °C. Subsequently, the
Fluo-8/HBSS solution was replaced with 100 pl of HBSS. Using an
ImageXpress Micro confocal high-content imaging system (Molecular
Devices), images were captured at a rate of five per second. For the in-
duction assay, cells were exposed to vehicle (negative control), D. acutus
venom, or 5 pM ionomycin (positive control, Sigma-Aldrich), and
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images were taken every second for 20 s. In the inhibition assay, 5 pM
ionomycin was added to the venom-treated samples after 30 min, and
images were captured similarly. Data analysis was performed using
MetaXpress software. The fluorescence intensity threshold was estab-
lished based on pre-treatment cells, and cells exhibiting a signal above
this threshold were quantified. In the induction assay, the number of
cells surpassing the threshold in venom-treated samples was compared
with untreated samples. In the inhibition assay, venom-treated samples
were compared with cells treated with ionomycin. Normalisation for the
induction assay and the inhibition assay was performed against the
positive control (100 %) and against the vehicle/negative control (100
%), respectively.

2.5.9. Assessment of NO levels

Nitric oxide (NO) in phagocytes is a component of the innate immune
response to pathogens [66]. The ability of D. acutus venom to influence
the synthesis of NO in RAW 264.7 macrophages was quantified
following the method described by Erkoc et al. [62]. Briefly, 2 x 10*
RAW 264.7 macrophages per well were plated in a 96-well plate and
incubated at 37 °C for 24 h. Venom from D. acutus at varying concen-
trations, vehicle (negative control), or 0.1 pg/ml lipopolysaccharide
(LPS, positive control) was added to stimulate NO synthesis. Alterna-
tively, cells pre-treated with venom or vehicle for 30 min were exposed
to 0.1 pg/ml LPS to assess the inhibition of NO synthesis. After 24 h,
supernatants were collected and stored at —80 °C. A standard curve was
generated using different concentrations of sodium nitrite (0-3.45 pg/
ml). Subsequently, 80 pl of cell supernatant or standard was combined
with 20 pl of sulfanilamide solution (40 mg/ml in 1 M HCI) and 20 pl of
naphthylene diamine solution (60 mg/ml N-(1-naphthyl)ethylenedi-
amine dihydrochloride in water) and incubated for 15 min. The absor-
bance at A = 540 nm was measured using an EnSpire Plate Reader
(Perkin Elmer). Normalisation for the induction assay and the inhibition
assay was performed against the positive control (100 %) and against
the vehicle/negative control (100 %), respectively.

3. Results
3.1. Composition of the D. acutus venom proteome

In order to explore the biomolecular complexity within D. acutus
venom, we first carried out a chemical profiling via RP-HPLC and one-
dimensional SDS-PAGE. The chromatographic profile was charac-
terised by 10 main peaks, along with several minor ones that were
difficult to separate from the background noise and were thus not
considered (Fig. 2A). A gradual increase in peak intensity could be
detected from peak 3 to peak 10. One-dimensional SDS-PAGE analysis
was conducted under both reducing and non-reducing conditions
(Fig. 2B). The majority of identified bands are in the range of 13-50 kDa.
The gel profiles exhibited a notable absence of prominent bands
exceeding 50 kDa in molecular weight, with a single band at 75 kDa.
Putative toxin families, including CTL, svMP, svSP, and PLA,, were
assigned to the retrieved bands based on prior D. acutus venom SDS-
PAGE profiles [39,67].

Following this initial assessment of the D. acutus venom profile, we
established a comprehensive sequence-level atlas of the species' toxin
arsenal. To achieve this, we employed a previously sequenced high-
quality sharp-nosed viper genome [44] as a peptide search database
for bottom-up shotgun proteomics. Through this approach, we identified
a total of 117 proteins in the analysed sample, along with their nucle-
otide and amino acid sequences (see Tables S1 and S2). Rigorous quality
filtering, which included BLAST searches, Interproscan, and manual
comparative alignment investigation, allowed us to pinpoint 45 bona
fide venom components from 20 protein families, categorised into 18
distinct protein groups (Tables S3 and S4). The most diverse protein
family was svSP with nine entries, constituting 20 % of the total number
of venom-related components, followed by svMP with six entries (13 %),
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Fig. 2. Characterisation of sharp-nosed viper venom. (A) RP-HPLC profile, (B) one-dimensional SDS-PAGE profiles, and (C) relative abundances of the venom
components based on NSAFs are presented. In the SDS-PAGE profiles, putative venom toxin families were assigned based on molecular weight, following Liu et al.
[39] and Tsai et al. [67]. Abbreviations: M, marker; NR, non-reduced; R, reduced. Toxin family key: 5N, 5-nucletotidase; CRISP, cysteine-rich secretory protein; CTL,
C-type lectin and C-type lectin-related protein; HYAL, hyaluronidase; NGF, venom nerve growth factor; PDE, phosphodiesterase; PLA,, phospholipase A,; PLB,
phospholipase B; PLD, phospholipase D; QC, glutaminyl-peptide cyclotransferase; svMP, snake venom metalloproteinase; svSP, snake venom serine protease.

and CTLs with four entries (9 %). Manual sequence analysis revealed
that the identified svMPs belong to classes P-II (two entries) and P-III
(four entries) (see Table S3). Specifically, the identified P-II svMPs
exhibited considerable sequence similarity with metalloproteinases of
the adamalysin II-like subfamily, such as jerdonitin [XP_015681821].
The identified P-III svMPs showed the highest sequence similarity with
agkihagin [Q1PS45], a potent inhibitor of platelet aggregation isolated
from D. acutus [68]. The same analysis classified the two detected PLA,
as members of the D49 subfamily.

To obtain a quantitative perspective on the sharp-nosed viper venom

profile, we calculated the NSAF for each component, which represents a
reliable estimate of their relative abundance [69,70]. Our analysis
revealed that the toxin families CTL, svMP, PLA,, and svSP presented the
highest abundances (39 %, 29 %, 12 %, and 10 %, respectively), ac-
counting for 90 % of the D. acutus venom proteome. Additional proteins,
accounting together for approximately 7 % of the proteome, were
phospholipase B (PLB, 3 %), glutaminyl-peptide cyclotransferase (QC, 2
%), phosphodiesterase (PDE, 1 %), and 5-nucleotidase (5N, 1 %).
Cysteine-rich secretory protein (CRISP), aminopeptidase, hyaluronidase
(HYAL), venom nerve growth factor (NGF), peroxiredoxin, peptidase
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M14, acid ceramidase, peptidase C1, and phospholipase D (PLD) each
accounted for <1 % of the proteome. Finally, five components (i.e.,
Dacu_04176, Dacu_04177, Dacu_05789, Dacu_07255, and Dacu_09023)
with an uncertain PEAKS-based protein group classification were re-
ported as “other”, and accounted for approximately 0.2 % of the venom
proteome. Additional information on the components identified and
their abundances is reported in Fig. 2C and in Tables S3 and S4.

3.2. Bioactivity profiling of sharp-nosed viper venom

Following our proteomic assessment of sharp-nosed viper venom, we
aimed to investigate its bioactivity spectrum to functionally con-
textualise the identified components. To achieve this, we performed a
broad array of bioassays targeting typical viper venom activities.

Our proteomic screening of the D. acutus venom revealed a range of
proteases (svMP and svSP) as well as PLAys as the main enzymatic
components (Fig. 2). Thus, we measured the general protease and PLA;
activity exhibited by D. acutus venom using photometric assays. The
venom showed high levels of protease activity across all tested con-
centrations, ranging from 38 to 69 % in a concentration-dependent
manner (Fig. 3). We observed potent, concentration-dependent effects
also for PLA; activity, which ranged between 13 % (3.125 pg/ml) and
95 % (50 pg/ml) (Fig. 3).

Potentially fatal effects on the haemostatic system of the enveno-
mated subjects are a characteristic symptom of envenomation by
D. acutus [31,71,72]. Accordingly, we explored the effects of its venom
on different haematological targets. The venom showed weak haemo-
lytic activity under the tested conditions, ranging from 2 % to a
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Fig. 3. Biological activity of D. acutus venom. The values presented in each
graph refer to the normalised averages of the values of at least three mea-
surements per concentration.

International Journal of Biological Macromolecules 278 (2024) 135041

maximum of 5 %. While we detected factor Xa activity at 50 pg/ml (12
%), we did not observe any activity at lower concentrations. Thrombin
activity ranged from 0.11 % to 8.5 %, and was lower than 1 % at 6.25
pg/ml and 3.125 pg/ml. Increasing venom concentrations resulted in a
rise in thrombin activity. No plasmin activity was detected at the tested
concentrations.

Other than affecting the haemostatic system, the venom of D. acutus
is known to cause considerable tissue damage [32,34,72]. Therefore, we
investigated its cytotoxicity across five mammalian cell lines of different
origin (canine, MDCK II; murine, RAW 264.7; human, A549, HEK 293T,
and SH-SY5Y) and primary human peripheral blood mononuclear cells
(PBMCs). We observed potent concentration-dependent cytotoxicity in
the canine kidney cell line MDCK II and in lung epithelial A549 cells,
with generally stronger effects on MDCK II cells (i.e., 16 % vs. 41 % cell
viability observed in A549 cells at 25 pg/ml). A positive relationship
between concentration and cytotoxicity was also detected for human
embryonal kidney cell line HEK 293T and, less markedly, for the human
neuroblastoma cell line SH-SY5Y (16 % and 64 % cell viability at con-
centration 25 pg/ml, respectively). In MDCK II, A549, HEK 293T and
SH-SYS5Y cells, the most remarkable decrease in viability was observed
after treatment with venom at concentration 25 pg/ml. No cytotoxicity
of the applied venom concentrations could be detected on human PBMC
and murine macrophages (RAW 264.7). Additional information on the
cytotoxicity assays is reported in Fig. 4.

Lastly, we aimed to test whether D. acutus venom may play a role in
influencing cell-cell signalling and causing inflammation. Therefore, we
measured its effect on intracellular Ca?" release in HEK 293T and SH-
SY5Y cells, and on NO levels in RAW 264.7 cells. No apparent effects
of D. acutus venom on either of the tested targets were observed. Further
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Fig. 4. Cytotoxicity of D. acutus venom. (A) Heatmap showing the effect of the
analysed venom on the viability of the five tested mammalian cell lines and the
PBMCs. (B) Photographs showing the cytotoxic effect of the venom on A549
and MDCK II cells at three different concentrations, with negative (untreated/
vehicle ddH,0) and positive (ionomycin) controls included. Scale bar: 1 mm.
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details on the results of all performed bioassays are reported in
Tables S5-S14.

4. Discussion

4.1. The first genome-annotated venom proteome of Deinagkistrodon
acutus

The implementation of next-generation databases is paramount to
overcome some of the primary hurdles inherent to peptide-centric pro-
teomic techniques, including the “missing values problem”, referred as
inferring proteins based on incomplete sequence coverage [73]. Indeed,
shotgun proteomics is generally able to provide a detailed view of the
polypeptide diversity of a venom [74], but it is especially powerful when
the generated MS data can be aligned with a species-specific omics-
derived database, such as a genome or a venom gland transcriptome
[22,75]. In light of this, our integrative proteogenomics approach,
combining shotgun proteomics with genome-based protein identifica-
tion of the venom composition of D. acutus, likely provides one of the
most accurate venom protein catalogues currently available for this
species of critical medical importance.

Through proteogenomics, we identified a total of 117 components in
the venom of D. acutus, many of which were physiological proteins
(Table S1). Considering that the functional space in snake venom of the
vast majority of physiological proteins remains unknown, they were
excluded from further analysis. Therefore, we ultimately considered 45
proteins, and classified them into 18 different groups. Of these, 17
groups comprise well-known snake venom protein families and account
for almost the total venom proteome (>99 %, 40 components). The
remaining group (“Other”) accounts for <0.3 % of the proteome (Fig. 2),
and comprises five components potentially playing a role in envenom-
ation (Table S3).

Interestingly, we noticed evident differences in the number of
venom-related components yielded by our analysis and those from
previous works. For instance, Liu et al. [39] identified 34 components
divided into 11 protein groups, Chen et al. [40] 29 proteins from eight
protein families, and Qin et al. [42] 97 proteins from six protein families.
Differences were also detected when considering the shotgun-
proteomics-based works by Nie et al. [76] and Huang et al. [41],
reporting 85 proteins (10 groups) and 103 proteins (15 groups),
respectively. Despite the qualitative differences mentioned above, our
genome-based venomic analysis is overall in line with previous char-
acterisations of D. acutus venom. Indeed, our results from proteoge-
nomics, RP-HPLC, and SDS-PAGE profiling, as well as some of the venom
proteomes previously published [39,40,42], indicate that the venom of
this species is relatively simple, with the four protein families CTL,
svMP, svSP, and PLA; comprising almost the totality of its composition
The high relative abundances of these major protein families are
concordant with the symptoms typically associated with envenomation
by sharp-nosed vipers, namely haemorrhage, cytotoxicity, and coagul-
opathy [71,72]. Indeed, svMP (particularly of class P-III) are well-known
for their haemorrhagic and tissue-damaging potential [77,78], whereas
svSP and CTL mainly influence haemostasis, affecting fibrinolysis and
platelet aggregation [79,80], and PLA, exhibit a wide range of effects,
including cytotoxicity and coagulopathy [81,82].

At a finer scale, however, discrepancies with previous studies can be
detected regarding the abundances of the protein families constituting
D. acutus venom. Based on the abundance of high-intensity, late-eluting
RP-HPLC peaks (Fig. 2A), typically associated with high amounts of
svMP and CTL [83-86], and the putative classification of the SDS-PAGE
bands (Fig. 2B), we expected those to be the most abundant toxin fam-
ilies. In line with our chromatographic and SDS-PAGE profile, but con-
trary to what is reported in previous works [40,42,76], our NSAF-based
quantification indeed revealed CTL as predominant (39 % of the pro-
teome), followed by svMP (29 %; Fig. 2).

In light of the differences mentioned above, it must be noted that the
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previous studies on the composition of D. acutus venom applied different
proteomics protocols, making them difficult to compare quantitatively.
Furthermore, all previous works exclusively relied on public databases
for protein identification. Considering the low specificity of such data-
bases [25], we suspect that the differences between the number of
venom components identified through our proteogenomics-based anal-
ysis and those previously reported stem from differences in the meth-
odologies applied. Nonetheless, we cannot exclude that these
discrepancies may be attributable to intraspecific venom variation, re-
ported at different magnitudes for several viperid snakes [87-89].
Indeed, intraspecific venom variation has been suggested for D. acutus,
although primarily based on comparative analyses of chromatographic
and SDS-PAGE profiles [67,90] and antivenom efficacy [91], and should
thus be investigated in further detail through the application of
comprehensive omics-based techniques.

4.2. Functional insights into clinical symptoms of D. acutus envenoming

Bites inflicted by D. acutus primarily cause symptoms involving sig-
nificant tissue damage and haemostatic disturbances, including hae-
morrhage, prolonged coagulation time, hypofibrinogenaemia, and
thrombocytopenia [31,32,71,72,92]. These symptoms align with the
typical activities exerted by the major venom components identified in
our proteogenomics experiment. Similarly, our bioactivity screening
targeting several of these effects mirrored the clinical picture typically
arising following D. acutus envenomation.

The severe tissue damage and haemorrhage contribute significantly
to the medical burden imposed by this species [32,34]. Interestingly,
D. acutus venom has been reported to particularly impair the kidneys
and lungs of its victims [41,72]. In light of this, we carried out a broad in
vitro screening of D. acutus venom across five different mammalian cell
lines from various tissues, including lungs, kidneys, neurons, and mac-
rophages, and the primary cells PBMCs. Overall, this screening revealed
a general and often potent, concentration-dependent cytotoxicity of
D. acutus venom, consistent with its powerful tissue-damaging effects.

Our results further show that D. acutus venom causes the most potent
cytotoxic effects on MDCK II, HEK 293T, and A549 cells (Fig. 4). The
high affinity observed for the epithelial-like kidney cells (i.e., MDCK II
and HEK 293T) and epithelial lung cells (i.e., A549) is consistent with
the reported direct impairment of the kidney and lung caused by sharp-
nosed viper envenomation [72,93].

The potent cytotoxic activity displayed by D. acutus venom at the
highest concentration tested (i.e., 25 pg/ml) may primarily stem from
typical viper venom components exerting enzymatic activities, partic-
ularly proteases and PLAjs [94,95]. Indeed, our proteogenomics
profiling indicates these as the two major enzymatic classes, comprising
approximately 50 % of the NSAF-quantified venom proteome. We
recovered high levels of protease and PLA; activity, up to 69 % and 95
%, respectively (Fig. 3). Thus, the enzymatic activity assays performed
draw a coherent picture, in agreement with the obtained D. acutus
venom profile, the detected cytotoxicity, and the clinical symptoms
typically reported following envenoming by this species.

The cytotoxic and haemorrhagic symptoms induced by the venoms
of several snake species are frequently exacerbated by blood clotting
disturbances resulting from venom-induced consumption coagulopathy,
a disseminated intravascular coagulation-like syndrome causing a broad
range of clotting factor deficiencies, ultimately leading to incoagulable
blood [96]. Based on the clinical and laboratory evidence indicating that
the venom of D. acutus exerts an anticoagulant effect on the haemostatic
system of the envenomated subjects [32,33,36,37,92], we further
investigated the potential of D. acutus venom to activate several human
blood coagulation factors. Our analysis on factor Xa, plasmin, and
thrombin activity revealed low levels of activation potential for these
important haemostatic targets, consistent with the activity profile ex-
pected from an anticoagulant venom. Although the venom of D. acutus is
reported to be mainly anticoagulant, some minor procoagulant and
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pseudo-procoagulant effects and components have also been detected
[33,91,97]. In this context, the low levels of factor Xa and thrombin
activity (maximum 12 % and 8.5 %, respectively) and the absence of
plasmin activity observed in the performed bioassays could support a
possibly (pseudo-)procoagulant nature of the analysed venom (Fig. 3).

5. Conclusion

Snakebite is a major global health burden particularly impacting
rural communities from the developing countries of Africa, Asia and
Latin America. Comprehensive assessments of venom compositions and
venom activities from medically relevant snakes are important weapons
for understanding venom pathochemistry, optimising treatment, and
developing novel antidotes. The sharp-nosed viper (Deinagkistrodon
acutus) causes significant tissue damage and potentially fatal haemo-
static disturbances, making it one of the snakes of highest medical
importance in Asia. Here, we present the most detailed and compre-
hensive overview to date of the sharp-nosed viper toxin repertoire,
derived via RP-HPLC and SDS-PAGE profiling, coupled with the first
proteogenomic assessment of its venom. The resulting proteomic profile
highlights the venom's relatively simple composition, primarily con-
sisting of four major protein families (i.e., CTL, svMP, svSP, and PLAj).
These findings align with the haemorrhagic, cytotoxic, and coagulo-
pathic symptoms typically associated with envenomation caused by this
pit viper. When analysing composition and bioactivity, we detected
differences compared to what was reported in previous studies, under-
scoring the need for further investigation into the sources of this vari-
ation. Comparative analyses employing comprehensive omics-based
techniques to investigate the venoms from a range of different specimens
across populations, sexes, and life history stages would shed light on the
extent and functional implications of venom variability within this
species.

The detailed insights provided by the combination of proteoge-
nomics with biological assays represent a significant advancement in
understanding snake venom composition and exochemistry, as here
shown for D. acutus. Adopting our workflow and establishing more
specific databases, particularly employing high-quality genomes and
venom gland transcriptomes, will improve the accuracy of protein
identification in venomics studies. Moreover, in vivo studies are essen-
tial to validate in vitro findings and explore the systemic effects of the
venom in greater detail. Bridging the gap between bench and bedside by
integrating toxinology, pharmacology, and clinical medicine is of
paramount importance for translating these findings into improved
clinical management protocols for D. acutus envenomation, ultimately
enhancing the outcomes for affected individuals.
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