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and biological role of linear pseudoscorpion toxins
via functional profiling
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Reinhard Predel,® Till F. Schaberle,*¢’ Sabine Hurka,”* Ludwig Dersch,?* Andreas Vilcinskas,?*¢
Robert First,?8* and Tim Luddecke?*10.*

SUMMARY

Arthropod venoms contain bioactive molecules attractive for biomedical applications. However, few of
these have been isolated, and only a tiny number has been characterized. Pseudoscorpions are small
arachnids whose venom has been largely overlooked. Here, we present the first structural and functional
assessment of the checacin toxin family, discovered in the venom of the house pseudoscorpion (Chelifer
cancroides). We combined in silico and in vitro analyses to establish their bioactivity profile against mi-
crobes and various cell lines. This revealed inhibitory effects against bacteria and fungi. We observed cyto-
toxicity against specific cell types and effects involving second messengers. Our work provides insight
into the biomedical potential and evolution of pseudoscorpion venoms. We propose that plesiotypic che-
cacins evolved to defend the venom gland against infection, whereas apotypic descendants evolved
additional functions. Our work highlights the importance of considering small and neglected species in
biodiscovery programs.

INTRODUCTION

Bacterial infectious diseases are a major cause of death and morbidity worldwide." The availability of antibiotics has saved millions of lives over
the last century,” but the widespread and irresponsible use of antibiotics in medicine, agriculture, and the food industry has increased selec-
tion pressure for the evolution of resistant microbial strains.'** The pace of adaptation in microbial communities far outstrips the rate at which
novel antibiotics are discovered and approved. This ultimately threatens the future efficacy of antibiotics, and the World Health Organization
classified antibiotic resistance as a leading threat to global health.! Accordingly, the identification of novel antibiotic leads, especially those
effective against critical (WHO priority 1) and high-priority (WHO priority 2) pathogens such as Pseudomonas aeruginosa and methicillin-resis-
tant Staphylococcus aureus (MRSA), is a major research objective.” Most of the current antibiotics are natural products discovered in mi-
crobes,” but the urgent need for fundamentally new leads requires broader sampling across taxonomic space.

One of the most promising sources of novel antimicrobial molecules are animal venoms.® These are complex cocktails with hundreds to
thousands of components that facilitate predation, defense, and intraspecific competition.”'° The proteins and peptides found in venom are
described as toxins and have been evolutionarily refined through millions of years of natural selection.”’ Venom toxins have thus acquired
unprecedented target selectivity and potency, which has been exploited to develop drugs for the treatment of hypertension, pain, and
type 2 diabetes.'”"® More recent investigations of venom toxins have also revealed potent anti-infective activities.®'*'*?° Given that
most venoms have yet to be investigated, they offer an important source of potential new anti-infective leads.”’

Arachnids (spiders and their kin) are among the most diverse and speciose terrestrial animals, with 20-fold more species than venomous
snakes, and therefore offer immense potential for biodiscovery. They also feature some of the chemically most complex venoms, containing
up to 3,000 toxins.”” Spider venoms are therefore predicted to yield at least 10 million new biomolecules, and this number will only rise when
more diverse arachnid taxa are considered.'* Arachnid venoms also have unique pharmacological properties”® because they have evolved to
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target insects and often display little to no toxicity against vertebrates, including humans.””> Furthermore, a significant proportion of
arachnid toxins serves to prevent microbial colonization of the venom gland.'”?=?® This combination of chemical diversity and powerful phar-
macology suggests that arachnids may be the most promising venom-based source of biomedical innovation, including the field of antimi-
crobial drugs.””

Despite the promise of arachnid venoms, few toxins have been isolated and an even smaller number has been functionally character-
ized.?"*°*" This reflects an anthropocentric bias toward larger and potentially more dangerous species, especially those in which venom
is easier to access. Thus far, venom biodiscovery has been largely activity guided, with crude venoms separated by chromatography before
individual fractions are analyzed to determine toxin structure and function.*® These strategies require milligram amounts of crude venom,
which cannot be obtained from smaller arachnids representing the majority of species. Advances in mass spectrometry, next-generation
sequencing, and biotechnology now enable a more holistic approach (venomics) to taxonomic sampling, followed by the production of
selected toxins as synthetic or recombinant polypeptides in large amounts.**~** For the first time, it is now possible to disentangle the venom
composition of tiniest animals and study the function of any component for biomedical applications.

With respect to their venom composition, the pseudoscorpions are largely overlooked arachnids, and hence, their potential for bio-
discovery of novel toxins is high.>>*® locheiratan pseudoscorpions have a unique venom delivery system comprising pedipalps equipped
with venom glands and specialized teeth, which grasp prey while the venom is injected.’”*® Pseudoscorpions tend to be small (most are
only a few millimeters in length) and produce tiny amounts of venom, which has limited our ability to study them until recently.*” A few studies
have been carried out in the last 5 years, revealing the presence of several pharmacologically promising toxins.***”*° For example, the venom
of the house pseudoscorpion (Chelifer cancroides) contains checacins, a novel family of toxins with eight known members (checacins 1 to 7
and the toxin referred to as Novel Chelifer Venom Compound 11 [NCVC 1 11).% These are similar to megicin, a toxin from the Mediterranean
checkered scorpion (Mesobuthus gibbosus) known to possess antimicrobial activity.*”*" An initial exploratory assessment of checacin 1, and
some of its naturally occurring truncated derivatives, showed promising antibacterial effects.®> Pseudoscorpions may therefore produce a
large but hitherto unknown library of potential antimicrobial agents, but extensive bioactivity profiling is required for confirmation.

Here, we report the first in silico structural analysis and empirical functional characterization of the checacin family of pseudoscorpion
toxins, including tests for activity against Gram-negative and Gram-positive bacterial pathogens and pathogenic fungi. We also tested their
cytotoxicity against a range of cancer cell lines and primary cells and their ability to influence the release of calcium, nitrogen oxide (NO), and
cyclic adenosine triphosphate (cAMP). Our work provides insight into the evolution of pseudoscorpion venom toxins and underpins the sig-
nificance of the smallest arthropods for translational biodiscovery.

RESULTS
The sequence-structure space of checacins

Multiple sequence alignment revealed a high degree of sequence conservation among the eight known members of the checacin family, with
the exception of the elongated N-terminal segment of checacin 6 (Figure 1). Molecular phylogenetic analysis showed that the checacins are
monophyletic and that NCVC 11 is placed sister to all other checacins. Based on the phylogeny and the checacin’s diagnostic C-terminus, we
classified these peptides into two major groups. The first contains checacins 3 and 7, which have a conserved QAR motif, and the second
contains checacins 1, 2, 4, 5, and 6, which have a conserved C-terminus containing 2-3 lysine residues. To these we refer as the QAR and
KKK groups, respectively. The KKK group is subdivided into two clades, one composed by the checacins 1, 5, and 6 and the other containing
checacins 2 and 4. The latter is placed sister to the QAR group peptides.

All checacins are predicted to be cationic, with sequence-based charges ranging from +2 to +7 and additional charges caused by C-ter-
minal amidation (Table S1). They also feature alternating hydrophobic and hydrophilic amino acids, indicating the presence of membrane-
interacting a-helical secondary structures that often confer antimicrobial activity (Figure 1).** HeliQuest also predicted the formation of
amphipathic helices (Figure 1, Table S1), although the helical signals were ambiguous for checacin 6. The antimicrobial peptide (AMP) calcu-
lator and predictor tool from AMP database v3 (Table S2)*° reported high similarities to known AMPs, particularly those from amphibians but
also arthropods and fish. Furthermore, AMP scanner vr.2 (which uses deep learning to predict antimicrobial activity based on a neural network
trained on >1,700 known AMPs and the same number of non-AMPs)* also supported the predicted antimicrobial activity of all checacins,
except checacin 6 (Table S1).

Checacins show potent activity against pathogenic bacteria
We determined the minimal inhibitory concentrations (MIC) of the checacins against six pathogenic microorganisms featuring a diverse panel
of cell envelope architectures: the Gram-negative bacteria Escherichia coli and Pseudomonas aeruginosa, the Gram-positive bacteria Myco-
bacterium smegmatis (a surrogate for Mycobacterium tuberculosis) and MRSA, and the fungi Aspergillus flavus and Candida albicans.

All the checacins except checacin 6 were active against at least one bacterial strain, and some also showed antifungal activity (Table 1).
E. coli was strongly inhibited by NCVC 11 (MIC <1.56 uM) and moderately by checacin 5 (MIC = 3.25-6.25 uM), whereas checacins 2 and 4
had a weaker effect. P. aeruginosa was strongly inhibited by NCVC 11 (MIC = 3.125-6.25 uM), and was also inhibited to various degrees
by checacins 1, 2, 4, and 5 but not by checacins 3, 6, and 7. M. smegmatis was inhibited only by NCVC 11 (MICs = 3.125 puM), checacin 2
(MIC = 25-50 pM), and checacin 5 (MIC = 12.5-25 uM). All checacins except checacin é were active against MRSA, with checacins 2, 4, 5,
and NCVC 11 achieving MICs of 1.56-3.125 uM but lower values for checacin 7 (MIC = 3.125-6.25 uM) and checacin 3 (MIC = 12.5-
25 uM). None of the peptides showed activity against A. flavus, but C. albicans was inhibited by checacins 4 (MIC = 6.25-12.5 uM), 5
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Figure 1. Sequence-structure space of the checacin family

Top: multiple sequence alignment of known checacins. Bottom: phylogenetic tree of all known checacins rooted by using the related scorpion toxin megicin 18 as
an outgroup and calculated using IQ-TREE. Members of the KKK group are highlighted in purple, whereas members of the QAR group are highlighted in green.
Helical wheel projections were calculated using HeliQuest. Hydrophobic residues are highlighted in yellow, and arrows indicate the site and direction of the
hydrophobic moment.

(MIC =12.5 uM), and 2 (MIC = 12.5-25 puM). The activities of checacins against Gram-negative bacteria (E. coli and P. aeruginosa) and MRSA
were promising, and NCVC 11 repeatedly showed the most potent growth inhibition at low micromolar concentrations (MIC <6.25 uM in
P. aeruginosa and 0.8-0.4 uM in E. coli).

Checacins show cell-type-dependent cytotoxic and anti-proliferative effects
We initially tested the cytotoxicity of checacins against human embryonic kidney 293 (HEK293T) and murine monocyte/macrophage-like
(RAW264.7) cells (Figure 2). Cell viability was assessed by spectrophotometry following a formazan-based assay. At the highest concentration
(25 pg/ml), all checacins except checacin 6 and NCVC 11 reduced the viability of both cell lines, whereas checacin 6 and NCVC 11 had no
effect. We also investigated the effects of the naturally occurring truncated checacin 1 derivatives checacin 1'=2", checacin 1'~"", and checacin
112725 The longest derivative (checacin 1'"?") reduced the viability of both cell lines, but the shorter ones did not, suggesting that the shorter
derivatives lack specific cytotoxic motifs.

We also assessed the ability of checacins to inhibit the proliferation of sub-confluent primary human umbilical vein endothelial cells
(HUVECs) and primary normal human dermal fibroblasts (NHDFs), as well as the cancer cell lines HeLa and MDA-MB-231, using a crystal violet
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Table 1. Antimicrobial activity of checacins based on minimum inhibitory concentrations (MIC/uM) including previously determined values for checacin
1 and its derivatives

E. coli P. aeruginosa M. smegmatis S. aureus (MRSA) A. flavus C. albicans
Peptide ATCC35218 ATCC27853 ATCC607 ATCC33592 ATCC9170 FH2173
Checacin 1° 1.6-0.8 (1.6) 12.5 25 1.56 50 6.25
Checacin 11712 >50 (>50) >50 >50 >50 >50 >50
Checacin 112725 >50 (>50) >50 >50 >50 >50 >50
Checacin 117212 >50 (>50) >50 >50 12.5 >50 >50
Checacin 2 12.5-6.25 (3.125) 12.5-6.25 50-25 1.56 >50 25-12.5
Checacin 3 >50 (50) >50 >50 25-12.5 >50 50
Checacin 4 25-12.5 (6.25) 25 50 3.125-1.56 >50 12.5-6.25
Checacin 5 6.25 (3.25) 12.5-6.25 25-12.5 3.125-1.56 >50 12.5
Checacin 6 >50 (>50) >50 >50 >50 >50 >50
Checacin 7 >50 (>50) >50 >50 6.25-3.125 >50 >50
NCVC 11 1.56 (0.8-0.4) 6.25-3.125 3.125 3.125-1.56 >50 >50

Activities were measured against different bacteria and fungi on MHII and MHC (in brackets) media.
2Data from Kramer et al.®

11=21 only affected cancer cells at the highest concentration (25 pg/mL), and checacin 1 also in-

assay (Figure 3). Checacin 1 and checacin
hibited the proliferation of NHDFs. Conversely, checacin 1'~"" and checacin1'?~?® had only a marginal effect on the proliferation of healthy
cells. All other peptides except checacin 6 inhibited the proliferation of cancer cells at the highest concentration (25 pg/mL), and five peptides
(checacin 1, checacin 1'=2", checacin 3, checacin 7, and NCVC 11) also inhibited the proliferation of healthy cells (Figure 3A). We tested three
additional concentrations (2.5-25 pg/ml) of each peptide, which revealed that NCVC 11 inhibited the proliferation of HelLa (5-15 ng/mL) and

MDA-MB-231 (15 pg/mL) cancer cells without affecting HUVECs or NHDFs (Figure 4).

Checacins induce Ca®* release and inhibit cAMP signaling

To investigate the physiological effects of checacins, we measured the ability of cells to release Ca?* and cyclic adenosine monophosphate
(cAMP) following toxin exposure (Figure 5), given that these second messengers are induced by the activation of cell surface receptors
and participate in key cellular functions, including muscle contraction and inflammation. Interestingly, exposure to most of the peptides
(2.5 pg/ml) increased intracellular Ca?* levels, with checacin 1'="1, checacin1'>=%°, and checacin 6 as the only exceptions (Figure 5A). When
HEK293T cells were pre-incubated with these toxins, they did not inhibit Ca®* release induced by ionomycin. None of the toxins induced
cAMP release, but all except the checacin 1 derivatives and checacin 6 inhibited cAMP release induced by forskolin.

Checacins influence NO release in vitro

NO synthesized by inducible NO synthase (iNOS) in phagocytes is a component of the innate immune response to pathogens. Accordingly,
we investigated the ability of checacins to influence NO synthesis in RAW264.7 macrophages (Figure 6). We found that none of the checacins
induced NO synthesis but all except the checacin 1 derivatives inhibited NO synthesis at a concentration of 2.5 pg/mL. Our data therefore
suggest that checacins have a direct anti-pathogenic effect but simultaneously interfere with the anti-pathogenic function of phagocytes.

DISCUSSION

Checacins highlight the significance of small arthropods for venom biodiscovery

Animal venoms are a rich source of new drug leads, with several already approved such as Captopril, Ziconotide, and Exenatide.'” However,
anthropocentric bias and methodological restrictions have restricted the scope to a non-representative group of venomous animals,”’ mostly
excluding small arthropod lineages despite their astounding diversity.”? In the present study, we have used information on the presence and
structures of checacins recently discovered in one of these arthropod groups, the pseudoscorpions, to perform a comprehensive bioactivity
profiling of the multiple checacins. Most of the checacins feature structural motifs that suggest antimicrobial activity, and this was confirmed in
our in vitro functional assays. In our initial evaluation, most checacins inhibited the growth of clinically relevant bacterial pathogens. Some
checacins inhibited the growth of Gram-negative as well as Gram-positive bacteria. Interestingly, compound NCVC11 inhibited the growth
of the critical priority bacteria Pseudomonas aeruginosa and E. coli (1.56-6.25 pM) without inhibiting human embryonic kidney and murine
monocyte/macrophage-like cells at 25 pg/mL. Due to the cationic nature of this group of toxins, further studies should investigate whether
strains with lipid-A-modifying resistance mechanisms, such as MCR-1 expression, exhibit the same degree of susceptibility. In that sense,
colistin resistance development and/or cross-resistance as a consequence of toxin exposure should be analyzed.*> With the exception of
the atypical checacin 6, all other full-length checacins (particularly the KKK group) and even the truncated derivative checacin 1'~2" inhibited
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Figure 2. Effects of checacins on cell viability

(A) HEK293T and (B) RAW264.7 cells were treated with checacins at the indicated concentrations for 24 h, followed by incubation with WST-8. The formation of
formazan was detected by absorbance spectrophotometry. Viability was calculated as the absorbance relative to control samples. Data are means &+ SEM (n =3,
*p < 0.05 vs. control).

the growth of MRSA, some at concentrations as low as 1.56 pM. Furthermore, the KKK checacins also displayed moderate activity against
C. albicans, suggesting additional potential as an anti-fungal. However, checacins with antimicrobial effects also tended to be cytotoxic,
reducing the viability of primary human cells and influencing cell signaling and NO synthesis. This suggests the potential for side effects,
and further engineering may therefore be required before lead development.”® Checacins 1, 2, 4, 5, and NCVC11 showed potent activity
against cancer cell lines, but clarifying their suitability as anticancer components demands further investigations.

The activity profile of checacins further highlights the importance of including neglected lineages in venom biodiscovery programs. The
house pseudoscorpion produces eight checacins, seven showing antimicrobial activity.*>>"** Extrapolating this to the entire family of Che-
liferidae, which features more than 60 genera and at least 270 species, results in a high number of promising molecules to be investigated,
assuming that a similar number of checacins can be found in the venom of all species.*” The same principle applies to the multitude of small
spiders, scorpions, and ticks that are likewise known to produce toxins with potent antimicrobial activities but have yet to be investi-
gated.'"?**1"7 However, many arthropods may fall victim to the global biodiversity crisis, due to environmental destruction and declining
prey populations.”®° To avoid losing the treasure trove of bioactive compounds in animal venoms, biodiversity preservation should be com-
bined with venomic surveys to preserve and catalog these promising lineages.

Structural insights into checacin bioactivity

Our analysis of the checacins included an assessment of the sequence-structure space using a variety of in silico approaches, which we com-
bined with our in vitro data to draw several inferences about the structure—function relationship in this family. With the exception of checacin 6,
the KKK checacins appeared to show the most potent activity against bacteria and were the only peptides to affect fungi. The presence of
multiple (in NCVC 11 one) lysine residues, which makes these peptides cationic, facilitates the attraction toward negatively charged lipid
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Figure 3. The ability of checacins to inhibit the proliferation of healthy primary cells and cancer cell lines

All cells were grown at low density for 24 h before treatment with 0.25, 2.5, and 25 pg/mL of each peptide. Cells were stained with a crystal violet after 72 h, and the
amount of DNA-bound crystal violet was detected by spectrophotometry. Data are means + SEM (n = 3, *p < 0.05 vs. control).
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Figure 4. Effects of low concentrations of Checacin toxins on proliferation
All cells were grown in low density for 24 h before treatment with 5, 10, and 15 ng/mL concentrations of each component. Cells were stained with a crystal violet
solution after 72 h, and the amount of DNA-bound crystal violet was detected photometrically. Data are expressed as mean + SEM. n =3 *p < 0.05 vs. control.

bilayers of biomembranes.’’ Interestingly, the lysine-rich checacins also showed the highest diversity, suggesting their biological significance
exceeds that of the other lineages. Full-length checacin 1 and its derivative checacin 1'"%" (lacking the C-terminal lysine-rich motif) showed
potent cytotoxic effects and influenced the release of second messengers, suggesting the lysine-rich motif is not required for this property.
Interestingly, checacin 1'="" and 1272° (consisting of the first 11 and last 14 amino acids, respectively) showed no effects in these assays,
possibly reflecting their lower net charge and hydrophobicity compared to full-length checacin 1 and checacin 172", Our data also indicate
that the effects of checacin 1 and checacin 1'"%' may require a secondary structure that is absent in the other truncated derivatives. The
release of second messengers is mainly driven by the activation of cell surface receptors, which supports the hypothesis that the structure
of checacin 1 derivatives is relevant to the observed effects.”

Checacins 3 and 7 (QAR group) strongly inhibited the proliferation of HUVECs, possibly due to the C-terminal arginine residue, given that
arginine is associated with the production of NO in endothelial cells. However, once the NO synthesis machinery is saturated, further arginine
uptake is usually accompanied by the production of toxic superoxide.” It is therefore necessary to balance NO production to ensure the

beneficial effects without oxidative stress or endothelial dysfunction. Lower concentrations of QAR checacins had no significant effect on
HUVECs.

The biological role of checacin toxins

Our work also allows us to postulate novel hypotheses upon the evolution and ecology of arachnid venoms.”’ We found that many of the
tested checacins are multifunctional, with both antimicrobial and cytotoxic effects. Pseudoscorpions generally use venom in a trophic context
to overpower other arthropods.®” Their venom contains several putative neurotoxic peptides that probably interfere with voltage-gated po-
tassium and sodium channels.””“%** Trophic venom must induce rapid effects to ensure immediate prey paralysis, and these neurotoxic pep-
tides are likely to fulfill such a function. In contrast, checacin 1 and its derivatives showed insecticidal activity in aphid feeding assays, but only
after 72 h.* This makes a trophic role for checacins unlikely, although feeding assays do not provide clear insight into the biological roles of
injected toxins. Notably, pea aphids have evolved an obligate form of nutritional symbiosis with the bacterium Buchnera aphidicola,”® so the
insecticidal effect of checacins during feeding assays may be indirect, resulting from antimicrobial or cytotoxic activity against the vital sym-
bionts. A similar mode of action has previously been reported for orally applied aphicidal scorpion toxins.*

First assumptions about the biological role of checacins can be made based on previous insights on similar toxins across the metazoan
Tree of Life. Several checacins are similar to toxins from amphibian skin poisons, which are also multifunctional with potent antimicrobial
and cytotoxic activity.”’"*® Like pseudoscorpion venom, amphibian skin poison is a complex mixture of neurotoxins and antimicrobial
toxins.””*? The cytotoxic effects of amphibian skin poison increase the uptake of cosecreted neurotoxins into the victim, thereby increasing
the overall toxicity of the secretion.®®> Amphibian antimicrobial toxins are therefore not only a defense against microbial infection but also
synergistic enhancers of neurotoxic activity.””*> We propose that checacins and amphibian toxins have a similar set of functions, facilitating
the defense of the venom gland against pathogens as well as the enhancement of toxicity in trophic scenarios. The defense hypothesis is
supported by venom microbiome analysis.** Contrary to past assumptions of sterility, venom is now known to be colonized by bacteria.®>®
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Figure 5. Checacins influence the release of second messengers

(A and B) Effects on the release of Ca®": (A) Fluo-8 pre-treated HEK293T cells were incubated with checacins at the indicated concentrations followed by
fluorescence analysis to detect intracellular Ca®*; (B) Fluo-8 pre-treated HEK293T incubated with peptides at the indicated concentrations for 30 min were
stimulated with 5 tM ionomycin followed by fluorescence analysis to detect intracellular Ca®*.

(C and D) Effects on the release of cAMP: (C) HEK293T cells transfected with pGloSensor-22F were treated with checacins (0.25, 2.5, and 25 pg/mL) in the presence
of the pGloSensor cAMP reagent, followed by luminescence analysis to detect cAMP; (D) HEK293T cells transfected with pGloSensor-22F were treated with
checacins (0.25, 2.5, and 25 pg/mL) in the presence of the pGloSensor cAMP reagent and 5 pM forskolin, followed by luminescence analysis to detect cAMP.
Data are means + SEM (n = 3, *p < 0.05 vs. control).

Given the enlarged lumen of venom glands and the nutrient-rich composition of venom, microbial infection of venom glands could pose a risk
to predators. Hence, the recruitment of antimicrobial components would help to either control such microbial communities or defend against
infection. Interestingly, a-helical antimicrobial toxins are not present solely in spider venom but widely across arthropods and particularly
arachnids.’*"%?7% This supports the hypothesis that plesiotypic antimicrobial toxins were recruited to defend against microbial infection
but evolved toward today's apotypic multifunctionality according to the same mechanism as known from amphibians.”*** The weaponization
of innate immune system components into the chemical arsenal of venom systems appears to be a successful strategy, given the diverse an-
imal lineages in which this phenomenon has arisen by convergent evolution.

The expression levels of checacins and the relative intensities of their signals in mass spectra of the venom of C. cancroides are surprisingly
different.”” This raises the question whether a relationship between their concentration in the venom and the efficacy determined in our study
exists. Theoretically possible seems to be both upregulation of gene expression at lower efficacy and downregulation of gene expression at
low efficacy, simply to save energy. Our tests show a rather mixed picture. As illustrated in Figure 1, based on their nucleotide sequences, the
eight checacin precursors can be classified into two groups. Presumably, these groups reflect the evolution of the checacin genes by gene
duplications in C. cancroides. It appears that the various members of the KKK group represent the more plesiotypic toxins within the checacin
family and that QAR group peptides evolved from them (Figure 1). Interestingly, KKK group member checacin 6 and the toxin NCVC 11, which
is placed sister to all other checacins, were both detected with lower relative intensities in mass spectra of the venom when compared to the
other checacins.”” While checacin 6 did not show significant efficacy in our bioassays, NCVC 11 was highly effective against bacteria. This
cannot be interpreted conclusively with our current knowledge. However, for the other checacins, there is a clear correlation between the
relative intensities in mass spectra of the venom and the efficacy in our tests on microbes. The paracopies that tend to be less effective against
bacteria (checacins 3, 4, 7) are only slightly accumulated in the venom, whereas the paracopies that were more effective in our tests (checacins
1,2, 5) are more highly accumulated. Checacin 1is clearly the most effective peptide of this group (Table 1) and is also the most enriched in the

venom.40

Conclusion and future perspectives

Animal venoms offer a promising source of novel biomolecules with translational potential in biomedicine and agriculture, but few taxa have
been analyzed in detail, especially in terms of function. This is especially true for small arthropod lineages, where a large number of potent
biomolecular innovations are awaiting discovery. We have presented the first functional investigation of all known checacins. These are major
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Figure 6. Influence of checacins on inflammation-associated cell functions

(A) RAW264.7 cells were treated with checacins for 24 h before screening for the enhanced production of NO.

(B) RAW264.7 cells were pretreated for 30 min and then stimulated with 100 ng/mL LPS for 24 h before screening for the inhibition of NO production. NO was
detected in the supernatant using the Griess method. Data are means + SEM (n = 3, *p < 0.05 vs. control).

venom components of the pseudoscorpion C. cancroides, representing a group of venomous animals that has been largely overlooked. Our
experiments revealed that several checacins inhibit the growth of Gram-negative bacteria and MRSA but also interfere with the proliferation
and signaling capacity of human cells, which could lead to side effects. However, the engineering of these could yield recombinant or syn-
thetic derivatives with more potent antimicrobial activity and fewer detrimental effects in humans. The array of checacins discovered thus far
stems only from a single pseudoscorpion species among hundreds that remain to be investigated. Venomic surveys across pseudoscorpions
are therefore needed to exploit the diversity of checacin-like toxins and thereby deliver more promising molecules. Based on our activity data,
we postulate novel hypotheses on the evolutionary ecology of checacins. We hypothesize that they probably arose as antimicrobial defenders
of the venom gland and that apotypic descendants subsequently evolved toward an additional role of spreading factors for the venom cock-
tail. A deeper understanding of pseudoscorpion venom evolution would require the testing of a larger array of toxins in concert with pseu-
doscorpion genome analysis. On a larger scale, our work delivers proof of concept highlighting the importance of the smallest, most ne-
glected arthropods for venom biodiscovery. It shows that even the tiniest animals have the potential for discovering highly promising
compounds that could ultimately yield new drug leads for the benefit of humans.

Limitations of the study

In this work, we shed light on the bioactivity profile of linear pseudoscorpion toxins from the checacin family. Although our work adds
important novel insights into the translational potential and biological role of toxins from some of Earth’s least studied venomous an-
imals, it may be limited for several reasons. First, the taxonomic limitations for sourcing checacins for profiling and selecting model sys-
tems for bioassays may play a role here. On one hand, all checacin toxins herein chosen are derived from C. cancroides, a single member
of pseudoscorpions. Future works should investigate more pseudoscorpion venoms to identify additional checacin toxins, which in turn
could add important insights to better integrate our findings in context of a wider selection of toxins. Similarly, the restriction to selected
bacterial and mammalian model systems for bioassays may influence the conclusions drawn. Especially, future works should aim to
include rigorously controlled in vivo experiments to validate our conclusions. Lastly, arachnid toxins are known to often exert synergistic
activities, and thus combinatorial assays may be required to fully unveil the bioactivity spectrum of arachnid toxins.”” As of yet, this
aspect is fully unstudied for pseudoscorpion toxins, and future works should perform bioactivity assays with combinations of checacin
toxins.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains
Escherichia coli ATCC (Manassas, VA, USA) ATCC35218
Pseudomonas aeruginosa ATCC (Manassas, VA, USA) ATCC27853
Mycobacterium smegmatis ATCC (Manassas, VA, USA) ATCC607
Staphylococcus aureus ATCC (Manassas, VA, USA) ATCC33592
Aspergillus flavus ATCC (Manassas, VA, USA) ATCC9170
Candida albicans Fraunhofer IME Strain Collection (GieBen, Germany) FH2173
Chemicals, peptides, and recombinant proteins
Synthetic Checacins GenScript Biotech (Piscataway, NJ, USA) Checacin1 - 6, NCVC11
Critical commercial assays
Orangu assay Cell Guidance Systems, Cambridge, UK
BacTiter-Glo assay Promega, Madison, WI, USA
Experimental models: Cell lines
HEK293T Leibniz Institute German Collection of Microorganisms

and Cell Cultures (DSMZ, Braunschweig, Germany)
MDA-MB-231 Leibniz Institute German Collection of Microorganisms

and Cell Cultures (DSMZ, Braunschweig, Germany)
RAW246.7 ATCC (Manassas, VA, USA)
NHDF PELOBiotech (Martinsried, Germany)
Hela Prof. Dr. Rolf Marschalek W1/21Fu

Recombinant DNA
pGloSensor-22F cAMP Promega, Madison, WI, USA

Software and algorithms

Geneious v10.2.6 Dotmatics

HeliQuest Institut de pharmacologie moléculaire et cellulaire
Antimicrobial Peptide Database 3 University of Nebraska Medical Center

AMP scanner vr.2 https://www.dveltri.com/ascan/v2/ascan.html
IQ-TREE Center for Integrative Bioinformatics Vienna
GraphPad Prism v8 GraphPad Software, San Diego, CA, USA
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and information should be directed to and will be fulfilled by Tim Liiddecke (tim.lueddecke@
ime.fraunhofer.de).

Materials availability

Peptides generated in this study are available on request contacting Tim Liddecke (tim.lueddecke@ime.fraunhofer.de).

Data and code availability

e Raw data derived from in vitro experiments are available as supplementary files adjacent to this article.
e This paper does not report original code.
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METHOD DETAILS
Checacins

The sequences of eight checacins were retrieved from a previous study.*” For in vitro experiments, peptides were synthesized by GenScript
Biotech (Piscataway, NJ, USA) including HPLC-based analysis of purity and mass spectrometry to verify identity (Table S3).

In silico analysis

Secondary structures were predicted using the Garnier tool of EMBOSS v6.5.7 in Geneious v10.2.6. A deeper analysis of helical potential was
carried out using HeliQuest with the full sequence as the window size.”" To predict antimicrobial activity, all sequences were analyzed using
the AMP calculator and predictor tool in AMP database 3** and AMP scanner vr.2.* Raw data created by all software is given in Table S1.

Molecular phylogeny

Full precursor nucleotide sequences of checacins and megicin 18 were aligned using Clustal W in Geneious v10.2.6 and were uploaded to the
IQ-TREE webserver.”” A maximum likelihood tree was calculated using DNA as the sequence type and the best-fitting substitution model
selected in Auto mode. Branch analysis was achieved by ultrafast bootstrap support using 10,000 replicates and an activated SH-aLRT branch
test. We selected a perturbation strength of 0.5, and the IQ-TREE stopping rule was set to 100. From the resulting tree space, a 65% majority
rule consensus tree was created and visualized using Figtree v1.4.4. The resulting tree was rooted using the related scorpion toxin megicin 18
as an outgroup.

Antimicrobial activity

Antimicrobial activities were determined using a method recommended by the EUCAST committee.”® The MIC was defined as the lowest
concentration inhibiting microbial growth by 85% after subtracting background signals from the medium. We dissolved the peptides in sterile
ultra-pure water (0.055 pS/cm) and examined their effects in a dilution series from 50 to 0.02 uM. We used rifampicin, tetracycline and genta-
micin (Sigma-Aldrich, St. Louis, MO, USA) as positive controls and applied them in a dilution series from 64 to 0.03 pg/mL. Untreated bacteria
were used as negative controls. All measurements were carried out in triplicates. E. coli (ATCC35218), S. aureus (ATCC33592) and
P. aeruginosa (ATCC27853) were incubated overnight at 37°C and 85% relative humidity, shaking at 180 rpm, before dilution to 5 X 10°
cells/mL in cation-adjusted Mueller Hinton Il (MHII) medium (Becton Dickinson, Sparks, NV, USA). A second E. coli suspension was prepared
in cation-adjusted MHII medium mixed with 44 mM sodium bicarbonate (MHC). After incubation as above, we measured the turbidity at
600 nm on a LUMIstar Omega microplate spectrophotometer (BMG Labtech, Ortenberg, Germany). The M. smegmatis (ATCC607) pre-cul-
ture was incubated in brain—heart infusion (BHI) broth (Becton Dickinson) for 48 h as above before the cell concentration was adjusted in MHII
medium. Isoniazid (Sigma-Aldrich) was used instead of gentamicin as the third positive control. C. albicans (FH2173) was incubated for 48 h at
28°C, shaking at 180 rom, before the pre-culture was diluted to 1 x 10 cells/mL in MHII medium. For A. flavus (ATCC9170), a previously pre-
pared spore solution was used to adjust the assay inoculum to 1 x 10° spores/mL. Assays were incubated for 48 h at 37°C, shaking at 180 rpm.
Tebuconazole (Cayman Chemical Company, Ann Arbor, MI, USA), amphotericin B, and nystatin (both Sigma-Aldrich) were used as positive
controls (dilution series 64 to 0.03 pg/mL) for both fungi. In all cases (M. smegmatis, C.albicans, A.flavus), cell viability was evaluated after 48 h
by measuring ATP levels using the BacTiter-Glo assay (Promega, Madison, WI, USA) according to the manufacturer’s instructions.

Cells and reagents

HEK293T and MDA-MB-231 (ACC-732) cells were purchased from the Leibniz Institute German Collection of Microorganisms and Cell Cul-
tures (DSMZ, Braunschweig, Germany). RAW246.7 cells and NHDFs were purchased from the ATCC (Manassas, VA, USA) and PELOBiotech
(Martinsried, Germany), respectively. The Hela cells were a generous gift from Prof. Dr. Rolf Marschalek. Primary HUVECs were isolated from
human umbilical cords. The head of the Research Ethics Committee/Institutional Review Board (REC/IRB) granted a waiver for the use of ano-
nymized human material on September 15, 2021, under reference number W1/21Fi. HEK293T, MDA-MB-231, HeLa and NHDF cells were
cultivated in Dulbecco’s modified Eagle’s medium (DMEM) and RAW264.7 cells in Roswell Park Memorial Institute (RPMI) medium. All media
were supplemented with 10% fetal calf serum (FCS; Biochrom, Berlin, Germany), and 1% penicillin/streptomycin. Primary HUVECs were
cultured in 75 cm? flasks coated with collagen G (Biochrom) in endothelial cell growth medium (PELOBiotech) supplemented with 10%
FCS (Biochrom), 100 U/mL penicillin, 100 pg/mL streptomycin, and 2.5 ug/mL amphotericin B (PAN-Biotech, Aidenbach, Germany), and a
supplement mixture (PELOBiotech). All cells were cultured at 37°C in a 5% CO, atmosphere.

Cell viability assay

Cell viability was measured using the Orangu assay (Cell Guidance Systems, Cambridge, UK). Briefly, 2 x 10° HEK293T or RAW246.7 cells
seeded in 96-well plates were treated with various concentrations of the checacins or water as a control for 24 h before adding 10 pl Orangu
cell counting solution and incubating for 60 min. The absorbance was measured at 450 nm with a reference at 650 nm using an EnSpire 2300
Multimode Plate Reader (Perkin Elmer, Lilbeck, Germany). Cell viability was calculated as a percentage compared to the water-treated cells
(100%). Raw data of cell viability assays is given in Table S2.
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Cell proliferation assay

HUVECs, NHDFs, MDA-MB-231 and Hela cells were treated with checacins or water as a control. HUVECs (2000 cells/well) were seeded into
collagen-coated 96-well plates and grown for 24 h before treatment. Treated cells were cultured for 72 h before fixation in 2:1 methanol/
ethanol, washing in PBS, and staining with 20% crystal violet in methanol. Control cells were similarly processed after 24 h. Unbound crystal
violet was removed by washing with distilled water. Finally, cells were left to air dry, and DNA-bound crystal violet was dissolved in 20%
acetic acid and quantified by measuring the absorbance at 590 nm using an Infinite F200Pro plate reader (Tecan, Mé&nnedorf, Switzerland).
The inhibition of proliferation was calculated as a percentage relative to the water control (100%) and was also compared to DMSO con-
trols (0.01% or 0.025%) after 72 h incubation. Similarly, MDA-MB-231 cells (5 x 10° cells/well), Hela cells (2.5 x 103 cells/well) and NHDFs
(1.5 x 103 cells/well) were seeded into 96-well plates, and proliferation was tested as described above. Raw data of cell proliferation assays
is given in Table S2.

Analysis of intracellular Ca®* levels

Ca®" release was analyzed by labeling cells with the calcium fluorescence probe Fluo-8-AM. Briefly, 2 x 10 HEK293T cells were seeded into
96-well poly-p-lysine plates and cultured at 37°C for 24 h before adding 4 uM Fluo-8-AM in Hanks' balanced salt solution (HBSS) for 1 h at 37°C.
The Fluo-8/HBSS medium was then replaced with 100 pl HBSS. Five images per second were captured using an ImageXpress Micro confocal
high-content imaging system (Molecular Devices, San Jose, CA, USA). For the induction assay, the cells were treated with checacins or 5 uM
ionomycin (Sigma-Aldrich) as a positive control, and images were captured every second for 20 s. For the inhibition assay, 5 uM ionomycin was
added to the checacin samples after 30 min and images were captured as above. Data were analyzed using MetaXpress software. The fluo-
rescence intensity threshold was defined using cells before treatment, and all cells with a signal above the threshold level were counted. For
the induction assay, the number of cells above the threshold in the checacin-treated samples was compared to the untreated sample. For the
inhibition assay, the number of cells above the threshold in the checacin-treated samples was compared to the cells in the ionomycin-treated
sample. Raw data of Ca®* release assays is given in Table S2.

Analysis of cAMP levels

HEK293T cells were transfected with the pGloSensor-22F cAMP vector (Promega) using turbofect reagent (Thermo Fisher Scientific, Frankfurt
am Main, Germany). We then seeded plates with 7 x 10* transfected cells and incubated for 24 h before replacing the supernatant with DMEM
lacking phenol red and supplemented with the pGlo sensor cAMP reagent (Promega). Induction and inhibition assays were carried out in two
steps on the same plate. For the induction assay, luminescence was detected (background, three measurements every 5 min) before adding
checacin peptides or 5 uM forskolin and repeating the measurements using a Spark plate reader (Tecan). For the inhibition assay, cells pre-
treated with each checacin peptide were incubated with 5 uM forskolin and luminescence was detected as above. The luminescence values of
the checacin-treated samples were compared to samples treated with DMSO or forskolin. Raw data of cAMP assays is given in Table S2.

Analysis of NO levels

NO was quantified using the Griess method as previously described.® Briefly, 2 x 10* RAW264.7 macrophages per well were seeded in a
96-well plate and incubated for 24 h at 37°C. Checacins at various concentrations or 100 ng/ml lipopolysaccharide (LPS) as a positive control
were added to induce NO synthesis. Alternatively, cells pre-treated with checacins for 30 min were incubated with 100 ng/ml LPS to inves-
tigate the inhibition of NO synthesis. After 24 h, supernatants were collected and stored at -80°C. A standard curve was prepared using
different concentrations of sodium nitrite (0-50 uM). We then added 80 pl cell supernatant or standard to a 96-well microplate and incubated
with 20 pl sulfanilamide solution (40 mg/mlin 1 M HCI) and 20 ul naphthylenediamine solution (60 mg/ml N-(1-naphthyl)ethylenediamine di-
hydrochloride in water) for 15 min. The absorbance was measured at 540 nm using an EnSpire Plate Reader. Raw data of NO release assays is
given in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were processed and visualized using GraphPad Prism v8 (GraphPad Software, San Diego, CA, USA). Results are presented as
means t+ standard errors of the mean (SEM). The number of independently performed experiments (n) is stated in the figure captions,
and at least three technical replicates were used for the experiments. Statistical significance was determined by one-way or two-way analysis
of variance (ANOVA) with Dunnett’s multiple comparisons test and Tukey's post hoc test. The threshold for significance was p < 0.05.
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