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28 Abstract

29 The relentless emergence of antibiotic-resistant pathogens, particularly Gram-negative
30 bacteria, highlights the urgent need for novel therapeutic interventions. Drug-resistant
31 infections account for approximately 5 million deaths annualy, yet the antibiotic
32 development pipeline has largely stagnated. Venoms, representing a remarkably diverse
33 reservoir of bioactive molecules, remain an underexploited source of potential
34  antimicrobials. Venom-derived peptides, in particular, hold promise for antibiotic
35 discovery due to their evolutionary diversity and unique pharmacological profiles. In
36 this study, we mined comprehensive global venomics datasets to identify new
37  antimicrobial candidates. Using machine learning, we explored 16,123 venom proteins,
38  generating 40,626,260 venom-encrypted peptides (VEPs). Using APEX, adeep learning
39 model combining a peptide-sequence encoder with neural networks for antimicrobial
40  activity prediction, we identified 386 VEPs structurally and functionally distinct from
41  known antimicrobial peptides. Our analyses showed that these VEPSs possess high net
42 charge and elevated hydrophobicity, characteristics conducive to bacterial membrane
43  disruption. Structural studies revealed considerable conformational flexibility, with
44 many VEPs transitioning to a-helical conformations in membrane-mimicking
45  environments, indicative of their antimicrobial potential. Of the 58 VEPs selected for
46  experimental validation, 53 displayed potent antimicrobial activity. Mechanistic assays
47 indicated that VEPs primarily exert their effects through bacterial membrane
48  depolarization, mirroring AMP-like mechanisms. In vivo studies using a mouse model
49 of Acinetobacter baumannii infection demonstrated that lead VEPs significantly
50 reduced bacterial burdens without notable toxicity. This study highlights the value of
51  venoms as aresource for new antibiotics. By integrating computational approaches and
52  experimenta validation, venom-derived peptides emerge as promising candidates to
53  combat the global challenge of antibiotic resistance.
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62 Introduction

63 Drug-resistant infections account for approximately 5 million deaths annually
64 worldwide', fueled by the rapid emergence of antibiotic-resistant pathogens. Among
65 these, Gram-negative bacteria, identified as priority pathogens by the World Health
66 Organization (WHO), are particularly adept at developing resistance. Despite this
67 growing threat, the development pipeline for novel antibiotics has stagnated over the
68 past few decades due to high costs and lengthy timelines, emphasizing the urgent need
69  for innovative therapeutic strategies °.

70  Animal venoms represent a promising source of new antibiotics"”. These venoms are
71 rich in bioactive peptides and proteins that exhibit diverse pharmacological effects,
72  including antibacterial activity. Venom-derived peptides can target ion channels, cell
73 membranes, and enzymes. For example, the cone snail toxin MVIIA (Ziconotide),
74  marketed as Priat®, is used to treat chronic pain by selectively targeting voltage-gated
75  calcium channels®.

76  Evolutionary studies have shown that venom genes originated from a small number of
77 ancestral genes and diversified rapidly, resulting in a vast reservoir of chemical
78  diversity®.

79  Recent advances in bioinformatics and machine learning have enabled the systematic
80 mining of potential antibiotic candidates from proteomes®™®. Using APEX, our
81  sequence-to-function predictor®’, here we systematically identified potential antibiotics
82 within venom proteomes and experimentally validated their antimicrobial activity.
83 Notably, we identified venom protein-derived encrypted peptides (VEPsS) with
84 antimicrobial efficacy both in vitro and in preclinical animal models (Figure 1a). These
85 findings highlight the immense, untapped potential of venomics to address the global
86 challenge of antibiotic resistance.

87

88 Results
89 Mining venomsfor new antibiotics

90 We sourced venom proteins from four databases: ConoServer (focusing on
91 conopeptides, Supplementary Figure 1),'® ArachnoServer (spider proteins,
92 Supplementary Figure 2), % ISOB (indigenous snake proteins, Supplementary
93  Figure 3),? and VenomZone (covering six taxa: snakes, scorpions, spiders, cone snails,

94  sea anemones, and insects, Supplementary Figure 4)*. The VenomZone dataset,
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95 curated from UniProtKB, was represented in our study by UniProt. Altogether, we
96 compiled 16,123 venom proteins, which were computationally processed to generate
97 40,626,260 VEPs.

98 To analyze differences across the four databases, we performed a species overlap
99 anaysis (Figure 1b). UniProt contained the largest number of unique species (699),
100 reflecting its extensive coverage. Conoserver and Arachnoserver encompassed smaller
101  unique subsets (16 and 12, respectively), while ISOB contained no unique species.
102 These results highlight the complementary nature of these databases, emphasizing the

103  value of integrating multiple sources to achieve comprehensive venom protein diversity.

104  Using APEX, a deep learning model, we predicted bacterial strain-specific MIC values
105 for each peptide and used the mean MIC as a measure of antimicrobia activity. We
106  identified 7,379 VEPs with a mean MIC <32 pmol L™ (Data S1). Further filtering
107 criteria (see Methods: “Venom encrypted peptide selection”) based on sequence
108 similarity to known antimicrobial peptides (AMPs) yielded 386 candidates with low
109 similarity to existing AMPs (Supplementary Table 1 and Data S2).

110  To visualize sequence diversity, we compared the 386 VEPs with 19,762 known AMPs
111  from the DBAASP database. Pairwise alignment (see Methods: “Peptide sequence
112 similarity”) and uniform manifold approximation and projection (UMAP) revealed that
113  most known AMPs clustered densely, reflecting high sequence similarity matrix
114  (Figurelc).

115 Most known AMPs formed a dense cluster, indicating high sequence similarity, with a
116  minority scattered outside this cluster, representing more diverse sequences. VEPs
117  derived from ConoServer and ArachnoServer tended to cluster closer to known AMPs,
118 reflecting relatively higher sequence similarity. In contrast, UniProt-derived VEPs
119 mapped farther from the AMP cluster, partially overlapping with scattered AMPs and
120  occupying previously unexplored regions of sequence space. 1SOB-derived VEPs were
121  the most distant from known AMPs, forming isolated clusters that represent a promising
122 source of completely novel AMP sequences (Figure 1c).

123  To determine whether VEPs with low sequence similarity to known AMPs share key
124  physicochemical characteristics, we analyzed their distribution in physicochemical
125 feature space (Supplementary Figure 5). While known AMPs from DBAASP
126 clustered centrally, UniProt-derived VEPs formed three distinct clusters,
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127  Arachnoserver-derived VEPs formed two clusters, and 1ISOB and Conoserver each
128 formed one cluster. UniProt cluster overlapped with ConoServer, while the 1SOB-
129  derived cluster remained entirely isolated. UniProt- and Arachnoserver-derived clusters
130 that did not overlap with known AMPs represent unexplored regions of sequence space
131 (Figure1c).

132  These findings suggest that our approach identifies both AMP-like peptides that differ
133 in seguence while sharing similar physicochemical properties and entirely different
134  AMP familiesthat deviate in both sequence and characteristics.

135 Composition and physicochemical features

136 A comparison of amino acid composition between VEPs and DBAASP AMPs revealed
137  distinct profiles (Figure 1d and Supplementary Figure 6). VEPs had lower cysteine,
138 aspartic acid, histidine, and isoleucine, while showing higher phenylaanine, lysine, and
139 arginine content. 1SOB-derived VEPs were particularly enriched in phenylalanine,
140 whereas Conoserver-derived VEPs displayed pronounced arginine content. Notably,
141  Arachnoserver- and I1SOB-derived VEPs were enriched in lysine.

142  To further understand the physicochemical properties contributing to antimicrobial
143  activity, we benchmarked VEPs against known AMPs (Figure le-f, Supplementary
144  Figure 7). VEPs were generally more positively charged, facilitating electrostatic
145 interactions with the negatively charged bacterial membranes?. They also exhibited
146  dlightly higher normalized hydrophobicity, likely driven by their increased
147  phenylalanine and arginine content. In ISOB- and Conoserver-derived VEPS, these
148 features enhanced amphiphilicity (Supplementary Figure 7a), promoting secondary

149  dructure formation and membrane-associated activity.

150 Additionally, VEPs displayed higher isoelectric points than known AMPs
151 (Supplementary Figure 7b), consistent with their elevated cationic residue content. By
152  design, the APEX model excluded peptides with high cysteine content, thereby avoiding
153 many Conoserver-derived peptides rich in disulfide bridges. Despite their elevated
154  phenylaanine levels, VEPs maintained comparable normalized hydrophobic moments
155 (Supplementary Figure 7c) and aggregation propensities (Supplementary Figure 7d)
156 to conventional AMPs, with amphiphilic distribution likely mitigating hydrophobic
157  clustering.
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158 Collectively, these results delineate the unique composition and physicochemical

159 properties of VEPs, highlighting their potential as promising antimicrobial candidates.
160 Antimicrobial Activity Assays

161 Among the 58 VEPs tested, 53 (91.4%) exhibited activity against at least one
162 pathogenic strain. Notably, all Arachnoserver-derived peptides were active,
163 emphasizing their strong antimicrobial potential (Figure 2a). In contrast, some UniProt-
164  derived VEPs (from VenomZone) demonstrated limited potency: UniprotK B-2 showed
165 no activity, while UniprotKB-6 and UniprotKB-11 were active only against

166  Enterococcus faecium.

167  Theinactive or minimal activity of UniProtKB-2, -6, and -11 was associated with lower
168 hydrophobicity and net charge, underscoring the important role of these parameters in
169 facilitating membrane interactions. Conversely, 1SOB-derived VEPs with enhanced
170  normalized hydrophobicity exhibited improved antimicrobial performance. Among
171  Conoserver-derived VEPs, an intermediate balance of hydrophobicity and net charge
172  appeared to be optima for activity. In Arachnoserver-derived VEPs, where all
173 candidates were active, efficacy seemed to be driven by sequence-specific features

174  rather than general physicochemical properties.

175 These findings underscore the importance of physicochemical characteristics, such as
176 charge and hydrophobicity, in effective bacterial membrane disruption while also
177 highlighting the significant role of sequence-specific factors in determining
178 antimicrobia efficacy.

179  Secondary structurestudies

180 The secondary structure of short peptides is inherently dynamic, often transitioning
181  between disordered and ordered conformations depending on the surrounding
182  environment, particularly at hydrophobic/hydrophilic interfaces. These structural
183 transitions are critical for defining the biological functions of peptides, including their

184  antimicrobial activity.

185 To investigate the structural behavior of the synthesized VEPS, we performed Circular
186  Dichroism (CD) spectroscopy in diverse environments: water, sodium dodecyl sulfate
187 (SDS)/water (10 mmol L[1%), methanol (MeOH)/water (1:1, v:v), and trifluoroethanol
188 (TFE)/water (3:2, v:v). Each medium was chosen to simulate specific physicochemical
189  conditions relevant to peptide behavior. SDS micelles mimic biological lipid bilayers,
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190 offering a membrane-like environment conducive to evaluating interactions with
191  bacteria membranes'®. The TFE/water mixture is a known helical-inducer that
192 promotes intramolecular hydrogen bonding by dehydrating peptide backbone amide
193  groups, thereby favoring o-helical conformations®*?. Conversely, the MeOH/water
194  mixture promotes interchain hydrogen bonding, stabilizing B-like structures, while
195 hydrophobic side chains cluster to minimize contact with water, enhancing B-like
196  conformations™.

197  CD spectra were recorded for all VEPs at 50 pmol L™ over a wavelength range of 260
198 to 190 nm (Supplementary Figure 8a-d). The Beta Structure Selection (BeStSel)
199  agorithm was employed to deconvolute the spectra and quantify the secondary structure
200 content® (Figure 2b-€). As expected for short peptides (<50 amino acid residues),
201 VEPs were predominantly unstructured in water (Figure 2b and Supplementary
202  Figure 8a,e), though with a slight propensity toward B-like conformations (fg < 45%;
203  Supplementary Figure 8e). A similar trend was observed in the B-inducing medium
204  (MeOH/water), where the p-content modestly increased (Figure 2e and
205 Supplementary Figure 8d-e).

206  In contrast, VEPs exhibited a pronounced structural transition in SDS micelles (Figure
207  2c and Supplementary Figure 8c,e) and TFE/water mixture (3:2, v:v; Figure 2d and
208  Supplementary Figure 8b,e), adopting a-helical conformations. This shift from
209 disordered to a-helical structures highlights their responsiveness to membrane-
210  mimicking environments and helical-inducing media, consistent with typical behavior

211  observed for antimicrobial peptides®?"%,

212  Interestingly, this behavior distinguishes VEPs from other classes of encrypted peptides,
213 including those predicted by earlier proteome mining of APEX®, which predominantly
214  adopted unstructured or B-like conformations, even in membrane-like or helical-
215  inducing environments. Similarly, small open reading frame-encoded peptides (SEPSs)
216 and bacterial proteome-derived encrypted peptides®® showed limited helical
217  propensity under comparable conditions. Instead, VEPs exhibited a structural response
218 more akin to archaeasins, which also demonstrated a clear transition to o-helical
219  conformations in helical-inducing media and upon interacting with lipid bilayers™.
220 These findings suggest that VEPs may be uniquely suited for membrane-associated

221  functions, likely contributing to their observed antimicrobial efficacy.
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222  Mechanism of action studies

223  Toinvestigate whether VEPs exert their activity via membrane-related mechanisms, we
224 evaluated their effects on bacterial outer and cytoplasmic membranes using fluorescence
225  assays. We used 1-(N-phenylamino)-naphthalene (NPN) assays to assess bacterial outer
226 membrane permesbilization (Figure 3a). Among the peptides tested, 23 VEPs
227  effectively permeabilized the outer membrane. Notably, Arachnoserver-18, derived
228 from the protein M-oxotoxin-Ot2d of the spider Oxyopes takobius; ConoServer-6,
229  derived from the protein Bt211 precursor, a widely studied conotoxin from the betuline
230 cone (Conus betulinus); and ConoServer-7, derived from the protein Con-ins Glb
231  precursor of Conus geographus, a cone snail known for having the most potent venom
232 among the Conus genus™, showed superior permeabilization activity. Polymyxin B and
233 levofloxacin were as controls in these experiments™. Overal, VEPs demonstrated
234  permeabilization comparable to or better than other AMPs"**** or other human- or
235  animal-derived EPS’,

236 We next evaluated cytoplasmic membrane depolarization using 3,3-
237  dipropylthiadicarbocyanine iodide (DiSCs-5), a fluorophore that detects membrane
238 potential changes. Among the 28 peptides tested against P. aeruginosa PAO1, 26 VEPs
239  depolarized the cytoplasmic membrane more effectively than the control groups treated
240  with polymyxin B and levofloxacin (Figur e 3b)™. However, the depolarization efficacy
241  of VEPs was less pronounced compared to other peptide families®, such as those
242  derived from the archaeal proteome (archaeasins)'’ and SEPs®. Against the Gram-
243  positive bacterium S. aureus, VEPs exhibited slightly better depolarization activity than
244  P. aeruginosa (Figure 3c), though their performance remained below that of other
245  reported peptide depolarizers 1.

246  These findings suggest that VEPs primarily exert their antimicrobial effects through
247  cytoplasmic membrane depolarization rather than outer membrane permeabilization.
248  This mode of action aligns with that of conventiona AMPs***® and EPs™ but differs
249  from certain computationally predicted peptides®.

250 Invitro cytotoxicity of VEPs

251 Cytotoxicity was assessed using human embryonic kidney (HEK293T) cells. Some
252 VEPs were cytotoxic at HCsp <64 pmol L1 (Figure 4a), mirroring their potent

253 antimicrobial activity. These findings underscore the importance of fine-tuning VEP
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254  properties to balance antimicrobial efficacy with reduced cytotoxicity, guiding further
255  peptide optimization.

256  Anti-infective activity in preclinical animal models

257  To determine the in vivo efficacy of lead VEPS, we used a skin abscess mouse model
258 infected with A. baumannii, a clinicaly significant pathogen (Figure 4b). Three VEPs
259  demonstrated promising activity: UniProtKB-7, derived from the Im-1 toxin of the
260  scorpion |sometrus maculatus; ConoServer-14, derived from the Elevenin-Vcl protein
261  of the cone snail Conus quercinus; and Arachnoserver-5, derived from the M-lycotoxin-

262  Gri2c protein of the wolf spider Geolycosa riograndae.

263 A singletopica dose of each VEP at its MIC significantly reduced bacterial counts two
264  days post-infection. Arachnoserver-5 achieved a two-log reduction in bacterial load,
265 comparable to the activity of polymyxin B and levofloxacin controls. Four days post-
266 infection, all three VEPs continued to suppress bacterial growth, with Arachnoserver-5
267  producing athree-log reduction relative to untreated controls (Figure 4c). Importantly,
268 no significant changes in body weight were observed in treated animals, indicating

269  minimal toxicity under these conditions (Supplementary Figure 10).
270
271 Discussion

272  This study highlights the potential of computational exploration of venom proteomes,
273 integrating machine learning-driven predictions with experimental validation, to
274 uncover novel antibiotic candidates. The VEPs identified in this work exhibit distinct
275 sequence and physicochemical properties, retain membrane-active mechanisms
276  characteristic of known antimicrobial peptides (AMPs), and demonstrate promising
277  antimicrobial activity in both in vitro assays and preclinical animal models.

278  Our findings highlight the power of combining digital data and machine learning to
279 accelerate antibiotic discovery. By tapping into the underexplored biodiversity of
280 venom-derived proteins, we have uncovered a promising new class of antimicrobial

281  agents.
282

283 Limitations of the study
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284  While APEX has proven effective in accelerating the discovery of novel antimicrobials,
285 severa limitations remain. One significant constraint is its reliance on discrete MIC
286  vaues, which are recorded in multiples of 2, and the exclusive use of AAindex features,
287  limiting prediction accuracy and generalizability. Additionally, the model restricts input
288 sequence length to 50 residues, favoring peptides that are easier to chemically
289  synthesize but compromising prediction accuracy for longer sequences. Another notable
290 limitation is the lack of interpretability in APEX’s predictions, as it does not identify
291  specific sequence features responsible for AMP activity, thereby limiting mechanistic
292 insights.

293 To address these limitations and enhance APEX’s utility, several strategies can be
294  implemented. Introducing self-attention mechanisms could improve model
295 interpretability by pinpointing critical sequence features that drive antimicrobial activity.
296 Expanding the training dataset to include longer sequences would improve prediction
297  accuracy for peptides exceeding the 50-residue threshold. Employing data augmentation
298 techniques could enhance generalizability across diverse peptide datasets. Additionally,
299 integrating large language models could capture complex sequence relationships, further
300 improving prediction accuracy and broadening APEX’s applicability.
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347

348 Figure 1. Exploration of global venoms for antibiotic discovery. (a) Mining
349  framework for AMPs. Our framework employs a three-stage approach to identify novel
350 AMP candidates from venom proteins. Initially, a peptide library is generated using a
351 dliding window method, extracting peptides ranging from 8 to 50 amino acid residuesin
352 length. Subsequently, Minimum Inhibitory Concentration (MIC) values of a peptides
353 against bacterial strains were predicted by APEX. Finaly, candidate VEPs are selected
354  based on sequence similarity, yielding a set of unigue and potent molecules. (b) Venn
355 diagram illustrating species overlap among the four databases used as source of venom

356 proteins. Species names extracted from these databases were analyzed to identify
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357 diversity. (c) Physicochemical feature space exploration. The graph illustrates a
358 bidimensional sequence space visualization of peptide sequences found in DBAASP
359 and antimicrobial venom-derived EPs (VEPS) discovered by APEX in venom proteins
360 from multiple source organisms. The physicochemical features were calculated for
361 peptide sequences which was made up of the feature vector for representing peptide.
362 Each row in the matrix represents a feature representation of a peptide based on its
363 amino acid composition. Uniform Manifold Approximation and Projection (UMAP)
364  was applied to reduce the feature representation to two dimensions for visualization. (d)
365 Comparison of amino acid frequency in VEPs with known antimicrobial peptides
366 (AMPs) from the DBAASP, APD3, and DRAMP 3.0 databases. Distribution of two
367 physicochemical properties for peptides with predicted antimicrobial activity, compared
368 with AMPs from DBAASP, APD3, and DRAMP 3.0: (e) net charge and (f) normalized
369 hydrophobicity. Net charge influences the initial electrostatic interactions between the
370 peptide and negatively charged bacterial membranes, while hydrophobicity affects
371 interactions with lipids in the membrane bilayers. Statistical significance in e and f was
372  determined using two-tailed t-tests followed by Mann—Whitney test; P values are shown

373 inthe graph. The solid line inside each box represents the mean value for each group.

374
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375

376  Figure 2. Antimicrobial activity and secondary structure profiles of antibiotics
377  from venoms. (a) Heat map displaying the antimicrobial activities (umol /L™ of active
378 antimicrobial agents from venoms against 11 clinically relevant pathogens, including
379  antibiotic-resistant strains. Briefly, 10° bacterial cells were incubated with serialy
380 diluted VEPs (1-64_ umol LIL™) at 37L1°C. Bacterial growth was assessed by measuring
381 the optical density at 600 nm in a microplate reader one day post-treatment. The MIC
382  values presented in the heat map represent the mode of the replicates for each condition.
383 (b) Ternary plots showing the percentage of secondary structure for each peptide (at 50
384 umol L™) in four different solvents: water, 60% trifluoroethanol (TFE) in water, 50%
385 methanol (MeOH) in water, and Sodium dodecy! sulfate (SDS, 10 mmol L™) in water.
386 Secondary structure fractions were calculated using the BeStSel server®. Circles
387 indicate active VEPs, while crosses represent inactive peptides.

388
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389

390 Figure 3. Mechanism of action of antibiotics from venoms. To assess whether VEPs
391 act on bacterial membranes, all active peptides against P. aeruginosa PAO1 were
392  subjected to outer membrane permeabilization and peptides active against P. aeruginosa
393 PAOQOLl and S aureus ATCC 12600 were tested in cytoplasmic membrane depolarization
394  assays. The fluorescent probe 1-(N-phenylamino)naphthalene (NPN) was used to assess
395 membrane permeabilization (a) induced by the tested VEPs. The fluorescent probe 3,3'-
396 dipropylthiadicarbocyanine iodide (DiSCs-5) was used to evaluate membrane
397 depolarization (b) caused by VEPs. The values displayed represent the relative
398 fluorescence of both probes, with non-linear fitting compared to the baseline of the
399 untreated control (buffer + bacteria + fluorescent dye) and benchmarked against the
400 antibiotics polymyxin B and levofloxacin. All experiments were performed in three
401 independent replicates. The protein and peptide structures depicted in the figure were
402  created with PyMOL Molecular Graphics System, version 3.1 Schrédinger, LLC.
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Figure 4. Cytotoxic and anti-infective activity of antibiotics from venoms. (a)
Heatmap exhibiting the cytotoxic concentrations leading to 50% cell lysis (CCT111) in
human embryonic kidney (HEK293T) cells, determined by interpolating dose-response
data using a nonlinear regression curve. All experiments were performed in three
independent replicates. (b) Schematic representation of the skin abscess mouse model
used to assess the anti-infective activity of VEPs (n"1=16) against A. baumannii ATCC
19606. (b) UniprotK B-7, conoserver-14, and arachnoserver-5 were administered at their
MIC in a single dose two hours post-infection. Arachnoserver-5 inhibited the
proliferation of the infection for up to 47 1days after treatment compared to the untreated
control group at levels comparable to the control antibiotics, polymyxin B and

levofloxacin.
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Methods
Encrypted peptidesin venom proteomes

The venom protein sequences were collected from https://www.snakebd.com/ (Snakes),

https://arachnoserver.qgfab.org/mainMenu.html  (Spider), https://www.conoserver.org/

(Carnivorous marine cone snails) and https://venomzone.expasy.org/ (Venom Zone)
(access data: August 30th, 2023). 654, 2,206, 5,494 and 7,769 proteins were obtained
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581 from above four databases, respectively. Venom protein substrings ranging from 8-50
582  amino acids in the sequences, comprising only canonical amino acids, were considered
583 as the venom encrypted peptides (VEPSs). The venom proteins were preprocessed in
584  three ways based on length: (1) no truncation for lengths >8; (2) truncation using a
585  dliding window (range from 8 to maximum sequence length) for lengths between 8 and
586 50; (3) truncation using a sliding window (range from 8 to 50) for lengths >50. In total,
587 40,626,260 VEPs were obtained from venom proteins sequences, which were for further
588  study.

589 APEX

500 APEX is abacteria strain-specific antimicrobial activity predictor®, and was trained on
591 in-house peptide dataset and publicly available antimicrobial peptides (AMPs) from
502 DBAASP*. Specifically, APEX is a multiple-target tasks model that can predict
593 minimum inhibitory concentrations (MICs) values of peptides against 34 bacterial
594  drains (E. coli ATCC 11775, P. aeruginosa PAO1, P. aeruginosa PA14, S. aureus
595 ATCC 12600, E. coli AIC221, E. coli AIC222, K. pneumoniae ATCC 13883, A
596  baumannii ATCC 19606, Akkermansia muciniphila ATCC BAA-835, Bacteroides
597 fragilis ATCC 25285, Bacteroides vulgatus (Phocaeicola vulgatus) ATCC 8482,
598 Collinsella aerofaciens ATCC 25986, Clostridium scindens ATCC 35704, Bacteroides
599 thetaiotaomicron ATCC 29148, B. thetaiotaomicron Atdk AlpxF (background: VP
600 5482), Bacteroides uniformis ATCC 8492, Bacteroides eggerthi ATCC 27754,
601 Clostridium spiroforme ATCC 29900, Parabacteroides distasonis ATCC 8503,
602 Prevotella copri DSMZ 18205, Bacteroides ovatus ATCC 8483, Eubacterium
603 rectale ATCC 33656, Clostridium symbiosum ATCC 14940, Ruminococcus
604 obeumATCC 29174, Ruminococcus torques ATCC 27756, methicillin-resistant S.
605 aureus ATCC BAA-1556, vancomycin-resistant Enterococcus faecalis ATCC 700802,
606 vancomycin-resistant E. faecium ATCC 700221, E. coli Nissle 1917, Salmonella
607 entericaATCC 9150 (BEIRES NR-515),S. enterica (BEIRES NR-170), S
608 enterica ATCC 9150 (BEIRES NR-174) and Listeria monocytogenes ATCC 19111
609 (BEIRESNR-106)

610 Venom encrypted peptide selection

611 APEX was used to predict the antimicrobial activity for the 40,626,260 encrypted
612  peptides derived from the venom proteome. We used the mean MIC value against the
613 eleven pathogen strains to rank and select the encrypted peptides for chemical synthesis
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614 and experimental validation. When selecting the peptides, we also make sure they met

615 thefollowing criteria:

616 1 - The selected peptide should have <32 umol L™ median MIC by prediction.

617 2 - The selected peptide should have <75% sequence similarity to all in-house peptides
618 and publicly available AMPs.

619 3 - Theselected peptides themselves should have <75% sequence similarity.

620 Physicochemical property analysis

621 The twelve physicochemical properties of peptides, including normalized hydrophobic
622  moment, normalized hydrophobicity, net charge, isoelectric point, penetration depth, tilt
623  angle, disordered conformation propensity, linear moment, propensity to aggregation in
624  vitro, angle subtended by the hydrophobic residues, amphiphilicity index, and
625 propensity to PPII coil, were obtained from the DBAASP server®™. Note that Eisenberg

626  and Weiss scale® was chosen as the hydrophobicity scale.
627 Phylogenetic tree visualization

628 To obtain the phylogenetic tree, the taxon IDs of organisms obtained from four
629 databases were uploaded to  NCBI Taxonomy  Common  Tree
630  (https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi). The resulted
631 treefilefrom NCBI was then visualized viai TOL (https://itol.embl.de/).

632 Peptide sequence similarity

633 We agpplied the Needleman—Wunsch algorithm in the function ‘needledll’ from the
634 EMBOSS software package (version 6.6.0.0)*" to estimate the similarity between our
635 VEP with median MIC <32 pumol L™ and AMPs in the DBAASP dataset. The
636 parameters used are al default, and the parameter ‘identity’ was sifted out for the graph.

637 AA frequenciescalculation

638  Thefunction ‘ ProtParam.ProteinAnalysis’ was imported from the Biopython module
639  ‘Bio.SeqUtils.ProtParam’ (version 1.75)*, which was used to count the total number of
640 amino acidsin a protein sequence and calculate the percentage composition of each
641 amino acid in aprotein sequence for two levels analysis including amino acid level and
642  sequencelevel.

643 Amino acid level:

22


https://doi.org/10.1101/2024.12.17.628923
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628923; this version posted December 20, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

n

i—1AQ;;

=1 ij
AA; 4

" IPY), aa;
644  Whereaa;; isthe number of amino acid i in sequencej and A4; isthe frequency of
645 amino acid I. nisthetotal number of sequences and 20 is the total number of amino
646  acids.
647  Sequence level:

_ XYj-iaaq;;

AA;
n
648  Whereaa;; isthe frequency of amino acid i in sequence j and A4; is the frequency of

649 amino acidi. nisthe total number of sequences.
650 Peptide sequence space visualization

651 Given a peptide dataset, a similarity matrix containing the pairwise peptide sequence
652 smilarity could be caculated by previous method (Peptide sequence similarity).
653  Uniform manifold approximation and projection (UMAP) was then used to transform
654 the similarity matrix into a two-dimensional space. We used this space as a proxy for
655 the peptide sequence space, and visualized the peptides’ distribution/spread/location in
656 it

657 Peptide Synthesis

658  All peptides used in the experiments were purchased from AAPPTec and synthesized
659 by solid-phase peptide synthesis using the Fmoc strategy.

660 Bacterial strainsand growth conditions

661 In this study, we used the following pathogenic bacterial strains. Acinetobacter
662 baumannii ATCC 19606, Escherichia coli AIC221 [Escherichia coli MG1655
663 phnE_2::FRT (control strain for AIC 222)] and Escherichia coli AIC222 [Escherichia
664 coli MG1655 pmrA53 phnE_2::FRT (polymyxin resistant; colistin-resistant strain)],
665 Klebsiella pneumoniae ATCC 13883, Pseudomonas aeruginosa PAO1L, Pseudomonas
666 aeruginosa PA14, Saphylococcus aureus ATCC 12600, methicillin-resistant
667  Saphylococcus aureus ATCC BAA-1556, vancomycin-resistant Enterococcus faecalis
668 ATCC 700802, and vancomycin-resistant Enterococcus faecium ATCC 700221.
669  Pseudomonas Isolation (Pseudomonas aeruginosa strains) agar plates were exclusively
670 used in the case of Pseudomonas species. All the other pathogens were grown in Luria

671 Bertani (LB) broth and on LB agar. In al the experiments, bacteria were inoculated
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672 from one-isolated colony and grown overnight (16 h) in liquid medium at 37 °C. In the
673 following day, inoculums were diluted 1:100 in fresh media and incubated at 37 °C to
674  mid-logarithmic phase.

675 Minimal inhibitory concentration assays

676 Broth microdilution assays were performed to determine the minimum inhibitory
677 concentration (MIC) values of each peptide. Peptides were added to nontreated
678  polystyrene microtiter 96-well plates and 2-fold serially diluted in sterile water from 1
679 to 64 umol L. Bacterial inoculum at 2x10° CFU mL™ in LB or BHI medium was
680 mixed 1:1 with the peptide. The MIC was defined as the lowest concentration of peptide
681 able to completely inhibit the bacterial growth after 24 h of incubation a 37 °C. All
682  assays were donein three independent replicates.

683  Circular dichroism experiments

684  The circular dichroism experiments were conducted using a J1500 circular dichroism
685  spectropolarimeter (Jasco) in the Biological Chemistry Resource Center (BCRC) at the
686  University of Pennsylvania. Experiments were performed at 25 °C, the spectra graphed
687 are an average of three accumulations obtained with a quartz cuvette with an optical
688  path length of 1.0 mm, ranging from 260 to 190 nm at a rate of 50 nm min™ and a
689  bandwidth of 0.5 nm. The concentration of all VEPs tested was 50 umol L™, and the
690 measurements were performed in water, mixture of water and trifluoroethanol (TFE) in
691 a3:2ratio, mixture of water and methanol (MeOH) in a 1:1 ratio, and sodium dodecyl
692 sulfate (SDS) in water at 10 mmol L™, with respective baselines recorded prior to
693 measurement. A Fourier transform filter was applied to minimize background effects.
694 Helical fraction values were calculated using the single spectra analysis tool on the
695 server BeStSel®. Ternary plots were created in https://www.ternaryplot.com/ and
696  subsequently edited.

697 Outer membrane permeabilization assays

698  N-phenyl-1-napthylamine (NPN) uptake assay was used to evaluate the ability of the
699  peptides to permeabilize the bacterial outer membrane. Inocula of P. aeruginosa PAO1
700  were grown to an OD at 600 nm of 0.4 mL™, centrifuged (10,000 rpm a 4 °C for 10
701 min), washed and resuspended in 5 mmol L™ HEPES buffer (pH 7.4) containing 5
702  mmol L™ glucose. The bacterial solution was added to a white 96-well plate (100 plL
703 per well) together with 4 L of NPN at 0.5 mmol L™, Consequently, peptides diluted in
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704  water were added at their MIC to each well, and the fluorescence was measured at Ao =
705 350 nm and Aen = 420 nm over time for 45 min. The relative fluorescence was
706 calculated using the untreated control (buffer + bacteria + fluorescent dye) and
707  polymyxin B (positive control) as baselines and the following equation was applied to
708  reflect % of difference between the baselines and the sample:

100 = (fluorescencesample - fluorescenceuntreated control)

% dif ference =
fluorescenceuntreated control

709  Cytoplasmic membrane depolarization assays

710  The cytoplasmic membrane depolarization assay was performed using the membrane
711  potential-sensitive dye 3,3’ -dipropylthiadicarbocyanine iodide (DiSCs-5). P. aeruginosa
712 PAO1l and S aureus ATCC 12600 in the mid-logarithmic phase were washed and
713 resuspended at 0.05 OD mL™ (optical value at 600 nm) in HEPES buffer (pH 7.2)
714 containing 20 mmol L™ glucose and 0.1 mol L™ KCI. DiSCs-5 at 20 umol L™ was added
715  to the bacterial suspension (100 puL per well) for 15 min to stabilize the fluorescence
716  which indicates the incorporation of the dye into the bacterial membrane, and then the
717  peptides were mixed 1:1 with the bacteriato afina concentration corresponding to their
718 MIC values. Membrane depolarization was then followed by reading changes in the
719  fluorescence (Aex = 622 NM, Aen = 670 Nm) over time for 60 min. The relative
720  fluorescence was calculated using the untreated control (buffer + bacteria + fluorescent
721  dye) and polymyxin B (positive control) as baselines and the following equation was
722  applied to reflect % of difference between the baselines and the sample:

100 = (fluorescencesample - fluorescenceuntreated control)

fluorescenceuntreated control

% dif ference =

723  Eukaryotic cellsculture

724  HEK?293T cells were obtained from the American Type Culture Collection (CRL-3216).
725 The cells were cultured in high-glucose Dulbecco's modified Eagle’'s medium
726  supplemented with 1% penicillin and streptomycin (antibiotics) and 10% fetal bovine
727  serumand grown at 3771°C in a humidified atmosphere containing 5% CO..

728  Cytotoxicity assays

729  One day before the experiment, an aliquot of 100_/uL of the cells at 50,000Lcells per
730 mL was seeded into each well of the cell-treated 96-well plates used in the experiment

25


https://doi.org/10.1101/2024.12.17.628923
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628923; this version posted December 20, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

731 (that is, 5,000 cells per well). The attached HEK293T cells were then exposed to
732 increasing concentrations of the peptides (8-128umolIL™) for 24[1h. After the
733 incubation  period, we performed the  3-(4,5-dimethylthiazol-2-yl)-2,5-
734  diphenyltetrazolium bromide tetrazolium reduction assay (MTT assay). The MTT
735  reagent was dissolved at 0.5 mg™ mL™ in medium without phenol red and was used to
736  replace cell culture supernatants containing the peptides (1007 TuL per well), and the
737  samples were incubated for 47h at 3771°C in a humidified atmosphere containing 5%
738 CO; yielding the insoluble formazan salt. The resulting salts were then resuspended in
739  hydrochloric acid (0.04”mol7L™) in anhydrous isopropanol and quantified by
740  spectrophotometric measurements of absorbance at 57071nm. All assays were done as

741  threebiological replicates.
742  Skin abscess infection mouse model

743  The back of six-week-old female CD-1 mice under anesthesia were shaved and injured
744 with a superficial linear skin abrasion made with a needle. An aliquot of A. baumannii
745  ATCC 19606 (9.6x10° CFU mL™; 20 uL) previously grown in LB medium until OD
746  (optical value at 600 nm) 0.5 and then washed twice with sterile PBS (pH 7.4, 10,000
747  rpm for 2 min) was added to the scratched area. Peptides diluted in sterile water at MIC
748  vaue were administered to the wound area 2 h after the infection. Two- and four-days
749  post-infection animals were euthanized, and the scarified skin was excised,
750 homogenized using a bead beater (25 Hz for 20 min), 10-fold serially diluted, and
751 plated on McConkey agar plates for CFU quantification. The experiments were
752 performed using six mice per group (n = 6). The skin abscess infection mouse model
753 was revised and approved by the University Laboratory Animal Resources (ULAR)
754  from the University of Pennsylvania (Protocol 806763).

755
756  Quantification and statistical analysis
757  Reproducibility of the experimental assays

758 Unless otherwise stated, al assays were performed in three independent biological
759 replicates as indicated in each figure legend and Experimental Models and Methods
760  details sections. The values obtained for cytotoxic activity were estimated by non-linear
761 regression based on the screen of peptidesin a gradient of concentrations and represent

762  the cytotoxic concentration values needed to lyse and kill 50% of the cells present in the

26


https://doi.org/10.1101/2024.12.17.628923
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628923; this version posted December 20, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

763  experiment. In the skin abscess mouse model, we used six mice per group following
764  established protocols approved by the University Laboratory of Animal Resources
765 (ULAR) of the University of Pennsylvania.

766 Satistical tests

767 In the mouse experiments, al the raw data underwent log;, transformation and the
768  dtatistical significance was determined using one-way ANOVA followed by Dunnett’'s
769 test. All the P-values are shown for each of the groups, all groups were compared to the
770  untreated control group.

771 Satistical analysis

772  All calculation and statistical analyses of the experimental data were conducted using
773 GraphPad Prism v.10.0.2. Statistical significance between different groups was
774  calculated using the tests indicated in each figure legend. No statistical methods were
775  used to predetermine sample size.
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776  Supplementary I nformation

777  Supplementary Table 1. Database-sourced venom protein and VEP candidates.

Datah Number of Number of candidate antibiotics  Number of candidates removed Candidates
atabase
proteins mined (MIC <32 pmol L™ by similarity to known AM Ps (diversity filter)
ConoServer 5494 377 377 26
ArachnoServer 2206 2205 2154 80
|SOB 654 179 40 7
VenomZone
_ 7769 4618 3731 273
(UniProtPK)
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778

Supplementary Table 2. Antibiotics selected for synthesis and experimental validation.

Peptide Sequence Peptide Sequence

UniprotKB-1 KLLKIGLKSFARVLKKVL Conoserver-3 RRASPLWKRRRFLSMLKARAKRTGYK
UniprotK B-2 WLGSALKIGAKLL Conoserver-4 PLWKRRRFLSMLKARAKR

UniprotKB-3 KLWNSKLARKIRTKGLKYVKNFAK Conoserver-5 LRAKMLNSKFIKL

UniprotKB-4 LKLKSILGKLGVIL Conoserver-6 KLHGLLTRRSLKNFWKRNLYLR

UniprotkKB-5 RRVKRFKKFFMKLKKSVKKRVMKFFK Conoserver-7 KRGRASPLWQRRGFLSKLKARAKRNGAFHLPR
UniprotKB-6 GKWLISSLVAKHL Conoserver-10 RLRAKMRNSKLFKLTKR

UniprotKB-7 KRLKGFAKKLWNSKLARKIRTKGLKYVKNFAK Conoserver-12 RQEYPTKRLRAKMLNSKFKLIKR

UniprotkK B-8 KLKKLRKWIYRIV Conoserver-14 KKWRELSRLSRVLQIL

UniprotkB-9 FLKKIWRSKLVKRL Conoserver-15 RKRRRFISMLKARAKRR

UniprotKB-10
UniprotKB-11
UniprotKB-12
UniprotKB-13
UniprotKB-14
UniprotKB-15

UniprotKB-16

KRRRASPLWKRRRFLSMLKARAK

LTKWLGKLGVIL

RKFKWGKLFSTAKKLYKKGKKLSKNKNFKKALK

KFLARLVFRKFILL
KNKRFIRNLRSNLY QKITKSTKSLL
KWLGKLGVILSHL

RKFKWGKLFSTAKKLYKKGKKLSK

Conoserver-16

Arachnoserver-1

Arachnoserver-2

Arachnoserver-4

Arachnoserver-5

Arachnoserver-6

Arachnoserver-7

KQKYLIKRSRAKMONHKLFKLTKR
KLLKIGLKSFARVLKKVL
RKFKWGSFKKILSAGKKLFKKAKKLSK
KWGKLFSAGKKLLKKAKKL
KIKWLKAMKSIAKFIAKK
RKFKWGSFKKILSAGKKLFKKAKKLSKNKNFKKALK

RKFNWGKLFKSAKKLYKTGKKLSKNKNVRKALKFGK
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UniprotKB-17 FIKKLWRSKLAKKLRAKGRELLK

UniprotKB-18 RRVKRFKKFFMKL
UniprotKB-19 VNSFKIGGHKKLWRSKLAKKLRAK

UniprotKB-20 RFGSFLKKVWKSKLAKKL

ISOB-1 RRVKRFKKFFRKLKKSVKKRAKEFFK

ISOB-2 RHRIVRTYIAKFGLK

ISOB-3 KRKGYLRLVPEERIWQKGLWWLRRLETDSDKLQK

ISOB-4 LLHFSIWRSTVLRK

ISOB-5 RHRIVRTYIAKFGLKLNEFFQENENAWY FIRNIRKRVWEVKK
1SOB-6 RRVKRFKKFFKKL

ISOB-7 QPRRVKRFKKFFKKLKNSVKKRAKKF

Conoserver-1 KRLRAKMLNSKFIKLIKR

Conoserver-2 KRRRASPLWKRRRFLSMLKARAK

Arachnoserver-9

Arachnoserver-11

Arachnoserver-12

Arachnoserver-17

Arachnoserver-18

Arachnoserver-19

Arachnoserver-20

Arachnoserver-27

Arachnoserver-28

Arachnoserver-29

Arachnoserver-31

Arachnoserver-32

Arachnoserver-33

KNKRFIRNLRSNLY QKIIKSTKSLL
ARKFKWGKLFSAGKKLLKKAKKLSKNK
RGLAKLLKIGLKSFARVLKK
KRFIRNLRSNLY QKIIKSTKSLLDLREKI
KFSVFSKILRSIAKVF
SKKQIRLYLLKYYGKKLFKKRPK
KKQIRLYLLKYYGKKSSSKSVRKIVISK
KFSVFSKILRSIAKVFKGVGKVRK
KLSGISKVLRAIAKFFK
SFKKILSAGKKLFKKAKKL
KYRRGVSPWLKKELVRLHNNLRSKVAGGK
KWLKAMKSIAKFIAKKQMKKHL

KIKWFKTMKSLAKFLAK
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780 Supplementary Figure 1. Phylogenetic analysis of venom protein, peptide,
781 predicted AMP, and verified AMP across species in ConoServer. This phylogenetic
782 tree illustrates the distribution of venom proteins, peptides, predicted antimicrobial
783  peptides (AMPs), and experimentally verified AMPs among speciesin ConoServer. The
784  tree was constructed using taxon IDs of organisms. From the inside to the outside, circle
785 1. Venom protein count per organism; Circle 2: Peptide count derived from venom
786 proteins per organism; Circle 3: Predicted AMP count from venom proteins per

787  organism; Circle 4: Experimentally verified AMP count per organism.
788
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794  Supplementary Figure 2. Distribution analysis of venom protein, peptide,
795 predicted AMP, and verified AMP across species in ArachnoServer. This
796 phylogenetic tree illustrates relationship distance of different organisms. The tree was
797  constructed using taxon IDs of organisms. From the inside to the outside, circle 1:
798 Venom protein number; Circle 2: Peptide number; Circle 3: Predicted AMP number;
799  Circle 4: Experimentally verified AMP number.
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807 Supplementary Figure 3. The distribution of venom protein, peptide, predicted
808 AMP, and verified AMP across speciesin | SOB. This phylogenetic treeillustrates the
809 phylogenetic relationship of species in ConoServer, which contained the number of
810 venom proteins, peptides, predicted antimicrobial peptides (AMPs), and experimentally
811 verified AMPsamong. The four circles represent, from the inside to the outside, number
812 of venom protein, number of peptides, number of predicted AMP, number of
813  experimentally validation AMP.
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Supplementary Figure 4. Phylogenetic analysis of species in UniProt and

distribution analysis of the number of venom protein, peptide, predicted AMP, and

verified AMP across species in UniProt. This evolutionary tree shows the

evolutionary relationships between species in ConoServer. The four circles represent,

from the inside to the outside, the number of venom proteins contained in each

organism, the number of peptides produced by the venom proteins of each organism, the

number of predicted AMPs contained in each organism, and the number of

experimentally verified AMPs contained in each organism.
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836  Supplementary Figure 5. Physicochemical properties space exploration using a
837 dsmilarity matrix. The graph illustrates a bidimensional physicochemical properties
838  gspace visualization of peptide sequences found in DBAASP and antimicrobial venom-
839 derived EPs (VEPs) discovered by APEX in venom proteins from multiple source
840  organisms. Sequence alignment was used to generate a similarity matrix for all peptide
841  sequences in DBAASP and the predicted antimicrobial VEPs (see also Data S1). Each
842  row in the matrix represents a feature representation of a peptide based on its amino
843 acid composition. Uniform Manifold Approximation and Projection (UMAP) was

844  applied to reduce the feature representation to two dimensions for visualization.
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846  Supplementary Figure 6. VEPs amino acid frequency at amino acid residues level.
847 Comparison between VEPs and known antimicrobia peptides (AMPs) from the
848 DBAASP, APD3, and DRAMP 3.0 databases at amino acid level.
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854  Supplementary Figure 7. Physicochemical features of VEPs compared to AMPs
855 from databases (DBAASP, APD3, and DRAMP 3.0). (a) Amphiphilicity Index, (b)
856 Isoelectric Point, and (c) Hydrophobic moment normalized by peptide length, reflecting

857 the amphipathicity of the molecules, which directly influences their interactions with

858 bacterial membranes. (d) Propensity to aggregate in vitro, correlated with the
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supramolecular arrangement of the molecules and potential toxicity. Statistical
significance was determined using two-tailed t-tests followed by the Mann-Whitney
test; p values are shown in the graph. The solid line within each box represents the mean

value for each group.

38


https://doi.org/10.1101/2024.12.17.628923
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628923; this version posted December 20, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

a®" 7]

i
TR
|

Amshnoesrandl

AEVNCITENT

e Uniproti@-14 ComGaEvENT  AmTncsvarSE

b TR v Uniprot@-10 Comeeavanil  AmTncearsd
e

Amshnaesrandd

AETnGaETENEE

L Unigrid-10 Conosarvan 12
Unipgmtii=17 Concesrvendd
UnigmtiE-18 Conosanvar-18
Unipmtid-18 Conosarvan g
Uniprotii-20 Arachnomarere1

. | e 1 L
S T T63 W88 0.0 388 VS 18 3RAT 08 10 GF 00300 WA 33 168 THTH WS BN el
VR ©F 32 113 41 M3 23 72 A 03 0 06 b1 IS M3 41 W7 M8 mELL)
g b 00 180 D04 40 333 W5A 121 K1 e 72 61 1T B44 TAE LN BAT £46 LR
P37 IS7 468 13 D56 WME 43 335 08 E1 00 00 TRS MO 00 12 4T 426 405
F—LET A TR R

[ S5 384 BA 138 ED mE AT 06 54 1E3 U4 74 1RY B8 M1 268
ke e [ ] L] [ ] @i pagmBERAF £6 103 SR 40 ITA 288 64 3R 6e A8 06 B3 TR1 B4 103 147 |46M BAE 4E1

&y E1 T4 WA 00 U6 M0 13E M4 0B A0 0F B0 1ED EE A6 IED | 458 EROES
e e 63 171 310 13 333 300 108 M8 0F 64 LE 63 176 f14 148 LR 4BA E41 BAT

i

IF78 4T M7 73 IGI WA 1ZE N7 L1 GG LF 21 TNE BT 73 2 [4NA e
RS | i L pupuimRife 63 TTE 238 40 30A 108 68 BRE R MR OF R0 ZRE RS TRD T4 M43
P10 B4 TMA A3 IR6 100 385 204 08 T3 LF 23 TR RF OME TG | S24
dor B3 MR TA 19 BTE R4 48 BRE R B4 Ak b4 B3 AR H4 IRT A
pr‘llr HF R T P b TRE AR B0k MEOTRE AR M 1D R
B 16T 368 40 RS W3 73 372 OB &1 OF B
-.‘“.umn A 3BE 13 3RE BB B0 AF BA
WP 4F 117 218 73 164 114 43 M3 08 49 0F B3

EET
[
pEzes

EEL
ECE
gzf
E2E
EEg
adE
-
e

EE
=

. 1
Wl 36 B4 A8 44 BRE 133 B4 BRE ed T RF b0 R4 RA TR 163 HAT
WERdr 3 M3 SO 03 330 54 18T JEE nE 42 0F B3 1SE B2 TAY VA3 488

iRl B0 13 TN 40 306 3K3 74 BN 6E 48 0B KA 31 URA TLB IRN MRS EAE)
W 20 EPOCIE] s 180 4 03 U3 08 18 06 K7 TRE DT 40 %7 SN 65 e
w33 I8 204 16 M5 ME NS 3D D3 40 0P 01 163 54 47 152 [4a3 (S0
oty Sy fr 10 I3T 208 126 IT3 RE BA TR 0F 68 0F RO 300 A4 143 TR (613 858 ERE S0
[rt— TR 1] 163 Im1 MO FWT WT 08 3 QF 51 IRE B4 L1 W2 (822 383 174 4T
B B4 BT 14 BRI AR 44 BRE 0F B0 0F B 304 T 453 L6 BT AT EET LS

47 118 BE B3 IR oGO 11 LB GF B3 LE 0 TRE VLA 133 11 83 ENS S
B8 AE B4 0% M AT 166 3RE 08 A2 0k B0 AT R4 163 166 [B16 64

ey 7 03 04306 24 304 TN A 3BT 0 B0 0T B3 LR 43 136 1R MR e
NESREe 17 154 ED 13 L0 WA 05 34 08 15 0P 0 26 EE TLS RE 487 488
S fpe 44 WHEI206 101 300 08 121 KB 0e b0 0k BA 1E3 0b 44 IET BE 146
P I MEmege? I I35 128 62 NS T 125 I8 DA 40 O KA 183 BE TAG 153 | did SOE

d [T Smmgemn il 67 G35 314 83 HA IS 103 M4 08 80 0F 0 33 07 74 1R) d4E3 3TR
o M B 157 SE 49 330 174 24 3EE 04 T OF K3 IGE 533 163 152 (884

Femlramumes [= 69 GREEEE 02 403 61 04 BT 08 00 0k 60 TBE 06 40 RE 484
[Pler—TER e A TR T T T T T TR T
Semlepapede 01 B3 313 00 34 M3 13 M8 0 13 0F L TRE 019 W8 4 420
Eemmame b 68 GRTBEA 10 #13 A3 40 38 08 50 0B 00 TRE LI KT TRE A
PO B0 3EE B0 MR UL 62 31 D6 D OB 00 NE &4 TLE TED 4d

- Ll L]
i
i

Eembmmes b 60 165 ThA 80 343 TRT 163 3RE 08 B4 &% 0 1RE RET 106 140 406
Sembepapentr 1.5 BT1203 13 W3 3 103 20 B2 10 44 KA T84 RIS TG 151 S8
. dmbiman tir 8 IR B84 64 B B8 3F BB R 40 Ak B4 BRE AR AT A0 dd
= P38 BB 44 34 BRE B 40 ERD 0F 80 Ak B T4 BT HA k8 S
13 4BAI308 1TS S B4 08 LD OF A0 OB 1 TZ G4 A0 14 | M34
=1 el i B2 P13 EL3 40 380 T 17 ML 6 73 06 B3 fRE WA 49 1i8 EED
Amlemsmenr 14 IGD 37 150 IR 126 04 3G 04 1T 0P 14 IEE N7 4D 158 88T
e B5 BAE 204 43 T4 TIH ZO6 IRE BB R0 B T4 1T B4 43 1A HA dad
L 30 338 i7 I3 A 43 3R2 08 TH LF L TLD 33 12 W (858 a0
vt DFNETE] 150 423 54 23 w7 D0 40 OF B3 TR3 LE 43 WA 39T 44 00

Senimrmn ru ITEBAE 44 A1 WA ba BRA i hoak b ERE A1 0 1R 3E2 VAR
ofi o 317 3BE 448 M =@ TI 43 385 0O 1T B7 BB 112 125 V.0 827 3TE T8 474
Bem b A £8 M 308 14 BLE WT 4A ME o8 43 B3 1RE 116 TAE 163 A3 SR1 A4 SLT
D175 83 00 333 308 485 348 03 23 0 AEE SB35 48 sE Y]

660 O e P TrEr Iy «7,*? EEFFErr

&
H
I

870 Supplementary Figure 8. Circular dichroism spectra of VEPs. Circular dichroism
871  experiments were conducted with peptides from venoms using a J-1500 Jasco circular
872  dichroism spectrophotometer. The spectra were recorded in four different media: (a)
873  water, (b) 60% trifluoroethanol in water, and (c) sodium dodecyl sulfate (SDS) in water
874 (10 mmol L™, and (d) 50% methanol in water, after three accumulations at 25 °C, using
875 a 1mm path length quartz cell, between 260 and 190 nm a 50 nm min™, with a
876  bandwidth of 0.5 nm. The concentration of all peptides tested was 50 pmol L™. (d)
877 Heatmap with the percentage of secondary structure found for each peptide in the four
878 different solvents. Secondary structure fraction was calculated using the BeStSel

879 server®
880
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882 Supplementary Figure 9. Outer membrane permeabilization and cytoplasmic
883 membrane depolarization of P.aeruginosa PAO1 and S. aureus ATCC 12600
884 induced by VEPs. (a) Outer membrane permeabilization was assessed using the probe
885  1-(N-phenylamino)naphthalene (NPN), showing the permeabilization effects of VEPs
886 active against P. aeruginosa PAO1. (b) Membrane depolarization assays were


https://doi.org/10.1101/2024.12.17.628923
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628923; this version posted December 20, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

887
888
889
890
891
892

893

894

895

896

897

898

899

900

901

902

903

available under aCC-BY-NC-ND 4.0 International license.

performed using the hydrophobic probe 3,3'-dipropylthiadicarbocyanine iodide (DiSCs-
5) on al VEPs active against P. aeruginosa PAO1 and S. aureus ATCC 12600.
Polymyxin B and levofloxacin served as antibiotic controls, while buffer, buffer with
the probe, and buffer with both probe and bacteria were used as baseline controls for
fluorescence. The panels display the raw fluorescence intensity data obtained from the

experiments. Error bars are the standard deviation obtained from the three replicates.
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Supplementary Figure 10. Weight change monitoring in skin abscess mouse model
infected with A. baumannii. Mouse weight was monitored throughout the duration of
the skin abscess model (4 days total) to assess potential toxic effects of both the
bacterial load and the VEPs.
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