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Abstract

Background: Many snake venoms have been shown to possess thrombolytic activity.
However, it remains unclear if actions on other clot-stabilizing proteins beyond fibrin
chains contribute significantly to venom-induced thrombolysis because the clot-wide
targets of venom proteases and the mechanisms responsible for thrombolysis are
not well understood.

Objectives: Here, we utilized a high-throughput, time-based thrombolysis assay in
combination with untargeted peptidomics to provide comprehensive insight into the
effects of venom from 5 snake species on blood clot degradation.

Methods: We compared thrombolytic profiles across venoms with variable levels of
proteases and generated venom-specific fingerprints of cleavage specificity. We also
compared the specific effects of venoms that possess a range of thrombolytic activity
on fibrin chains and other clot-bound proteins involved in clot structure.

Results: Protease-rich venom more effectively degraded blood clots. Venoms with
higher thrombolytic activity demonstrated an enhanced ability to target multiple sites
across fibrin chains critical to clot stability and structure, as well as clot-stabilizing
proteins including factor Xlll, fibronectin, and vitronectin.

Conclusion: Collectively, this study significantly expands our understanding of the
thrombolytic and fibrinolytic effects of snake venom by determining the full suite of

clot-specific venom targets that are involved in clot formation and stability. This has
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1 | INTRODUCTION

Snake venom toxins that interfere with hemostatic processes have
remained an enduring focus in snake venom research [1-4], and a
myriad of procoagulant, anticoagulant, and fibrinolytic effects of
various venoms and their toxins have been demonstrated experi-
mentally and clinically across venomous snakes [5-7]. Identification
and characterization of these toxins and their activities have impor-
tant implications for treating snake envenomation, the bioprospecting
of therapeutically useful molecules, and the development of research
tools for investigating hematologic disorders [8]. Although snake
venoms are mixtures of both enzymatic and nonenzymatic toxins that
can act synergistically to produce a range of biological effects [9,10],
much of the hematological disruption that results from snakebite is
due to the action of enzymes belonging to the snake venom metal-
loprotease (SVMP) and snake venom serine protease (SVSP) families
[11-13]. These protease families are typically abundant in viper
venoms and have a variety of target substrates in plasma, the extra-
cellular matrix, and the basement membrane components of capil-
laries [11,12,14-18]. Because of these activities, proteolytically rich
venoms tend to promote defibrination, extravasation, capillary
rupture, and hemotoxicity, resulting in local and/or systemic hemor-
rhage [12,19], and represent key contributors to human morbidity and
mortality associated with snakebite worldwide [5,20].

In addition, to pro- and anticoagulant properties, snake venoms
and isolated venom proteins have demonstrated thrombolytic activity
in vitro and in vivo [21-23], and many proteins involved specifically in
thrombus formation and stability, including fibrin(ogen), fibronectin
(FN1), and other structural proteins, coagulation factors, complement
components, and plasminogen, have been identified as substrates of
venom toxins [14-17,24]. However, it remains unclear if the activity of
snake venoms on other clot-stabilizing proteins beyond fibrin chains
contributes significantly to the thrombolytic activity of snake venoms
because the clot-wide targets of venom proteases and the mecha-
nisms responsible for thrombolysis have yet to be fully investigated.

A detailed understanding of full protease substrate profiles
(degradomes) is critical for understanding their overall function and
possible contributions to disease pathophysiology [25]. Recently,
peptidomic approaches have gained traction in the study of disease
progression and the discovery of disease state biomarkers [26]. Pep-
tidomics involves studying all peptides resulting from proteolysis and
characterizing specific cleavage sites to understand enzyme-substrate
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important implications for the treatment of snake envenomation, the bioprospecting of
therapeutically useful molecules, and the development of research tools for investi-

gating hematologic disorders.

fibrin, fibrinolysis, proteomics, snake venoms, thrombosis

target specificity. Peptidomics has been utilized to discover novel
substrates of previously characterized proteases [27] and to detect
disease biomarkers and predictors of clinical outcomes [28,29].
Accordingly, peptidomics can be utilized as a valuable complement to
proteomics to facilitate the linkage of peptide-level changes with
physiological responses, disease state, and pathophysiology [30].

The broad motivation of this study was to gain new insights into
the dynamics of venom-induced thrombolysis through detailed char-
acterization of the clot degradome produced by snake venom and how
this might vary across different species. We utilized a high-throughput,
time-based thrombolysis assay combined with untargeted peptidomics
to comprehensively assess the effects of venom from 5 snake species
on blood clot degradation. First, we compared thrombolytic profiles
across venoms with variable levels of proteases and generated venom-
specific fingerprints of cleavage specificity. We then identified and
compared the specific effects of highly thrombolytic and less throm-
bolytic venoms on fibrin chains and other clot-bound proteins involved
in clot structure. Our findings provide critical new insight for under-
standing the mechanisms responsible for thrombolysis and other he-
mostatic events triggered by snake venom proteases and demonstrate
the power of protease substrate profiling for identifying the distinct
activities and pathophysiological effects of venom toxins.

2 | METHODS

2.1 | Halo thrombolytic assay

Blood samples were collected and pooled from healthy adult volun-
teers who gave informed consent to participate in the study per the
Declaration of Helsinki. Blood was collected into trisodium citrate
(3.2%) tubes via venipuncture, and clot formation was induced with the
recombinant tissue factor Dade Innovin. Innovin was reconstituted into
10 mL of double-distilled water according to the manufacturer’s in-
structions. A clotting mixture of 15% (v/v) Innovin and calcium chloride
(67 mM) in 2-[4-(2-hydroxyethyl)piperazin-1-yl]lethanesulfonic acid
buffer (25 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid,
137 mM sodium chloride) was prepared as previously described [31].
Five microliters of clotting mixture was pipetted onto the bottom edge
of a flat-bottomed, tissue culture-treated 96-well plate. This clotting
mixture was spread in a circular motion around the edge of the well
before adding 25 pL of blood to form halos (Figure 1). A positive
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FIGURE 1 Halo thrombolytic assay and peptidomic analysis workflow. Whole blood clots are created in a 96-well plate. Snake venom or
phosphate-buffered saline is added after 1 hour, and clot degradation is measured spectrophotometrically every minute for 2 hours.
Supernatants from each well are removed, and degradation peptides were purified with perchloric acid precipitation for liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis. Blood clot degradation products were identified and compared across
species to determine major cleavage site patterns, protein targets, and target functions.

control that lacked the clotting mixture was included. The plate was
incubated for 1 hour at 37 °C to form stable clots.

Fibrinolysis was tested in triplicate with 6 different species of
adult venomous snakes: Bitis arietans (BIAR), Crotalus atrox (southern
Arizona; CRAT), C. v. viridis (northern Colorado; CRVI), Dendroaspis
viridis (DEVI), Naja savannula (NASA), and N. nigricollis (NANI).
Lyophilized venoms from CRAT and CRVI were obtained from snakes
housed at the University of Northern Colorado (UNC) Animal Facility
(Greeley, Colorado; Institutional Animal Care and Use Committee
#2303D-SM-S-26). All other venoms were obtained from the
Research Institute of Applied Biology of Guinea (Kindia, Guinea) from
snakes captured in the region (IACUC #KJ062322). Venom was
reconstituted at 4 mg/mL in double-distilled water and diluted into 70
pL phosphate-buffered saline (PBS) for a final concentration of 1 mg/
mL, 100 pg/mL, or 10 pg/mL. Human plasmin diluted into PBS (0.01 U/
mL, 0.3 U/mL, and 0.5 U/mL final concentration) was used as a positive
control for fibrinolysis. Seventy microliters of PBS + venom, PBS +
plasmin, or PBS alone (negative control) was added in triplicate
simultaneously into the wells containing the clots.

Clot degradation was measured every minute over 2 hours with

a Tecan Spark microplate reader by measuring absorbance change at

510 nm as previously described [31] (Figure 1). Before each absor-
bance reading, the plate was orbitally shaken for 5 seconds at 180
rpm with a 3 mm amplitude. The percentage of degradation was
calculated as previously described [31] by subtracting the negative
control value and normalizing absorbances to the positive control.
Positive controls (containing no clotting mixture) represented full
degradation, and negative controls (containing clotting mixture +
PBS with no venom or plasmin) represented no fibrinolysis. The
maximum clot lysis rate (CLRax) Was determined by calculating the
first derivative of degradation profiles in GraphPad Prism 10. The
time elapsed until 50% lysis (T0.5) and the area under the curve
(AUC) was also calculated based on the degradation curves gener-

ated in Prism.

2.2 | Nano liquid chromatography-tandem mass
spectrometry (LC-MS/MS)

Fifty micrograms of venom was digested with trypsin for shotgun
proteomics analysis as previously described [32], and digested pep-
tides were purified with Pierce C;g Spin Tips (Thermo Scientific)
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according to the manufacturer’s protocol. Samples were dried in a
speed vacuum and redissolved in 0.1% formic acid (FA). LC-MS/MS
was performed using an Easy nLC 1000 instrument coupled with a
Q-Exactive HF Mass Spectrometer (both from ThermoFisher Scienti-
fic). Approximately 3 pg of digested peptides were loaded on a Cig
column (100 pm inner diameter x 20 cm) packed in-house with 2.7 pm
Cortecs Cyg resin and separated at a flow rate of 0.4 uL/min with
solution A (0.1% FA) and solution B (0.1% FA in acetonitrile) under the
following conditions: isocratic at 4% B for 3 minutes, followed by 4%
to 32% B for 102 minutes, 32% to 55% B for 5 minutes, 55% to 95% B
for 1 minute, and isocratic at 95% B for 9 minutes. MS was performed
in data-dependent acquisition mode. Full MS scans were obtained
from m/z 300 to 1800 at a resolution of 60 000, an automatic gain
control target of 1 x 10%, and a maximum injection time of 50 m/s. The
top 15 most abundant ions with an intensity threshold of 9.1 x 10°
were selected for MS/MS acquisition at a 15 000 resolution, 1 x 10°
automatic gain control, and a maximal injection time of 110 m/s. The
isolation window was set to 2.0 m/z, and ions were fragmented at a
normalized collision energy of 30. Dynamic exclusion was set to 20

seconds.

2.3 | Analysis of mass spectrometry data
Fragmentation spectra were interpreted against an in-house protein
sequence database generated from the venom gland transcriptome of
each species as previously described [33] using MSFragger within the
FragPipe computational platform [34,35]. Reverse decoys and con-
taminants were included in the search database. Cysteine carbami-
domethylation was selected as a fixed modification, methionine
oxidation was selected as a variable modification, and precursor-ion
mass tolerance and fragment-ion mass tolerance were set at 20
ppm and 0.4 Da, respectively. Fully tryptic peptides with a maximum
of 2 missed tryptic cleavages were allowed, and the protein-level false
discovery rate (FDR) was set to <1%. Identified proteins were clas-
sified by major venom toxin family, and their relative abundances
were compared across samples using a sum-normalized total spectral
intensity [36].

2.4 | Peptidomics

To capture the peptides released from lysed clots, the supernatant
containing the products of clot degradation was removed from each
well after the 2-hour thrombolysis incubation and centrifuged for 15
minutes at 4 °C and 18 000 g. The soluble material was removed from
the pellet, and deproteinization with acid precipitation was performed
on the supernatant. Four molar ice-cold perchloric acid was added to
supernatants to a final concentration of 1 M and vortexed. Samples
were incubated on ice for 5 minutes and centrifuged at 18 000 g for 2
minutes at 4 °C. Supernatant was transferred to new tubes, neutral-
ized with ice-cold 2 M potassium hydroxide, vortexed, and pH was

checked with pH paper to ensure samples were between 6.5 and 8.0
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pH. Neutralized samples were spun at 18 000 g for 15 minutes at
4 °C again and supernatant collected. Peptides were purified with
Pierce C1g Spin Tips (Thermo Scientific) according to the manufac-
turer’s protocol, and LC-MS/MS was performed as described above
using an Easy nLC 1000 instrument coupled with a Q-Exactive HF
Mass Spectrometer. Peptide spectra were interpreted against the
UniProt human database (containing reverse decoys and contami-
nants) using MSFragger within FragPipe [34,35] as mentioned above.
Protease specificity was set to nonspecific, and the FDR was set to
<1%.

Species-level differences in clot degradomes were compared with
principal component analysis in MetaboAnalyst 5.0 [37]. Peptidomic
data and protein-level cleavage patterns were visualized using Pep-
tigram [38]. Proteomic identification of cleavage site specificity and
flanking amino acid specificity analyses were performed with WebP-
ICS [39]. In order to assess the differences between targets of venoms
that caused full thrombolysis and those that did not, partial least-
squares discriminant analysis (PLS-DA) was performed with a vari-
able importance in projection (VIP) plot, and a volcano plot was
generated with a fold change threshold of 3 (log,FC 1.58) and a P
value threshold of 0.05. These were used to identify specific protein
targets that significantly differed between functional venom groups,
as well as their overall contribution to group differences. To assess
protein interactions and the overall functional importance of the
identified group of proteins to thrombus formation and stability, these
proteins were used to produce a protein network in STRING V12.0
(Global Biodata Coalition and ELIXIR), in which line weight indicates
the strength of data support for protein-protein interactions and a
minimum interaction score of 0.7. STRING protein network nodes

were colored based on Reactome database categories.

3 | RESULTS

3.1 | Halo assay fibrinolysis profiles

Thrombolysis profiles were generally dose-dependent in both venom-
and plasmin-treated clots (Figure 2A-G). At the high dose of plasmin,
full degradation was reached by minute 42 (Figure 2G), but in BIAR
and CRAT venom-treated clots (Figure 2A, B), full degradation was not
reached until minute 73 in all replicates. The highest dose of CRVI
venom approached 50% clot lysis after 2 hours (Figure 2C), and all
elapid-treated clots showed minimal thrombolysis (Figure 2D-F).
DEVI venom appeared to have no detectable thrombolytic activity
(Figure 2F), and AUC, TO.5, and CLR . could not be calculated for this
species, so it was omitted from further analyses. The highest AUC
values were found in clots treated with CRAT and BIAR venom when
comparing species at any concentration (Figure 2H). The AUC in
NASA and NANI venom-treated clots were negligible compared with
viperid values. However, CRVI venom-treated clots had a significantly
lower AUC than BIAR and CRAT venom-treated clots. Plasmin-treated
clots reached 50% degradation at 9.3 + 3.5 minutes (Figure 2I)
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FIGURE 2 Snake venom thrombolytic profiles. Thrombolysis profiles of clots treated with venom at 1 pg/pL, 0.5 pg/uL, and 0.1 pg/plL from
(A) B. arietans (BIAR), (B) C. atrox (CRAT), (C) C. v. viridis (CRVI), (D) N. nigricollis (NANI), (E) N. savannula (NASA), and (F) D. viridis (DEVI). (G)
Thrombolysis profile of clots treated with plasmin at 0.5 U/mL, 0.2 U/mL, and 0.001 U/mL. (H) Area under the curve (AUC) comparisons of
thrombolytic profiles between species and across concentrations represented as mean + SD. (I) Time to 50% lysis (T0.5) comparisons for all
treatments that reached at least 50% lysis. (J) Maximal clot lysis rates (CLRax) comparing the highest concentration of venom (1 pg/pL) used
for all species to all 3 concentrations of plasmin (Plas). (K) Shotgun proteomic data of venoms comparing relative abundance across species of
the proteolytic enzymes snake venom metalloproteases (SVMPs) and snake venom serine proteases (SVSPs) to all other toxin families.
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significantly faster than clots treated with even the most degradative
snake venoms, BIAR and CRAT (54 + 4.4 and 46 = 2 minutes,
respectively; P < .0001). Both BIAR and CRAT venom-treated clots
reached 50% lysis at the highest dose (1 pg/uL), significantly faster
than the middle dose (0.5 pg/uL; BIAR 54+ 4.3 minutes vs 75 + 4.6
minutes; CRAT 46+ 2 minutes vs 78.7 = 2.1 minutes; P < .0001). The
CLRax Value of the highest dose of plasmin was significantly higher
than the highest dose of all venoms, except for BIAR (P = .20;
Figure 2J). While CLR . did not differ between the highest doses of
any venom, the highest value was found in the maximum dose of BIAR
venom (5.5 = 0.76 min™Y), and the lowest value was from NASA
venome (1.5  0.77 min™%).

3.2 | Venom composition

Venom toxins identified by LC-MS/MS were grouped into major toxin
families and further categorized as 1 of 2 major venom proteases
(SVSP, SVMP) or as other for all nonproteolytic enzymes and all
nonenzymatic toxins. The highest proportions of proteases belonged
to the vipers, with BIAR and CRAT having the highest abundances of
SVMPs and CRVI with the highest SVSP abundance (Figure 2K). NANI
and NASA had overall lower levels of venom proteases, although
NASA SVMP abundance was similar to that of CRVI.

3.3 | Protein and peptide identification

The number of peptides identified from degraded clots ranged from
0 in clots incubated with DEVI venom to 2810 peptides in clots
incubated with BIAR venom. The highest number of peptides identi-
fied came from clots incubated with the venom of the 2 vipers that
produced the highest rates of thrombolysis in the halo assay (2810
from BIAR and 2293 from CRAT; Figure 3A), and the lowest number
of peptides resulted from incubation of clots with CRVI venom (1364
peptides). This was mirrored by the total number of identified clot
proteins, with the highest number of proteins identified in BIAR
(Figure 3B; 170 proteins) and CRAT (130 proteins) venom-treated
clots and the lowest in CRVI venom-treated clots (75 proteins). On
average, thrombi incubated with viper venoms (BIAR, CRAT, and
CRVI) produced more than twice the number of clot-based peptides
(2156 vs 1002 peptides; Figure 3C) and proteins (125 vs 68 proteins;
Figure 3C) than those incubated with elapid venoms (NASA and
NANI). Diversity values were calculated as the amount of cleavages/
number of proteins. Interestingly, CRVI venom had the highest di-
versity value (36; Figure 3E), while NANI venom had the lowest di-
versity value [26].

There were 110 peptide degradation products mapping to 54
proteins common to all species (Figures 3F, G; Supplementary
Table S1). Again, clots treated with BIAR venom produced the
highest number of unique peptides and proteins (1372 unique pep-
tides mapping to 34 proteins), while the lowest number of unique

peptides and proteins (332 and 2, respectively) came from clots
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incubated with CRVI venom. Although many identified targets were
shared between some or all species (Figure 3F), the abundances of
these targets varied widely between species (Supplementary
Table S2). When PLS-DA was performed comparing all species’
degradomes separately, the abundances of hemoglobin subunit beta,
alpha-1-antitrypsin, and fibrinogen alpha contributed the most to
differentiating all 5 degradome profiles (Supplementary Figure S1,
Supplementary Table S3).

Principal component analysis showed overall tight, consistent
clustering of triplicates within species (Figure 3H). Replicates incu-
bated with the 2 most thrombolytic venoms, BIAR and CRAT, clus-
tered more closely together than with other species, while CRVI and
NANI venoms formed another distinct cluster.

3.4 | Fibrin cleavage profiles

All venoms produced more cleavage products of fibrin chain alpha
than of beta or gamma, and CRAT and BIAR clot degradomes showed
the highest coverage/number of fibrin peptides detected overall
(Figure 4A). All venoms produced degradation products associated
with the cleavage of fibrinopeptide A (residues 20-35) and regions
between residues 500 and 600 spanning the a connector (C) domain
of the main fibrin alpha chain (Figure 4B; Supplementary Figure S2).
Clots treated with CRAT and BIAR venoms also demonstrated
high coverage and depth of chain alpha peptides in the oC
region between residues 200 and 400. The highest intensities
oaC peptides 22°LIKMKPVPDLVPGN?%¢  and
393FRPDSPGSGNARPNNPDWGT*'? in CRAT venom-treated clots
and ??°KPVPDLVPGN?** in  BIAR
(Supplementary Figure S2). We identified the thrombin cleavage site

came from the
venom-treated  clots

at residues 35/36 across species and found degradation peptides
flanking plasmin cleavage sites at residues 100 to 101 and 123 to 124
in BIAR and CRAT venom-treated clots only. We also identified a high
number of fibrin alpha chain peptides flanking cross-linking sites at
residues 322, 347, and 385 in BIAR and CRAT venom-treated clots,
while all venoms produced degradation peptides flanking cross-linking
sites at residues 527, 558, 575, 581, and 599.

Relative to the alpha chain, fibrin beta cleavage was significantly
lower in all clot degradomes but was particularly low in CRVI, NANI,
and NASA degradomes (Figure 4C) [38]. BIAR and CRAT degradomes
showed the areas of highest peptide coverage between residues 58 to
72 of the main beta chain and another area between residues 150 and
163 that was absent in all other species, where 2 plasmin cleavage
sites are found (Supplementary Figure S3). Fibrinopeptide B (residues
31-44) was found liberated from all clots except for CRVI venom-
treated clots. This cleavage event is likely due to endogenous
thrombin activity during thrombus formation. The peptide
85| RPAPPPISGGGYR”? had the highest intensity in BIAR and CRAT
venom-treated clots, which is located downstream from a beta chain
polymerization site at residues 45 to 47. Only BIAR and CRAT venoms
produced degradation products of fibrin chain gamma from residues

66 to 109, which flank plasmin cleavage sites at residues 84/85 and
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N. savannula.

88/89, and from residues 446 to the C-terminus (Figure 4D;
Supplementary Figure S4). The C-terminal peptides identified in BIAR
and CRAT clot degradomes are downstream of a fibrin alpha-gamma
binding site, a gamma polymerization site at residues 400 to 422
and the platelet aggregation site at residues 423 to 437.

3.5 | Venom-wide cleavage sites

Fingerprints of cleavage specificity of the top 400 degradome pep-
tides by intensity revealed differences in both snake family- and

species-level cleavage residue preferences. Leucine at P1 was
favored in viper degradomes (Figures 4E-G), particularly in CRAT,
but there was also a preference for leucine at P2’ for CRVI and P1 in
BIAR. Viperid venoms also showed a preference for valine at P2’
(CRVI; Figure 4G) and P4 (BIAR; Figure 4E). BIAR and CRAT venoms
showed a preference for proline in the P4'-Pé’ region (Figure 4E, F).
Last, BIAR venom showed a strong preference for glycine at P2’
(Figure 4E), and CRVI venom showed a preference for serine at P6’
(Figure 4G). NASA and NANI venom-induced cleavage events
demonstrated a preference for aspartic acid at P1" and a preference
for leucine from P1 to P2 of NASA (Figure 4H, I).
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We determined consensus preferences at each site from P6 to P&’
for each venom (Figure 4J). In general, we noted a strong preference
for hydrophobic residues across flanking sites for all species, with a
particular preference for leucine at P1 in all species but CRAT. We
also noted the higher preference for acidic residues aspartic acid and
glutamic acid in both elapid species and a preference for polar neutral

residues in flanking regions in CRVI.

3.6 | Differences between venoms with varying
levels of thrombolytic activity

To identify the major defining characteristics between strongly
thrombolytic and minorly thrombolytic venoms we created a volcano
plot and performed PLS-DA to identify clot degradation products that
significantly differed in abundance that might define the 2 groups. The
volcano plot showed BIAR and CRAT clot degradomes produced
significantly higher abundance of 74 proteins including tubulin alpha
1B chain (TUBA1B), fibrinogen beta and gamma chains (FGB and
FGG), N-acetylmuramoyl-L-alanine amidase (PGLYRP2), vitronectin
(VTN), extracellular matrix protein 1 (ECM1), inter-alpha-trypsin in-
hibitor heavy chain H1 (ITIH1), hemoglobin subunit delta (HBD),
pleckstrin (PLEK), and FN1 as major outliers (Figure 5A;
Supplementary Table S4). The PLS-DA VIP plot demonstrated that the
top 3 components with the highest VIP scores included alpha-1-
antitrypsin (SERPINA1), hemoglobin subunit beta (HBB), and fibrin-
ogen alpha (FGA, Figure 5B). The top 15 VIP scores also included FGB,
alpha2-HS-glycoprotein (AHSG), glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), VTN, FGG, ITIH1, and alpha-synuclein (SNCA;
Figure 5B; Supplementary Table S5). This demonstrates that the
degradation of all 3 fibrin strands, in addition to other proteins that
may be bound to clots, is a defining characteristic of highly throm-
bolytic venoms.

A STRING V12.0 protein-protein interaction network of the
degradation targets that were significantly higher in clots treated with
thrombolytic venoms produced a network with 71 nodes and 103
edges (Figure 5C). Major gene ontology biological processes identified
included blood coagulation (FDR = 2.01e-06), fibrinolysis (FDR = 9.1e-
07), and fibrin clot formation (FDR = 2.99e-05). Although other major
interrelated pathways were also significant, including platelet aggre-
gation (FDR = 1.46e-05), defense response (FDR = 2.37e-06), regu-
lation of catalytic activity (FDR = 0.0084), and inflammatory response
(FDR = 0.00092). The nodes with the highest degree of connectivity
were proteins associated with clots or directly involved in clot archi-
tecture and stability including FN1 (n = 14), plasminogen (PLG; n = 13),
apolipoprotein B-100 (APOB; n=11), FGA (n = 11), and FGB (n = 11).

4 | DISCUSSION

The amalgamation of functional thrombolytic assays and snake venom
blood clot degradomes provides a complete framework of the pro-

teolytic targets responsible for venom-induced thrombolysis. This has

broad applications for the development of blood disorder therapeu-
tics, snakebite treatment, and hematologic research tools. Here, we
demonstrated the utility of a high-throughput halo assay in the
guantification of venom-induced clot degradation and compared
thrombolytic activities across 5 snakes with varied venom composi-
tion. Clot lysis rates were related to the abundance of SVMPs in each
venom and their variable cleavage patterns toward clot-bound pro-
teins. The high abundance of proteolytic toxins and their ability to
target both cross-linking, cell adhesion, and plasmin cleavage sites of
fibrin, as well as structurally pivotal clot-bound proteins, are consis-
tent with the high thrombolytic activity of BIAR and CRAT venoms.
Ultimately, this study expands our understanding of the thrombolytic
and fibrinolytic effects of snake venom by determining the full suite of
clot-specific venom targets that are involved in clot formation and
stability.

We identified many of the same proteins in the clot degradome
that were previously identified as either venom protease targets or
as effector proteins in biofluids or tissues, including coagulation
cascade factors, serpins, apolipoproteins, complement factors, ECM
proteins, and fibrinogen chains [14,16,40] (Figure 6). Taken together,
changes in the abundance of these endogenous proteins affect a
wide variety of physiological responses to envenomation, including
activation, hemostatic
[14-17,40-42]

(Supplementary Table S6). However, correlating the differences in

thromboinflammation, immune system

alterations, and cell and tissue destruction
protein abundance and degradation products of envenomated tis-
sues with measurable differences in biological and physiological
functions presents a significant challenge. To understand how some
of these venom targets relate to clot degradation, we focused spe-
cifically on integrating the observed differences in clot degradome
peptides with the measurable differences in thrombolytic activity
between snake venoms.

Vipers are generally known to produce highly proteolytic venom
compared with elapids [43,44]. In this study, the 3 vipers demon-
strated much higher overall protease abundance than the elapids;
however, only the venoms of 2 SVMP-rich viper species, BIAR and
CRAT, were able to initiate full thrombolysis after 2 hours. Even the
low-protease venoms produced some proteolytic activity against fibrin
alpha and beta chains and other clot-stabilizing proteins, suggesting
that the higher rates of thrombolysis in CRAT and BIAR are, unsur-
prisingly and at least in part, dependent on the higher abundance of
metalloproteases in their venoms.

The generation of venom-induced cleavage fingerprints provides
key new perspectives on the combined cleavage patterns induced by
venom toxins, which has the potential to reveal both novel patterns of
proteolysis and strengthen the ability to predict other unexplored
substrates. Species showed characteristic differences in cleavage site
preferences indicative of an overall divergence in activities between
active proteases in each venom. Despite using crude venom, proteo-
lytic signatures resulting from the action of highly abundant SVMPs in
viperid venoms were still detectable. For example, we detected the
previously noted preference for Leu at P1" of SVMPs (and metal-

loproteases in general) in all 3 viper venoms [14-16].
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The cleavage of fibrin(ogen) chains alpha, beta, and gamma by
various venom proteases has repeatedly been observed [14]. Using
Peptigram software, we characterized the unique protein cleavage
patterns for all 3 fibrin(ogen) chains, noting enhanced proteolytic ac-
tivity and broader coverage across all chains for BIAR and CRAT

venoms compared with all other species. We also noted that the most

thrombolytic venoms targeted fibrin regions essential for clot stability,
including regions involved in cross-linking, fibrinolysis inhibition, and
cell adhesion.

Alpha chain cross-links throughout the «C domains are integral to
fibrin polymer assembly [45]. We found extensive degradation across

alpha chain interchain binding sites, particularly by BIAR and CRAT
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venoms, with a high number of peptides originating from the oC recognized multiple cleavage sites at or flanking plasmin cleavage sites

domain, indicating possible compromise of alpha cross-links and in the alpha and beta chains. This plasmin-like activity is likely unre-

therefore clot stiffness and elasticity. BIAR and CRAT venoms also lated to endogenous plasmin activity, as we did not detect peptides
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associated with plasminogen activation. These thrombolytic venoms
also uniquely targeted residues flanking the alpha-2-antiplasmin
binding site of chain alpha, possibly neutralizing the protective ef-
fects against fibrinolysis of this protein. BIAR and CRAT venom-
treated clots showed significantly higher degradation of fibrin chain
beta, particularly in the beta chain polymerization site toward the N-
terminal where binding to the distal site of another fibrin strand
occeurs.

The gamma chain of fibrin is pivotal to the formation of struc-
turally sound fibrin polymers with high mechanical resistance, and
polymers lacking gamma chain cross-links produce unstable clots that
easily fragment [46]. The gamma chain also accelerates thrombin-
mediated factor XIII (FXIII) activation, thereby enhancing clot stabil-
ity facilitated by FXllla activity. We specifically noted cleavage by
BIAR and CRAT venoms of the C-terminal portion of fibrin chain
gamma [14], the region involved in fibrin stabilization via cross-links
[47], and platelet interactions via integrin binding [48,49]. As
platelet aggregation is another critical step in clot formation, the
targeting of this region by CRAT and BIAR venoms likely plays a
significant role in thrombolysis by compromising the stiffness and
structure of the fibrin network and by interfering with platelet ag-
gregation in stable clots.

Coagulation FXIlla is critical for clot stabilization during coagu-
lation via its catalysis of fibrin cross-links and of cross-linking of fibrin
to other proteins including alpha-2-antiplasmin [50,51], inter-alpha-
inhibitor [52], FN1, HRG [53], ECM-1, alpha-2-macroglobulin, plas-
minogen, and c3 [54]. We identified cleavage of FXIII A subunit in all
venoms, which remains associated with the clot after the active B
subunit is released [55], as well as downstream degradation products
of FXllla from the clot degradomes of BIAR and CRAT.

Enzyme-rich thrombolytic venoms also demonstrated increased
activity toward other clot-stabilizing proteins that are substrates of
FXIlla [51], including FN1, VTN, ECM-1, and lumican [14,17,18]. FN1
covalently cross-links to fibrin to significantly increase clot stability
and size [56], and association with FN1 specifically has been shown to
increase the adhesive properties of fibrin, making FN1 critical for clot
retention of stabilizing platelets and other cellular material [57]. We
noted cleavage sites flanking cell attachment and Fibulin-1 (FBLN1)
binding sites of fibronectin in the clot degradome of multiple species,
but only BIAR and CRAT clot degradomes showed peptides from the
N-terminal region of fibrin-binding site 2. Therefore, venom may
compromise the stabilizing properties of FN1-mediated cell and
platelet adhesion to clots by degrading both FN1 sites of cell adhesion
and interfering with fibrin-FN1 interactions.

VTN is known to inhibit fibrinolysis by complexing with type 1
plasminogen activator inhibitor on fibrin polymers [58]. Further, VTN
preferentially binds to the carboxyl-terminal of the gamma chain of
fibrin, another venom target discussed above involved in clot stabili-
zation via cross-linking [59]. VTN-deficient thrombi are inherently
unstable and show an increased tendency to embolize [59,60]. BIAR
and CRAT clot profiles had the highest number of peptides resulting
from VTN degradation, and we noted peptides that spanned the RGD
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cell attachment site of VTN in NASA, CRVI, and CRAT clot profiles,
suggesting further interference with structural protein-mediated cell
adhesion.

The clot-stabilizing proteins and fibrin chains discussed above
support clot architecture by altering the physical properties of a
thrombus, including its permeability, resistance to lysis, clot stiffness,
and cell-adhesive properties [45,57]. A comprehensive understanding
of how these proteins interact to regulate thrombus formation,
structure, and stability is pivotal for identifying novel targets for
future anticoagulant and thrombolytic therapies [61]. Measurable
structural differences in clot architecture caused by deficiencies or
enrichment in specific clot-bound proteins can be detected in prote-
omic clot profiles and correlated with various disease states and
clinical outcomes [62-64]. This allows for the identification of specific
therapeutic targets [65].

Though snake venoms are toxic mixtures with a wide array of
biological effects, some proteins are pharmacologically active but
nontoxic when isolated [66]. Numerous snake venom toxins have
already been identified for their therapeutic utility in the treatment of
coagulopathies [67,68], For example, eptifibatide, a drug designed
from the structure of a peptide derived from Sistrurus miliarius barbouri
venom, is used to treat acute coronary syndrome due to its effects on
platelet aggregation [69]. Further, venom proteins specifically have
shown utility as diagnostic research tools in the study of hemostatic
disorders [8]. For example, venom enzymes that activate coagulation
factors or other plasma proteins [70,71] have been used to test for
specific protein levels in blood and to elucidate the mechanisms
behind the coagulation cascade [8]. Therefore, cataloging the entire
suite of toxin targets in blood clots and the resulting functional
effect of their cleavage has tremendous implications for the bio-
prospecting of thrombolytic therapies. Ultimately, our data adds to the
repertoire of snake venom hematological targets and provides a
holistic picture of the molecular basis of thrombolysis catalyzed by
snake venoms, paving the way for further investigation of hemostatic
alterations triggered by venom toxins using omics technologies.
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