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Preface to ”Toxins: Mr Hyde or Dr Jekyll?”

Toxins are biologically active substances produced by most kinds of living organisms, bacteria,

fungi, plants, and animals. They present a vast diversity of molecular structures and target a wide

variety of receptors involved in a range of physiological processes. As toxins are selected during

evolution to acquire/improve their disabling/lethal effects, they display finely tuned functional

properties often associated with high affinities and selectivity. Moreover, toxins are valuable tools to

unravel cellular processes due to their extreme specificity for cell surface and/or intracellular targets.

Therefore, toxins are very attractive compounds because of their Janus-like character; while they

mostly act as deadly poisons like monstrous Mr. Hyde, they can also be tamed into good remedies like

admirable Dr. Jekyll. As such, they have been primarily investigated not only for the light they can

throw on fundamental physiological processes but also for their potential therapeutic applications.

This book, emerging from the 27th Annual Meeting of the French Society of Toxinology (SFET,

http://sfet.asso.fr/international), will be of great interest for those in the scientific community who

want to know more about the fascinating world of toxins. We would like to thank all the individuals

who contributed to the meeting and to this book.

Daniel Ladant, Gilles Prévost, Michel R. Popoff, and Evelyne Benoit

Editors
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Editorial of the Special Issue “Toxins: Mr Hyde or Dr Jekyll?”
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* Correspondence: evelyne.benoit@cea.fr; Tel.: +33-1-6908-5685

The 27th Annual Meeting of the French Society of Toxinology (SFET, http://sfet.asso.
fr/international (accessed since 1 September 2022)) was held on 9–10 December 2021 as a
virtual meeting (e-RT27). The central theme selected for this meeting, “Toxins: Mr Hyde
or Dr Jekyll?”, gave rise to three thematic sessions: the first on plant toxins, algal toxins
and mycotoxins; the second on animal toxins; and the third on bacterial toxins. All sessions
were aimed at emphasizing the latest findings on this topic. Apart from this central theme,
a “miscellaneous” session was dedicated to recent results obtained in toxinology. Ten
speakers from seven countries (Australia, Brazil, Burkina Faso, France, Germany, The
Netherlands and the United States of America) were invited as international experts to
present their work, and other researchers and students presented theirs through 15 shorter
lectures and 20 posters. Of the ca. 80 participants who registered, 38% were foreigners, a
value highlighting the international attractiveness of the SFET meeting.

The Special Issue “Toxins: Mr Hyde or Dr Jekyll?” includes ten articles.
All the abstracts of the ten invited speaker’s lectures, as well as those of the 12 shorter

lectures and 20 posters, are available in the report from the 27th Meeting of Toxinology [1].
Owing to a donation from MDPI‘s Toxins, two prizes of 300EUR each were awarded to
the best oral communication and best poster, both selected from a vote by all the invited
speakers to the meeting and the SFET Board of Directors. The two winners of the best
oral communication award (Barbara Ribeiro: Functional impact of BeKm-1, a high-affinity
hERG blocker, on cardiomyocytes derived from human-induced pluripotent stem cells) and
from the best poster award (Anne-Cécile Van Baelen: Characterization of immune animal
toxins for the functional study of angiotensin receptors) are mentioned in the meeting
report [1].

Clostridial neurotoxins, botulinum neurotoxins (BoNTs) and tetanus neurotoxins
(TeNTs) are produced by sporulating and anaerobic bacteria from the environment. The
synthesis of clostridial neurotoxins is a highly regulated process by complex regulatory
networks including alternative sigma factors, two-component systems, non-coding RNA,
quorum-sensing system, and the interplay with general metabolism. Environmental and
nutritional factors control the regulation of clostridial neurotoxin synthesis but are still
poorly understood. Notably, amino acid-to-peptide metabolism transition seems to be
an important regulatory factor. Comparative regulation of BoNT and TeNT synthesis is
reviewed in the article of Popoff and Brüggemann [2].

Various bacterial pathogens produce toxins that target cyclic nucleotide monophos-
phate (CNMPs). Certain toxins exhibit nucleotidyl cyclase activities that are activated by
eukaryotic factors (adenylate cyclase (AC) of Bordetella pertussis CyaA, or Bacillus anthracis
edema factor EF). Davi et al. propose a robust and efficient in vitro assay for the detection

Toxins 2023, 15, 142. https://doi.org/10.3390/toxins15020142 https://www.mdpi.com/journal/toxins1
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of AC activity based on the spectrometry detection of cyclic AMP after chromatographic
separation on aluminum oxide. This assay is very sensitive (fmol level) and can be used in
complex media [3].

Bacterial toxins and virulence factors are involved in potent pathogenicity mechanisms.
One of the host targets is the immune system. However, hosts have generated sensors to
detect the pathogenic potential of microbes. Indeed, the innate immunity senses microbial-
associated molecular patterns (MAMPs), notably virulence factors, to distinguish between
pathogens and commensals. The innate immunity can persist in host and it is called the
innate immune memory of trained immunity. The toxins and virulence factors that target
Rho-GTPases activate the NLRP3 inflammasome. The release of interleukins, such as IL-1β
and IL-18, are associated with the induction of the adaptive immune memory. The innate
immunity and trained immunity triggered by virulence factors that modify Rho-GTPases
are discussed in the article by Torre and Boyer [4].

A particular group of bacterial toxins concern the toxin superantigens. These toxins
recognize specific receptors on both antigen-presenting cells and T lymphocytes leading to
the activation of a large proportion of T lymphocytes (up to 20%). Toxin superantigens are
involved in several mild-to-severe diseases in humans and animals. Toxin superantigens
are mainly produced by Staphylococcus aureus. They constitute a very heterogeneous family
ranging from 20 to 89% in similarity. The review by Truant et al. concerns the repertoire of
Staphylococcus superantigens including their functional and pathological properties [5].

Clostridium botulinum C and D produce a toxin or enzyme, called C3, that specifically
inactivates the eukaryotic protein Rho by ADP-ribosylation. C3 enters only certain cell
types such as monocyte-derived cells including macrophages, osteoclasts, and dendritic
cells. Thus, inactivated C3 at the enzymatic site can be used as a transporter for the specific
delivery of cargo into macrophages and dendritic cells. Fellermann et al. investigated the
selectivity of C3 delivery by using eGFP coupled to non-toxic C3. Thereby, C3 is a promising
molecule to specifically deliver small compounds into macrophages and dendritic cells [6].

The killer strains of Debaryomyces hansenii and Wickerhamomyces anomalus species se-
crete antimicrobial proteins called killer toxins active against selected fungal phytopathogens.
Czarnecka et al. investigated the role of plasma membrane pleiotropic drug-resistant (PDR)
transporters (Pdr5p and Snq2p) in the mechanism of defense against killer toxins. They
showed that the Snq2p efflux pump influences the immunity to the W. anomalus BS91 killer
toxin and that the activity of the killer toxins of D. hansenii AII4b, KI2a, MI1a and CBS767
strains is regulated by other transporters than those influencing the W. anomalus killer toxin
activity. This is the first study that reports the involvement of PDR transporters in the cell
membrane of susceptible microorganisms in resistance to killer yeasts’ toxins [7].

Gambierol is a polycyclic ether toxin produced by the dinoflagellate Gambierdiscus
toxicus that is a potent neurotoxin by blocking voltage-gated potassium channels. Benoit
et al. have analyzed the effect of gambierol on single rat fetal (F19–F20) adrenomedullary-
cultured chromaffin cells [8]. Using whole-cell voltage-clamp recording, gambierol was
shown to block only a fraction of the total outward K+ current by slowing down their
activation kinetics. It was found that gambierol did not affect calcium-activated K+ (KCa) or
ATP-sensitive K+ (KATP) channels. These results highlight the important modulatory role
played by KCa channels in the control of exocytosis from fetal (F19–F20) adrenomedullary
chromaffin cells.

Acid-sensing ion channels (ASICs) are voltage-independent H+-gated cation channels
largely expressed in the nervous system of rodents and humans. At least six isoforms
(ASIC1a, 1b, 2a, 2b, 3 and 4) associate into homo- or heterotrimers to form functional
channels with highly pH-dependent gating properties. Verkets et al. reviewed the pharma-
cological profiles of animal peptide toxins targeting ASICs, including PcTx1 from tarantula
and related spider toxins, APETx2 and APETx-like peptides from sea anemone, and mam-
balgin from snake, as well as the dimeric protein snake toxin MitTx that have all been
instrumental to understanding the structure and the pH-dependent gating of rodent- and
human-cloned ASICs and to study the physiological and pathological roles of native
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ASICs in vitro and in vivo [9]. ASICs are expressed all along the pain pathways and the
pharmacological data clearly support a role for these channels in pain.

α-Bungarotoxin is a large, 74 amino acid toxin containing five disulfide bridges,
initially identified in the venom of Bungarus multicinctus snake. Similar to most large toxins,
the chemical synthesis of α-bungarotoxin is challenging, explaining why all previous
reports use purified or recombinant α-bungarotoxin. However, only chemical synthesis
allows easy insertion of non-natural amino acids or new chemical functionalities. Herein,
Brun et al. described a procedure for the chemical synthesis of a fluorescent-tagged α-
bungarotoxin [10]. An azide-modified Cy5 fluorophore was coupled to the toxin. Using
automated patch-clamp recordings, the fluorescent synthetic α-bungarotoxin blocked
acetylcholine-mediated currents in response to muscle nicotinic receptor activation in
TE671 cells. Thus, synthetic fluorescent-tagged α-bungarotoxin retains excellent properties
for binding onto muscle nicotinic receptors.

Author Contributions: D.L., G.P., M.R.P. and E.B. equally contributed to the conceptualization, the
writing—original draft preparation, and the writing—review and editing. All authors have read and
agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The French Society of Toxinology (SFET) organized its 27th annual meeting on 9–10 Decem-
ber 2021 as a virtual meeting (e-RT27). The central theme of this meeting was “Toxins: Mr Hyde or Dr
Jekyll?”, emphasizing the latest findings on plant, fungal, algal, animal and bacterial toxins during
10 lectures, 15 oral communications (shorter lectures) and 20 posters shared by ca. 80 participants.
The abstracts of lectures and posters, as well as the winners of the best oral communication and
poster awards, are presented in this report.

Keywords: animal toxin; bacterial toxin; marine toxin; medical application; plant toxin; toxin
function/activity; toxin receptor/target; toxin structure
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2. Preface

Toxins are biologically active substances produced by most kinds of living organisms,
bacteria, fungi, plants and animals. They present a vast diversity of molecular structures
and target a wide variety of receptors involved in a range of physiological processes. As
toxins were selected during evolution to acquire/improve their disabling/lethal effect, they
display finely tuned functional properties often associated with high affinities and selectiv-
ity. Moreover, toxins are valuable tools to unravel cellular processes due to their extreme
specificity for cell surface and/or intracellular targets. Therefore, toxins are very attractive
compounds because of their Janus-like character, being both poisons and remedies, and
as such, they have been primarily investigated not only for the light they can throw on
fundamental physiological processes but also for their potential therapeutic applications.

This 27th Meeting on Toxinology of the SFET was held on 9–10 December 2021 as a
virtual meeting (e-RT27). The central theme selected for this meeting, “Toxins: Mr Hyde or
Dr Jekyll?”, gave rise to three thematic sessions: the first one on plant toxins, algal toxins
and mycotoxins; the second one on animal toxins; and the third one on bacterial toxins, all
sessions were aimed at emphasizing the latest findings on this topic. Apart from this central
theme, a “miscellaneous” session was dedicated to recent results obtained in Toxinology.
Ten speakers from seven countries (Australia, Brazil, Burkina Faso, France, Germany, the
Netherlands and the United States of America) were invited as international experts to
present their work, and other researchers and students presented theirs through 15 shorter
lectures and 20 posters. Of the ca. 80 participants who registered, 38% were foreigners, a
value highlighting the international attractiveness of the SFET meetings.

Owing to a donation from MDPI-Toxins, two prizes of EUR 300 each were awarded to
the best oral communication and the best poster (Figure 2), both selected from a vote by all
the participants to the meeting.

Figure 2. Winners of the “Best Oral Communication” and “Best Poster” Awards at the 27th Meeting
of the French Society of Toxinology (SFET).
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Last but not least, we warmly thank the Editors of MDPI—Toxins for supporting the
publication of a Special Issue also entitled “Toxins: Mr Hyde or Dr Jekyll?”, and gathering
this meeting report, along with peer-reviewed original articles and reviews. We believe that
this Special Issue will be attractive to all, including those of our colleagues who could not
attend the e-RT27 meeting, and that it will represent a comprehensive source of information
for researchers and students in Toxinology.

3. Scientific and Organizing Committees (SFET Board of Directors)

Julien Barbier, CEA de Saclay, Gif-sur-Yvette, France
Evelyne Benoit, CEA de Saclay, Gif-sur-Yvette, France
Alexandre Chenal, Institut Pasteur, Paris, France
Michel De Waard, L’institut du thorax, Nantes, France
Sylvie Diochot, Institut de Pharmacologie Moléculaire et Cellulaire, Valbonne, France
Sébastien Dutertre, Institut des Biomolécules Max Mousseron, Montpellier, France
Daniel Ladant, Institut Pasteur, Paris, France
Christian Legros, Université d’Angers, Angers, France
Pascale Marchot, CNRS/Aix-Marseille Université, Marseille, France
Gilles Prévost, Institut de Bactériologie, Université de Strasbourg, France
Michel R. Popoff, Institut Pasteur, Paris, France
Loïc Quinton, Université de Liège, Liège, Belgium

4. Invited Lectures (When More Than One Author, the Underlined Name Is That of the
Presenter)

4.1. The Plant with the Scorpion Sting: Novel Pain-Causing Toxins from the Australian Giant
Stinging Tree

Irina Vetter 1,4,*, Edward K. Gilding 1, Sina Jami 1, Jennifer R. Deuis 1, Mathilde R. Israel 1,2,

Peta J. Harvey 1, Aaron G. Poth 1, Fabian B.H. Rehm 1, Jennifer L. Stow 1, Samuel D. Robinson 1,

Kuok Yap 1, Darren L. Brown 1, Brett R. Hamilton 3, David Andersson 2, David J. Craik 1,

Thomas Durek 1

1 Institute for Molecular Bioscience, The University of Queensland, Brisbane, QLD 4072,
Australia.
2 Wolfson Centre for Age-Related Diseases, Institute of Psychiatry, Psychology & Neuro-
science, King’s College London, London, SE5 8AF, United Kingdom.
3 Centre for Advanced Imaging, The University of Queensland, Brisbane, QLD 4072,
Australia.
4 School of Pharmacy, The University of Queensland, Brisbane, QLD 4102, Australia.
* Correspondence: i.vetter@uq.edu.au

Abstract: Stinging Trees from Australasia produce remarkably persistent and painful
stings upon contact of their stiff epidermal hairs, called trichomes, with mammalian skin.
Dendrocnide-induced acute pain typically lasts for several hours, and intermittent painful
flares can persist for days and weeks. Our recent work shows that the venoms of Australian
Dendrocnide species contain heretofore-unknown pain-inducing peptides that potently
activate sensory neurons and delay the inactivation of voltage-gated sodium channels.
These neurotoxins localize specifically to the stinging hairs and are mini-proteins of 4 kDa
whose 3D structure is stabilized in an inhibitory cystine knot motif, a characteristic shared
with neurotoxins found in spider and cone snail venoms. Our results provide an intriguing
example of inter-kingdom convergent evolution of animal and plant venoms with shared
modes of delivery, molecular structure and pharmacology.

Keywords: pain; peptide toxin; sodium channel; stinging nettle
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4.2. Evidences That Pinnatoxin-G Crosses Intestinal, Hemato-Encephalic and Maternofetal
Barriers to Reach Central and Peripheral Nicotinic Acetylcholine Receptors

Denis Servent 1,*, Carole Malgorn 1, Sophie Gil 2, Christelle Simasotchi 2, Anne-Sophie

Hérard 3, Thierry Delzescaux 3, Robert Thai 1, Peggy Barbe 1, Mathilde Keck 1, Fabrice

Beau 1, Armen Zakarian 4, Vincent Dive 1, Jordi Molgó 1

1 Université Paris-Saclay, CEA, Département Médicaments et Technologies pour la Santé
(DMTS), Service d’Ingénierie Moléculaire pour la Santé (SIMoS), ERL CNRS 9004, F-91191
Gif-sur-Yvette, France.
2 Université de Paris, UMR S1139, Faculté de Pharmacie de Paris, France.
3 Université Paris-Saclay, UMR 9199, CNRS, CEA, MIRCen, Fontenay-aux-Roses, France.
4 University of California Santa Barbara, Department of Chemistry and Biochemistry,
California 93106, USA.
* Correspondence: denis.servent@cea.fr

Abstract: The warming of ocean temperatures and the increase in nutrients has driven an
intensification of harmful algal bloom events. During these active dinoflagellate prolifer-
ations, phycotoxins may accumulate in shellfish tissues and can be transferred into fish,
marine mammals and ultimately to humans. Cyclic imines, produced by various species
of marine dinoflagellates, constitute a widely distributed group of phycotoxins, including
pinnatoxins. Pinnatoxin-G (PnTx-G) produced by the cosmopolitan dinoflagellate Vulcano-
dinium rugosum is considered the precursor of other pinnatoxins, and it is a fast-acting toxin
in the mouse bioassay. PnTx-G is regularly detected in European coastal environments and
in contaminated shellfish samples and may represent a human health risk. In this work,
exploiting the ability of PnTx-G to be chemically synthesized and radiolabeled, we studied
in vivo the toxicokinetics of [3H]-PnTx-G and its capacity to interact with neuronal and
muscle-type nicotinic acetylcholine receptors (nAChRs). The biodistribution of [3H]-PnTx-
G, using high-resolution digital radio-imaging after oral or intravenous administration to
rats, revealed the presence of the radiolabeled toxin in various peripheral organs, as well
as in specific regions of the central nervous system, highlighting its property to cross both
the intestinal and blood–brain barriers. In addition, we demonstrate that PnTx-G crosses
the materno–fetal barrier, first in rats by detecting the radiolabeled toxin in embryos after
its injection to pregnant rats and secondly in humans, using a perfused ex vivo cotyledon
model and mass spectrometry analysis. Furthermore, to assess the nAChR subtypes labeled
by [3H]-PnTx-G, we performed competition experiments on brain and embryos sections in
the presence of selective nAChR antagonists, revealing the major role of muscle-type and
α7 subtype in the peripheral and central labeling, respectively. In conclusion, this work
shows that PnTx-G efficiently crosses the intestinal, blood–brain and placental barriers to
interact with central and peripheral nAChRs, supporting its in vivo effects. The mechanism
used by pinnatoxins to cross these physiological barriers and the possible involvement of a
receptor-mediated process are still under investigation.

Keywords: biodistribution; nicotinic acetylcholine receptor; pinnatoxin

4.3. A Blue Mountains Funnel-Web Spider Toxin Expressed under Control of a
Hemolymph-Specific Promoter Increases Fungal Lethality against Insecticide-Resistant
Malaria-Vector Mosquitoes

Étienne Bilgo 1,*, Brian Lovett 2, Raymond St. Leger 2, Abdoulaye Diabate 1

1 Institut de Recherche en Sciences de la Santé/Centre Muraz, Bobo-Dioulasso, Burkina
Faso.
2 Department of Entomology, University of Maryland, College Park, MD 20742, USA.
* Correspondence: bilgo02@yahoo.fr

Abstract: The continued success of malaria control efforts requires the development, study
and implementation of new technologies that circumvent insecticide resistance. We pre-
viously demonstrated that fungal pathogens could provide an effective delivery system
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for mosquitocidal or malariacidal biomolecules. In this study, we firstly compared genes
from arthropod predators encoding insect-specific sodium, potassium and calcium chan-
nel blockers for their ability to improve the efficacy of Metarhizium against wild-caught,
insecticide-resistant anophelines. Toxins expressed under the control of a hemolymph-
specific promoter increased fungal lethality to mosquitoes at spore dosages as low as one
conidium per mosquito. One of the most potent, the EPA-approved Hybrid (Ca2+/K+

channel blocker), was studied for pre-lethal effects. These included reduced blood-feeding
behavior, with almost 100% of insects infected with ca. six spores unable to transmit malaria
within five days post-infection, surpassing the World Health Organization threshold for
successful vector control agents. Furthermore, recombinant strains co-expressing Hybrid
toxin and AaIT (Na+ channel blocker) produced synergistic effects, requiring 45% fewer
spores to kill half of the mosquitoes in five days as single toxin strains. Secondly, through a
semifield trial in a MosquitoSphere (a contained, near-natural environment) in Soumousso,
a region of Burkina Faso where malaria is endemic, we confirmed the proof of our concept
in the field. The expression of Hybrid toxin increased fungal lethality and the likelihood
that insecticide-resistant mosquitoes would be eliminated from this site. In summary, our
results identified a repertoire of toxins with different modes of action that improve the util-
ity of entomopathogens as a technology that is compatible with existing insecticide-based
control methods.

Keywords: biotechnology; malaria; mosquito; mycology; toxin

4.4. Bee Venom and Its Component Apamin Have Anti-Parkinsonian Properties in Animal Models
of Parkinson’s Disease

Marianne Amalric 1,*, Nathalie Turle-Lorenzo 1, Christophe Melon 2, Nicolas Maurice 2

1 Laboratoire de Neurosciences Cognitives (LNC) UMR 7291, CNRS, Aix-Marseille Univ.,
Marseille, France.
2 Institut de Biologie du Développement de Marseille (IBDM) UMR 7288, NeuroMarseille,
Aix-Marseille Univ., CNRS, Marseille, France.
* Correspondence: marianne.amalric@univ-amu.fr

Abstract: Parkinson’s disease (PD) is an age-related neurological disorder that affects
more than 6.3 million people worldwide. PD is characterized by progressive loss of
dopaminergic (DA) neurons in the substantia nigra (SN), which leads to a wide range
of debilitating motor, cognitive and neuropsychiatric symptoms. L-DOPA therapy is
effective on motor symptoms and motor fluctuations but leads over the years to dyskinesia.
Calcium-activated potassium channels (SK channels) have recently emerged as alternative
therapeutic targets because they regulate the neuronal firing of midbrain dopamine neurons.
SK channels (in particular SK2/SK3 subtypes) are highly expressed in the basal ganglia
(BG). These brain structures are dysregulated by DA neuronal degeneration. Potassium
channels are privileged targets because they regulate neuronal excitability in order to
maintain balance in the input-output circuits of the BG. Our study aimed to assess the
behavioral effects of apamin, a selective SK2/SK3 channel blocker peptide extracted from
bee venom, and compare them with those produced by bee venom, in pharmacological
and 6-hydroxydopamine (6-OHDA) lesional models of PD in rats. Both bee venom and
apamin reversed haloperidol-induced catalepsy, a model of akinetic symptoms, while a
co-treatment with the SK opener CYPPA prevented this antiakinetic effect. After extensive
unilateral 6-OHDA nigrostriatal lesions, acute and subchronic administration of bee venom
and apamin reduced forelimb asymmetry in the cylinder test and apomorphine-induced
rotations revealing an antiparkinsonian action on motor symptoms. In another rat model of
partial bilateral DA nigrostriatal lesions, apamin also reduced deficits revealed on anxiety,
social interaction and visuospatial memory. The neural substrates of these effects were
investigated by in vivo electrophysiological recordings of neuronal activity of the BG output
structure substantia nigra pars reticulata (SNr). Bee venom restored the balance between
the inhibitory and excitatory influence exerted by the trans-striatal direct and indirect
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pathways that were disrupted by the pharmacological blockade of DA receptors. These
results suggest that bee venom and apamin restore the functional properties of the basal
ganglia circuitry in PD conditions and emphasize the crucial role of potassium channels
(Ca2-dependent) in these anti-parkinsonian effects. Supported by CNRS, AMU, Fondation
de France, Association France Parkinson.

Keywords: bee venom; dopamine; Parkinson’s disease

4.5. Slithering Stem Cells—Understanding Snake Venom Production Using Organoids

Jens Puschhof 1,2,*, Yorick Post 1, Joep Beumer 1, Harald M. Kerkkamp 3, Julien Slag-

boom 4, Buys De Barbanson 1,2, Nienke R. Wevers 5, Xandor Spijkers 5,6, Thomas Olivier
5, Taline D. Kazandijan 7, Stuart Ainsworth 7, Carmen Lopez Iglesias 8, Willine van de

Wetering 1,8, Maria C. Heinz 2,9, Ravian L. Van Ineveld 2,10, Regina G.D.M. Van Kleef 11,

Harry Begthel 1, Jeroen Korving 1, Yotam E. Bar-Ephraim 1,2, Walter Getreuer 12, Anne C.

Rios 2,10, Remco H.S. Westerink 11, Hugo J.G. Snippert 2,9, Alexander Van Oudenaarden
1,2, Peter J. Peters 8, Freek J. Vonk 3, Jeroen Kool 4, Michael K. Richardson 3, Nicholas R.

Casewell 7, Hans Clevers 1,2,10

1 Hubrecht Institute, Royal Netherlands Academy of Arts and Sciences (KNAW) and UMC
Utrecht, 3584 CT Utrecht, The Netherlands.
2 Oncode Institute, Hubrecht Institute, 3584 CT Utrecht, The Netherlands.
3 Institute of Biology Leiden, Department of Animal Science and Health, 2333 BE Leiden,
The Netherlands.
4 Division of BioAnalytical Chemistry, Department of Chemistry and Pharmaceutical
Sciences, Vrije Universiteit Amsterdam, 1081 LA Amsterdam, The Netherlands.
5 Mimetas BV, Organ-on-a-chip Company, 2333 CH Leiden, The Netherlands.
6 Department of Translational Neuroscience, University Medical Center, 3584 CG, Utrecht,
The Netherlands.
7 Centre for Snakebite Research & Interventions, Parasitology Department, Liverpool
School of Tropical Medicine, Liverpool, L3 5QA, UK.
8 The Maastricht Multimodal Molecular Imaging institute, Maastricht University, 6229 ER
Maastricht, The Netherlands.
9 Molecular Cancer Research, Center for Molecular Medicine, University Medical Center
Utrecht, Utrecht University, 3584 CX Utrecht, The Netherlands.
10 The Princess Maxima Center for Pediatric Oncology, 3584 CS Utrecht, The Netherlands.
11 Neurotoxicology Research Group, Division of Toxicology, Institute for Risk Assessment
Sciences (IRAS), Utrecht University, 3584 CL Utrecht, The Netherlands.
12 Serpo, 2288 ED Rijswijk, The Netherlands.
* Correspondence: jens.puschhof@dkfz-heidelberg.de

Abstract: Recent advances in organoid technology have proven this system to be a valuable
tool in understanding human organ development and pathologies. These adult stem cell-
derived cultures closely recapitulate the structural and functional properties of their organ
of origin. Here, we expand the organoid technology toolbox by describing a protocol to
culture non-mammalian organoids derived from a snake venom gland. The complexity of
venom production, composition and function remain largely unknown for many species.
Organoids derived from an Aspidelaps lubricus venom gland can be long-term expanded and
histologically resemble the gland. Expression of typical venom-related transcripts (three-
finger toxins and Kunitz-type protease inhibitors) can be detected in proliferating organoids
with RNA sequencing. Single-cell RNA sequencing reveals distinct venom-expressing cell
types, as well as proliferating cells with features of mammalian stem cells. By using mass
spectrometry, we identified peptides in the culture medium supernatant that match the
composition of the crude venom of the same species. Venom gland organoids furthermore
consist of specialized secretory cells visible by transmission electron microscopy. The
system enables the investigation of venom production and function on a cellular level in
controlled conditions and without the need for experimental animals. This study describes
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the adaption of organoid technology to a non-mammalian species, providing a model to
understand the complexity of the snake venom gland.

Keywords: in vitro; organoid; snake; venom gland

4.6. Prospection of Animal Toxins in Drug Discovery—Challenges and Perspectives

Karla de Castro Figueiredo Bordon *

University of São Paulo, School of Pharmaceutical Sciences of Ribeirão Preto, Ribeirão
Preto, São Paulo, Brazil.

* Correspondence: karlabordon@yahoo.com.br

Abstract: Venomous animals may cause severe medical complications and untimely death,
but their venoms are also sources of molecules acting on the nervous, cardiovascular, im-
mune and other systems. Animal toxins are often used as pharmacological tools for the
validation of therapeutic targets, but they are also used as cosmeceuticals and diagnostic
tools in the design of new therapeutic agents and to improve drug libraries. Some drugs
used in the therapy of many disorders, such as diabetes and cardiovascular diseases, were
developed based on the molecular structures of animal toxins. Captopril was the first
animal toxin-based drug approved for human use. Scorpion neurotoxins are known to be
responsible for the pathological manifestations of scorpionism. They are a threat to human
health but may serve as leads for the development of new therapies against current and
emerging diseases. The scorpion toxin chlorotoxin is undergoing clinical phase trials as
a fluorescent molecular probe that paints tumors, while the CPP-Ts peptide is a potential
intranuclear delivery tool targeting cancer cells. The bioprospection of neurotoxins that
block KV1.3 potassium channels may lead to the development of drugs to treat autoim-
mune diseases since these channels are found in macrophages, platelets and T cells. The
overexpression of KV1.3 in lymphocytes is related to diseases such as atherosclerosis, some
types of cancers, obesity and autoimmune diseases such as Crohn’s disease, dermatitis,
psoriasis and rheumatoid arthritis, among others. Related to snake toxins, a heterologous
fibrin sealant, comprising a cryoprecipitate rich in fibrinogen extracted from the blood
of buffaloes in association with a serine protease from rattlesnake, is a biodegradable
biological product that reduces surgical time, promotes faster postoperative recovery, is
highly adhesive and can also be used as an adjuvant in suture procedures and as a carrier
for drug delivery. The use of biotechnological tools, such as the heterologous expression of
peptides and proteins, enables the production of biologically active molecules in sufficient
quantity for the evaluation and development of new medicines. Recently, a serine protease
was recombinantly expressed with functional and structural integrity and showed fib-
rinogenolytic activity and inhibition against the hEAG1 channel, highly expressed in tumor
cells, in a mechanism independent of its catalytic activity. Non-PEGylated and PEGylated
forms of this enzyme share similar kinetic and functional characteristics, and the latter
showed no evidence of immunogenicity or cytotoxicity, even at high concentrations. Given
the examples, approaches to improve the druggability of animal toxins are fruitful fields
for future research.

Keywords: biological dressing; heterologous expression; immunosuppression; PEGylation;
poison; toxin

4.7. Redirecting the Target of Muscarinic Toxin

Shoji Maeda 1,7,*, Jun Xu 1, Francois Marie N. Kadji 2, Mary J. Clark 3, Jiawei Zhao 4,

Naotaka Tsutsumi 5, Junken Aoki 2, Roger K. Sunahara 3, Asuka Inoue 2, K. Christopher

Garcia 1,5,6, Brian K. Kobilka 1

1 Stanford University School of Medicine, Stanford, CA 94305, USA;
2 Tohoku University, Sendai, Japan;
3 University of California San Diego School of Medicine, La Jolla, CA 92093, USA;
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4 Tsinghua University, Beijing, China;
5 Stanford University School of Medicine, Stanford, CA 94305, USA;
6 Howard Hughes Medical Institute; 7 University of Michigan, MI 48109, USA.
* Correspondence: shojim@umich.edu

Abstract: Muscarinic acetylcholine receptors are prototypical class-A GPCRs that are
distributed throughout the human body and play critical roles in the maintenance of fun-
damental human physiology by responding to the neurotransmitter acetylcholine. Five
muscarinic receptor subtypes (M1R–M5R) have been identified in humans with distinct
G protein coupling preferences, distribution profile and physiological roles. With their
conserved orthosteric ligand-binding site and the presence of an allosteric ligand-binding
site at the extracellular region, muscarinic receptors were extensively studied as a model
system for the subtype-selective targeting at a GPCR through small molecule allosteric
modulators. Animals have evolved venoms to hunt prey and/or run from predators. These
venoms have been a rich source to isolate natural products that modulate numerous protein
functions, including GPCRs. Peptide and small protein toxins are emerging modalities be-
cause of their superior selectivity and stability. Muscarinic toxin belongs to the three-finger
toxin family and is one of the best-characterized peptide toxins produced by venomous
snakes. A member of muscarinic toxin, MT7, shows extremely high selectivity to M1R over
other muscarinic receptors and elicits an inhibitory effect. We solved the crystal structure of
the M1R–MT7 complex and revealed the exquisite design of this toxin to exclusively fit into
M1R by selectively engaging at the allosteric site with residues unique to M1R. By using the
structural information and the surface display platform, we succeeded in converting the
subtype selectivity of MT7 to another muscarinic receptor, M2R. Furthermore, we obtained
conformational selective three-finger proteins exclusively targeting the active conformation
of muscarinic receptors. Our data indicate a promise of repurposing this natural toxin
scaffold to a broader range of target systems.

Keywords: muscarinic acetylcholine receptor; protein engineering; three-finger toxin

4.8. Synthetic AB-Toxins for Targeted Pharmacological Modulation of Cancer and Immune Cells

Holger Barth *

University of Ulm Medical Center, Institute of Pharmacology and Toxicology, Albert-
Einstein-Allee 11, 89081 Ulm, Germany.
* Correspondence: holger.barth@uni-ulm.de

Abstract: Bacterial AB-toxins are highly toxic proteins because of their unique modular
structure: these toxins bind to mammalian cells by a specific receptor binding (B) subunit
and deliver their enzymatically active (A) subunit into the host cell cytosol via their intrinsic
translocation (T) subunit. In the cytosol, the A subunit modifies its specific cellular substrate,
which alters cellular structures and/or functions and is the reason for the clinical symptoms
of the particular toxin-associated disease. Because of their intracellular, highly specific
and extremely potent mode of action, some AB-toxins serve as valuable molecular tools in
pharmacology and cell biology for the targeted modulation of cell functions and are used
as drugs. In past years, we and others used the non-toxic B and T subunits of various toxins
to deliver pharmacologically active proteins (e.g., enzymes) and peptides into the cytosol of
cells and developed cell type-selective transport systems to modulate functions of immune
and cancer cells. However, for some cell types, there are no selective AB toxins available
by nature, and therefore, we aimed to develop “synthetic” AB-toxins. In one approach,
supramolecular transporter systems were generated, where avidin with four biotin-binding
sites serves as a central binding platform for three biotinylated binding peptides that
selectively bind to receptors on target cells and trigger internalization of the transporter
molecule, and biotinylated cargo molecules that act as “A subunit” in the cytosol. Proof-
of-concept was provided by using clostridial C3 Rho-inhibitor as cargo enzyme and the
peptide somatostatin as a ligand to selectively target human lung cancer cells in vitro and in
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the HET/CAM model for a human xenograft lung tumor that overexpresses somatostatin
receptor. This strategy also served for the generation of a novel cell type-selective Rho-
inhibitor for human neutrophils. This universal “LEGO-like” modular approach represents
a promising platform for the generation of cell-type selective synthetic AB-toxins for the
targeted pharmacological modulation of cell functions.

Keywords: bacterial AB-toxin; cellular uptake; targeted drug delivery; receptor binding;
membrane translocation; avidin-biotin technology; (semi)synthetic AB-type molecule

4.9. Phenotypic Screening for Anti-Toxin Molecules Selects Inhibitors of Intracellular Trafficking
with Broad-Spectrum Anti-Infectious Properties

Daniel Gillet *

Université Paris-Saclay, CEA, INRAE, Département Médicaments et Technologies pour la
Santé (DMTS), SIMoS, 91191 Gif-sur-Yvette, France.
* Correspondence: daniel.gillet@cea.fr

Abstract: In the aftermath of the anthrax letter attacks in the fall of 2001, the French
authorities mandated the French health products sanitary safety agency (AFSSAPS) to
determine the needs for medical countermeasures (MCM) against biothreat agents. A
working group under the lead of Prof. Dominique Dormont established the cruel lack of
medications against bacterial and plant toxins prone to be used as bioweapons, among
which the plant toxin ricin. Then, the growing concerns about antimicrobial resistance led
to suggest that antitoxin drugs should be developed to treat common public health bacterial
infections as an alternative to antibiotics. In these respects, we developed two phenotypic
screenings of small chemical molecules in 2005 and 2015; the first was against ricin toxin,
and the second (in collaboration with Emmanuel Lemichez, Institut Pasteur) was against the
cytotoxic necrotizing factor CNF1, produced by uropathogenic and extra-intestinal strains
of Escherichia coli. The first screening was designed to select molecules capable of rescuing
cells from ricin-induced toxicity. The second screening was designed to select molecules
inhibiting the degradation of CNF1-induced activated Rac1. Overall, the anti-ricin screening
identified three original inhibitors of intracellular trafficking. Retro-1 and Retro-2 act on
the retrograde trafficking pathway (collaboration with Ludger Johannes, Institut Curie). In
particular, Retro-2 interferes with the ERES protein Sec16A and the circulation of syntaxin-5
along the anterograde and retrograde routes. ABMA acts on the endolysosomal pathway
by the accumulation of late endosomes and alteration of the autophagic flux. The CNF1
screening identified C910 as an original inhibitor of early endosome sorting function. Most
interestingly, all four inhibitors displayed a broad spectrum of inhibition against a series
of bacterial toxins, but also viruses, bacteria and parasites exploiting these pathways for
intoxication or infection of cells. There are at least eight examples published or under
the submission of in vivo protection of mice by these compounds against intoxications
and/or infections. Compound optimization by medicinal chemistry was performed. The
challenges of turning these molecules into drugs are discussed. Nevertheless, 16 years
of research by us and others showed that intracellular trafficking pathways might be
interesting druggable targets to fight intracellular toxins and pathogens.

Keywords: bacterial toxin; broad-spectrum; intracellular trafficking; ricin toxin; small
chemical inhibitor

4.10. NLRP3 Inflammasome Sensing of RhoGTPase-Activating Toxins during Bacteremia

Laurent Boyer *

C3M, INSERM U1065, Université Cote d’Azur, Nice, France.
* Correspondence: boyerl@unice.fr

Abstract: The detection of the activities of pathogen-encoded virulence factors by the
innate immune system has emerged as a new paradigm of pathogen recognition. Much
remains to be determined regarding the molecular components contributing to this defense
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mechanism in mammals and its importance during infection. Our team showed the central
role of the IL-1β signaling axis in controlling the Escherichia coli burden in the blood in
response to the sensing of the RhoGTPase-activating toxin CNF1. Using the CNF1 toxin,
we provided evidence of the role of the NLRP3 inflammasome in sensing the activity of
bacterial toxins and virulence factors that activates host RhoGTPases. We demonstrated
that this activation relies on monitoring of the toxin activity on the RhoGTPase Rac2. We
also showed that the NLRP3 inflammasome is activated by a signaling cascade involving
the P21-activated kinases (Pak)-1/2. The Pak1-mediated phosphorylation of threonine-659
of NLRP3 was necessary for NLRP3-Nek7 interaction, inflammasome activation and IL-1ß
cytokine maturation. Furthermore, inhibition of the Pak1-NLRP3 axis diminished the
bacterial clearance of CNF1-expressing E. coli during bacteremia. Altogether, our results
established Pak1/2 as critical regulators of the NLRP3 inflammasome and revealed the role
of the Pak1-NLRP3 signaling axis in vivo during bacteremia.

Keywords: bacterial toxin; inflammasome; NLPR3 RhoGTPase

5. Oral Presentations (When More Than One Author, the Underlined Name Is That of
the Presenter)

5.1. Screening an In-House Library of Isoquinoline Alkaloids with Fluorescent Probes for
Discovering New Ligands of Voltage-Gated Na+ and Ca2+ Channels

Claire Legendre 1,*, Jacinthe Frangieh 1,2, Léa Réthoré 1, Quentin Coquerel 1, Daniel

Henrion 1, César Mattei 1, Ziad Fajloun 2,4, Anne-Marie Le Ray 3, Christian Legros 1
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UMR 6015—INSERM U1083, CHU Angers, Université d’Angers, Angers, France.
2 Laboratory of Applied Biotechnology (LBA3B), Azm Center for Research in Biotechnology
and its Applications, EDST, Lebanese University, 1300 Tripoli, Lebanon.
3 SONAS Laboratory, SFR QUASAV, Université d’Angers, Angers, France.
4 Department of Biology, American University of Beirut, 11-0236 Beirut, Lebanon.
* Correspondence: claire.legendre@univ-angers.fr

Abstract: The isoquinoline alkaloids (IA) is a large chemical group of natural compounds
with various structures and acting on multiple pharmacological targets of therapeutical
interest, including ion channels, such as voltage-gated Na+ (Nav) and Ca2+ (Cav) channels.
These ion channels are established molecular targets for the development of therapeutical
agents in cardiovascular diseases and particularly arrhythmia. Here, we screened 62
IA from an in-house vegetal chemical library, using a model of excitable cells, the rat
pituitary GH3b6 cells, which endogenously express both Nav and Cav channels, to find new
blockers for these channels. Moreover, we demonstrated that Nav activation by selective
neurotoxins induced an intracellular Ca2+ concentration [Ca2+]i elevation mediated by
Cav channels, highlighting crosstalk between Nav and Cav channels that we used for
pharmacological studies. We first tested these IA for their abilities to inhibit batrachotoxin
(BTX)-induced depolarization using fluorescent voltage-sensor probes (VSP) and identified
two oxoaporphines, namely liriodenine and oxostephanine, which abolished BTX-induced
VSP signal with IC50 values in the micromolar range. While the blocking activity of
liriodenine was already reported, the activity of oxostephanine on Nav channels has never
been described yet. Interestingly, oxostephanine differs from liriodenine only by a methoxy
group on the benzyl part of the skeleton. This subclass of IA might constitute a new group
of ligands of Nav channels. We confirmed the blocking effect of both molecules in a Na+
influx assay using the Na+ fluorescent probe ANG-2. Since liriodenine is also known to
block Cav channels, we hypothesized that oxostephanine probably targets Cav channels.
Thus, we investigated the effects of both IA on L-type Cav channels (LTCC) expressed in
GH3b6 cells. In order to activate LTCC, we used a chemical depolarization with KCl or
the agonist Bay K8644 and monitored [Ca2+]i change with the fura-2 probe. Our results
showed that liriodenine and oxostephanine induced a concentration-dependent inhibition
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of KCl- and Bay K8644-evoked Ca2+ responses, with similar IC50 values in the micromolar
range. In addition, this interaction of liriodenine and oxostephanine on LTCC was also
highlighted by their ability to inhibit veratridine (VTD)- and BTX-induced [Ca2+]i elevation.
In conclusion, our data showed that liriodenine and oxostephanine, two oxoaporphine
alkaloids, inhibit Nav and Cav channels with similar potency. The oxoaporphine skeleton
might bring an interesting pharmacophore for structure-function relationship studies for
designing more selective ligands toward Cav and Nav channels and for developing new
antiarrhythmic therapeutical leads.

Keywords: Cav channel; isoquinoline alkaloid; Nav channel

5.2. The Venom of the Lebanese Viper, Montivipera bornmuelleri, Contains Vasoactive Compounds

Jacinthe Frangieh 1,2,*, Joohee Park 1, Ziad Fajloun 2, Loïc Quinton 3, Riyad Sadek 4,

Daniel Henrion 1, César Mattei 1, Christian Legros 1
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University of Liège, 4000 Liège, Belgium.
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Abstract: Snake venoms are rich mixtures of polypeptides that target, among other phys-
iological networks, the cardiovascular system. Snake toxins such as phospholipase A2,
natriuretic peptides, and bradykinin-potentiating peptides exert various effects on the
cardiovascular system (hypotension, vasorelaxation, etc.). Some of these toxins were de-
veloped as drugs with antihypertensive properties, such as Captopril™. We previously
showed that the venom of the viper Montivipera bornmuelleri induces relaxation of rat aortic
rings. Here, we aim to identify and characterize the vasoactive compounds of this venom.
We fractionated the venom by HPLC. The fractions were assayed on the endothelial MS1 cell
line and CHO cells lines expressing muscarinic receptors M1, M3 or M5. We screened for
compounds able to inhibit acetylcholine-induced intracellular Ca2+ rise, using the fluores-
cence probe FURA-2. In addition, wire myography on isolated mesenteric arteries was used.
Proteomic analysis was performed to characterize selected fractions. The crude venom
exhibited a vasorelaxant effect on mesenteric arteries. Among 23 fractions of Mb venom,
one fraction, namely P14, was selected for its ability to reduce acetylcholine-induced Ca2+

rise in MS1 cells. The proteomic analysis allowed us to identify a novel peptidyl toxin (P14)
as a homolog of the vascular endothelial growth factor (VEGF). However, P14 was unable
to antagonize acetylcholine-induced Ca2+ rise in cells expressing muscarinic receptors,
suggesting that this peptide interferes with other target(s) of the Ca2+ signaling pathway in
endothelial cells. Further studies will be carried out to characterize the molecular targets of
P14 and its effects on vascular function.

Keywords: calcium signaling; Montivipera bornmuelleri venom; vascular function

5.3. Lipids and Cholesterol Mediate the Cytotoxicity of Spider Peptides
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Abstract: Spider gomesin peptides target melanoma cells of BRAF-mutation with mini-
mum effect on non-transformed neonatal foreskin fibroblasts. We hypothesized that the
selectivity of gomesin peptides towards melanoma of BRAF mutation could be influenced
by interactions with lipids or cholesterol present in cell membranes. In order to elucidate
upon this, we employed a multidisciplinary approach, including CRISPR/Cas9 genome-
wide screening, to identify key players underlying the antiproliferative mechanisms of
gomesins. We also used a combination of fluorescence spectroscopy to measure membrane
dipole changes, electrical impedance spectroscopy (EIS) with tethered bilayer membranes
(tBLMs) to quantify alterations in membrane conductance and membrane thickness, and
cell viability assays. Gomesin and variants showed weak binding to POPC membranes
alone. However, the presence of POPS and cholesterol significantly improved the bind-
ing of the peptides and lessened membrane disruption. In addition, the cytotoxicity of
gomesin was blunted by increasing concentrations of cholesterol in both melanoma cells
and fibroblasts. Conversely, cholesterol depletion potentiated the cytotoxicity of peptides
in fibroblasts to almost the levels originally observed in melanoma cells. In conclusion,
we postulate a specific role of cholesterol in the selective cytotoxic profile of gomesin in
melanoma of BRAF mutation.

Keywords: cytotoxicity; melanoma; spider peptide

5.4. ExoU and ExoY, Two Toxins from Pseudomonas aeruginosa with Different Mechanisms of
Action and Biological Effects

Vincent Deruelle 1,*, Dorothée Raoux-Barbot 1, Undine Mechold 1, Philippe Huber 2

1 Unité de Biochimie des Interactions Macromoléculaires, Institut Pasteur, Département de
Biologie Structurale et Chimie, CNRS UMR 3528, Paris, France.
2 Center for Immunology of Viral, Auto-immune, Hematological and Bacterial diseases
(IMVA-HB/IDMIT), Université Paris-Saclay, INSERM, CEA, Fontenay-aux-Roses, France.
* Correspondence: vincent.deruelle@pasteur.fr

Abstract: Pseudomonas aeruginosa is a ubiquitous and opportunistic Gram-negative bac-
terium. It is a leading cause of nosocomial infections and is responsible for acute and
chronic infections thanks to a broad panel of virulence factors. Among them, the Type
3 Secretion System (T3SS) plays an essential role in the pathogenicity of the bacterium.
This system pierces the cell membrane and allows the delivery of toxins into the host
cytoplasm. Four T3SS effectors have been identified—ExoS, ExoU, ExoT and ExoY. Most
strains inject two or three of these effectors simultaneously, with ExoU and ExoS being
mutually exclusive. Each T3SS effector is inactive when injected and requires a host cell
factor to be activated. Strains injecting ExoU toxin induce the most severe pathologies
because the damage caused by the toxin is rapid and irreversible, leaving no time for proper
clinical management. Its mechanism of action is well described. Inside host cells, ExoU
is a phospholipase that interacts with a specific lipid at the cytosolic side of the plasma
membrane, allowing its activation and leading to cell necrosis. However, several aspects of
ExoU activation and its trafficking in human cells upon injection remain elusive. Thanks
to genetic approaches and analyses by microscopy, we identified a favored anterograde
transport, led by the co-chaperone DNAJC5, which targets ExoU to the plasma membrane.
Inactivation of DNAJC5 gene disrupts ExoU-dependent toxicity in vitro and in vivo. Unlike
ExoU, the role of ExoY in the pathogenicity of P. aeruginosa is still controversial. This toxin
is a nucleotidyl cyclase that interacts with the eukaryotic filamentous actin (F-actin) to be
activated and thereby to massively convert nucleotide triphosphates into their cyclic form.
It was reported that ExoS toxicity to the epithelial cells is enhanced in the absence of ExoY
and that in many ExoU+ strains, ExoY is not active. Thus, ExoY seems to limit the action of
other toxins. We will discuss our advances in exploring the role of ExoY by studying its
effects in infected cells.

Keywords: CRISPR-Cas9; DNAJC5; ExoU; ExoY; virulence

16



Toxins 2022, 14, 110

5.5. Moving Forward Tetanus Therapy: Two Exceptionally Potent humAbs Are Effective for
Prophylaxis and Treatment in Mice
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Abstract: Tetanus neurotoxin (TeNT) is the causative agent of tetanus, a life-threatening
disease of vertebrates, including humans, characterized by neurogenic muscle rigidity and
spasticity. Although tetanus can be prevented by a very effective vaccine, a worldwide
clinical practice in the emergency rooms is the administration of anti-TeNT immunoglobu-
lins (TIG), which are used both for prophylaxis, to avoid tetanus development in wounded
patients, and for therapy, to treat patients already carrying tetanus symptoms. TIG is
produced from the blood of hyperimmune individuals, either humans or horses (in devel-
oping countries). As such, it exposes patients to several possible side effects, including
infections by still-unknown pathogens as well as dangerous anaphylactic reactions. Human
monoclonal antibodies (humAbs), which are emerging as superior therapeutics against
several diseases, could overcome the drawbacks of TIG. Here, we screened the immortal-
ized memory B cells pooled from the blood of immunized human donors and isolated two
humAbs, dubbed TT104 and TT110, which display an unprecedented neutralization ability
against TeNT. We determined the epitopes recognized by TT104 and TT110 via cryo-EM
and defined how they interfere with the mechanism of neuron intoxication. These analyses
pinpointed two novel mechanistic aspects of TeNT activity in neurons and unraveled at
the same time the molecular bases of TT104 and TT110 exceptional neutralization ability.
Crucially, the combination of TT104 and TT110 display a prophylactic activity in mice
when injected long before TeNT, and the two Fab derivatives (TT104-Fab and TT110-Fab)
neutralize TeNT in post-exposure experiments. Of note, in both these two paradigms of
experimental tetanus, the humAbs and the Fabs show an activity fully comparable to TIG.
Therefore, TT104 and TT110 humAbs and their Fab derivatives meet all requirements for
being considered for prophylaxis and therapy of human tetanus and are ready for clinical
trials.

Keywords: monoclonal antibody; spastic paralysis; tetanus neurotoxin; tetanus prophylaxis
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5.6. CyaA Toxin Cell Invasion Involves Membrane-Active and Calmodulin-Binding Properties of
Its Translocation Domain
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Abstract: The molecular mechanisms and forces involved in the translocation of bacterial
toxins into host cells are still a matter of intense research. Bordetella pertussis, the causative
agent of whooping cough, produces an adenylate cyclase (CyaA) toxin that plays an
essential role in the early stages of respiratory tract colonization. CyaA displays a unique
intoxication pathway of human cells via a direct translocation of its catalytic domain
(AC) across the plasma membrane. Once in the cytosol, AC impairs the physiology of
immune cells, leading to cell death. We showed that the P454 peptide (CyaA residues
454–484) is able to translocate across membranes and interact with calmodulin. The key
residues involved in membrane-active and calmodulin-binding properties were identified.
The mutational analysis demonstrates that these residues play a crucial role in CyaA
translocation into target cells. We propose that after CyaA binding to target cells, the P454
segment destabilizes the plasma membrane, translocates across the lipid bilayer and binds
calmodulin (Figure 3). Trapping of CyaA by the calmodulin:P454 interaction in the cytosol
may assist the entry of AC by converting the stochastic motion of the polypeptide chain
through the membrane into an efficient vectorial chain translocation into host cells.

Figure 3. The membrane-active segment (yellow) of the CyaA toxin translocates across the plasma
membrane and binds calmodulin (red), which assists the entry and refolding of the catalytic domain
(blue) into host cells while the hydrophobic and acylation domains (green) interact with the mem-
brane, and the C-terminal Repeat-in-Toxin domain (grey) remains in the extra-cellular milieu. The
cAMP production ultimately leads to cell death.

Keywords: CyaA; adenylate cyclase toxin; membrane-active peptide; membrane transloca-
tion; entropic pulling; calmodulin-binding peptide
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5.7. Is the Regulation of Toxinogenesis the Same in Clostridium botulinum and Clostridium tetani?
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2 Department of Biomedicine, Aarhus University, Aarhus, Denmark.
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Abstract: Botulinum neurotoxins (BoNTs) and tetanus neurotoxin (TeNT) share similar
structures and molecular modes of action, albeit BoNTs target motor-neuron endings
leading to a flaccid paralysis (botulism) and TeNT interacts with central inhibitory in-
terneurons causing spastic paralysis (tetanus). BoNTs and TeNT are produced by anaerobic
and sporulating bacteria of the Clostridium genus, C. botulinum and C. tetani, respectively.
The synthesis of BoNTs and TeNT is a highly regulated process. Among the diverse C.
botulinum types, toxinogenesis was mainly investigated in C. botulinum A. In both C. bo-
tulinum A and C. tetani, a gene coding for an alternative sigma factor lies upstream of the
neurotoxin gene and is required for the expression of the toxin gene. C. botulinum and C.
tetani contain numerous two-component systems (TCSs) (39 in C. botulinum A and 30 in
C. tetani), which are major regulatory systems in response to environmental conditions in
prokaryotes. Albeit most TCS genes are homologous in both species, C. botulinum A and C.
tetani use distinct sets of TCSs in the regulation of toxin synthesis. Only one TCS, which is
homologous in C. botulinum A and C. tetani, has a similar function of negative regulation
of toxin synthesis in both species. In contrast to C. botulinum A, inorganic phosphate and
carbonate are environmental factors controlling toxin synthesis in C. tetani. In addition,
a non-coding RNA downstream the tent gene negatively regulates TeNT synthesis. No
homologous RNA sequence was found in C. botulinum A. Thereby, C. botulinum and C.
tetani are two environmental bacteria that use distinct regulatory pathways to synthesize
potent neurotoxins.

Keywords: Clostridium botulinum; Clostridium tetani; botulinum neurotoxin; tetanus neuro-
toxin; toxin synthesis regulation
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5.8. In Vivo Spatiotemporal Control of Voltage-Gated Ion Channels by Engineered Photoactivatable
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Abstract: Photoactivatable drugs targeting ligand-gated ion channels opened up new op-
portunities for light-guided therapeutic interventions. Photoactivable toxins targeting ion
channels have the potential to control excitable cell activities with low invasiveness and
high spatiotemporal precision. We developed caged HwTxIV-Nvoc, a UV light-cleavable
and photoactivatable peptide that targets voltage-gated sodium (NaV) channels. We first
validated physico-chemical parameters of photolysis, and by using a high-throughput
patch-clamp system (SyncroPatch364, Nanion), we validated the activity and photosensitiv-
ity of caged HwTxIV-Nvoc in vitro in HEK293 cells. We further pursued our investigations
in ex vivo brain slices and in vivo on mice neuromuscular junctions and zebrafish models.
We found that caged HwTxIV-Nvoc enables precise spatiotemporal control of neuronal
NaV channel function under all conditions tested. We developed multiple photoactivatable
toxins and therefore demonstrated the broad applicability of the toxin-photoactivation
technology as a tool for experiments but also as a relevant clinical approach in disease
management.
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5.9. Functional Impact of BeKm-1, a High-Affinity hERG Blocker, on Cardiomyocytes Derived from
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Abstract: IKr current, a major component of cardiac repolarization, is mediated by hu-
man Ether-à-go-go-Related Gene (hERG, Kv11.1) potassium channels. The blockage of
these channels by pharmacological compounds is associated with drug-induced long QT
syndrome (LQTS), which is a life-threatening disorder characterized by ventricular arrhyth-
mias and defects in cardiac repolarization that can be illustrated using cardiomyocytes
derived from human-induced pluripotent stem cells (hiPS-CMs). This study was meant
to assess the modification in hiPS-CMs excitability and contractile properties by BeKm-1,
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a natural scorpion venom peptide that selectively interacts with the extracellular face of
hERG, by opposition to reference compounds that act onto the intracellular face. By using
an automated patch-clamp system, we compared the affinity of BeKm-1 for hERG channels
with some reference compounds. We fully assessed its effects on the electrophysiological,
calcium handling and beating properties of hiPS-CMs. By delaying cardiomyocyte repo-
larization, the peptide induces early afterdepolarizations and reduces spontaneous action
potentials, calcium transients and contraction frequencies, therefore recapitulating several
of the critical phenotype features associated with arrhythmic risk in drug-induced LQTS.
BeKm-1 exemplifies an interesting reference compound in the integrated hiPS-CMs cell
model for all drugs that may block the hERG channel from the outer face. Being an easily
modifiable peptide, it will serve as an ideal molecular platform for the design of new hERG
modulators displaying additional functionalities.
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5.10. An Agonist of the CXCR4 Receptor Is Therapeutic for the Neuroparalysis Induced by
Bungarus Snake Envenoming
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Abstract: Snake envenoming is a major but neglected human tropical disease. Among
venomous snakes, kraits (snakes of the Bungarus genus) are medically important venomous
species that cause reversible peripheral neuroparalysis. Hospitalization and use of antiven-
oms derived from an animal immunized with Bungarus venoms are the primary therapies
that prevent death from early-onset respiratory paralysis. There is a general consensus
that additional and non-expensive treatments, which can be delivered even long after the
snakebite, are needed. Traumatic or toxic degeneration of peripheral motor neurons, with
ensuing neuroparalysis, is characterized by the activation of a pro-regenerative intercellular
signaling program. A major player is the intercellular signaling axis consisting of the
chemokine CXCL12a, produced by perisynaptic Schwann cells and acting on the CXCR4
receptor expressed on the damaged neuronal axons. The CXCR4 agonist NUCC-390 was
recently found to promote axonal growth. Here, we tested its efficacy on the neuroparalysis
induced by the venoms of three major krait species, i.e., Bungarus caeruleus, B. multicinctus
and B. candidus that are prevalent in Asia. These venoms cause a complete degeneration of
motor axon terminals. Functional recovery of the neuromuscular junction was assessed
by electrophysiological recordings and by imaging. We report that NUCC-390 administra-
tion to venom-injected mice greatly accelerates the recovery from paralysis. These data
candidate NUCC-390 to be tested as novel therapeutics to reduce death by respiratory
deficits and to improve the recovery of normal neuromuscular physiology, thus reducing
the human and hospital costs of envenoming. NUCC-390 can be administered any time
after the snakebite and has great potential of becoming a non-expensive addition to the
currently available antivenom treatments whose efficacy is limited to a short period af-
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ter snakebite. This drug is expected to decrease the long and expensive post-snakebite
mechanical ventilation phase.

Keywords: Bungarus venom; CXCR4 agonist; neuromuscular junction

5.11. Neutralization of Crotamine by Polyclonal Antibodies against Two Rattlesnake Venoms and a
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Abstract: Current pit-viper antivenoms for human use in Mexico have shown a low level
of protection against one neurotoxin found in some rattlesnakes (Crotalus spp.), crotamine.
This toxin has a low molecular weight (~5 kDa) and is well known for its spastic paralysis
symptom provoked in mice with no evidence of neutralization. Recently, it was reported
that crotamine is the major toxin found in some rattlesnake venoms such as C. molossus
nigrescens (~50%) and C. oreganus helleri (62%). On the other hand, sphingomyelinase D
(SMD) is a highly immunogenic enzyme (MW: ~30 kDa) found in Loxosceles spp. spider
venom. In this study, we aimed to neutralize the crotamine-induced main symptom of
paralysis by employing, as immunogens, two rattlesnake venoms and a novel recombinant
fusion protein made from crotamine and SMD, used as a carrier. Methods—Crotamine
cDNA was synthetized from venom gland mRNA of a C. m. nigrescens individual from
Mexico, while one plasmid containing L. reclusa SMD was available in the lab. We cloned
the sphingomyelinase D and crotamine in tandem into the expression vector pQE30 to
transform competent Origami Escherichia coli cells for the production of the protein. By
using the recombinant protein and the whole venoms of C. o. helleri and C. m. nigrescens, we
performed separate immunization protocols in rabbits to measure the antibody recognition
to crotamine (ELISA and Western blot) and the neutralization capacity in mice against
the main toxin-induced paralysis symptom. Results—The fusion protein was obtained
at ~10 mg/L of bacterial culture with the expected 37.5 kDa molecular mass as analyzed
by SDS-PAGE and Western-blot. The recombinant protein and the two whole crotamine-
enriched venoms generated antibodies with cross-reactivity against crotamine from up to
seven species. The three experimental antivenoms were able to neutralize the paralysis
symptom provoked by crotamine in the mice model. Discussion/Conclusion—We showed,
for the first time, the neutralization of the crotamine-induced spastic paralysis symptom by
three experimental antivenoms. The recombinant SMD-Crotamine fusion protein as well as
crotamine-enriched venoms could be good candidate immunogens for the improvement of
Mexican antivenoms.

Keywords: antivenom; crotamine; rattlesnake; sphingomyelinase-D
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5.12. Anti-Cancer Effect of the Moroccan cobra (Naja haje) Venom and Its Fractions against
Hepatocellular Carcinoma in 3D Cell Culture
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Abstract: Hepatocellular carcinoma (HCC) is the most common primary liver cancer in
adults, the fifth most common malignancy worldwide and the third leading cause of
cancer-related death. An alternative to the surgical treatments and drugs, such as sorafenib,
commonly used in medicine, is necessary to overcome this public health problem. In this
study, we determine the anticancer effect on HCC of Moroccan cobra Naja haje venom
and its fraction obtained by gel filtration chromatography against Huh7.5 cancer cell line.
Cells were grown together with WI38 human fibroblast cells, LX2 human hepatic stellate
cell line, and human endothelial cells (HUVEC) in MCTS (multi-cellular tumor spheroids)
models. The hepatotoxicity of venom and its fractions were also evaluated using the normal
hepatocytes cell line (Fa2N-4 cells). Our results showed that an anti HCC activity of N. haje
venom and, more specifically, the F7 fraction of gel filtration chromatography exhibited the
greatest anti-hepatocellular carcinoma effect by decreasing the size of MCTS. This effect is
associated with low toxicity against normal hepatocytes. These results strongly suggest that
the F7 fraction of N. haje venom obtained by gel filtration chromatography possesses the
ability to inhibit cancer cell proliferation. More research is needed to identify the specific
molecule(s) responsible for the anticancer effect and investigate their mechanism of action.

Keywords: anticancer molecule; hepatocellular carcinoma; multicellular tumor spheroid;
Naja haje; venom
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the Presenter)

6.1. Circadian Variations in Inflammatory Response and Oxidative Stress during Experimental
Scorpion Envenomation

Fares Daachi, Sonia Adi-Bessalem *, Amal Megdad-Lamraoui, Fatima Laraba-Djebari

University of Science and Technology Houari Boumediene (USTHB), Faculty of Biological
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Abstract: The mammalian circadian clock orchestrates diverse physiological processes
by synchronizing with the nervous and cardiovascular systems, immune response, and
metabolic homeostasis. Little is known about the circadian rhythm in the immune response
in vivo settings during envenomation—few studies have demonstrated that a circadian
pattern might exist. The aim of this study is to investigate whether circadian rhythm affects
the inflammation and oxidative stress in envenomed model. In this study, the systemic
inflammatory response is induced by the administration of a sublethal dose of Androctonus
australis hector (Aah) venom to mice during light (1 HALO) and dark (18 HALO) periods.
The hypothalamic–pituitary–adrenal (HPA) axis activity was evaluated by measurement
of adrenocorticotropic (ACTH) and corticosterone plasma hormones levels as well as by
analysis of CD68 immunohistochemistry staining. The inflammation was assessed by
the measurement of the serum level of the proinflammatory cytokines, IL-17 and IL-6,
evaluation of neutrophil infiltration and oxidative/nitrosative stress markers (Nitrites,
MDA, H2O2, CAT and GSH). Glucose level and activities of AST and ALT as well as
histopathological analysis of hepatic tissue, were also performed in the two groups of
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animals (1 HALO and 18 HALO). Obtained results showed a high increase of serum ACTH
and corticosterone levels as well as positive immunostaining of CD68 cells during the
dark period indicating activation of the HPA axis associated with local inflammation. The
results also showed day-night variations, with significantly high levels of nitrite, hydrogen
peroxide, myeloperoxidase and lipid peroxidation during the daytime compared with the
nighttime. Significant variations in catalase activity and GSH levels are also observed
with the highest evening values. Furthermore, an increase in IL-6 levels was observed
during the active phase, while no differences were observed in the IL-17 levels between
day and night times. These results indicate also that Aah venom induced a time-dependent
increase of metabolic parameters during the dark phase and severe hepatocellular injury.
In conclusion, the daily variation of the HPA axis activation and inflammatory response
appears to be closely related to the circadian moment of envenomation. Future studies
should investigate the molecular mechanisms resulting in this circadian rhythmicity.

Keywords: circadian variation; inflammation; oxidative stress; scorpion envenomation

6.2. Synthesis and Characterization of μ-Conotoxins as Molecular Probes for the Detection of
Voltage-Gated Sodium Channel Pore Blockers
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Abstract: Voltage-gated sodium channels (Nav) play critical functional roles by control-
ling, in excitable and non-excitable cells, the action potential initiation/propagation, cell
motility, and proliferation. In humans, there are nine subtypes of Nav channels—1.1 to
1.9—with Nav1.4 being the muscle subtype. Nav channel dysfunctions are associated with
neurological, cardiovascular, muscular and psychiatric disorders. Marine phytoplankton
and freshwater cyanobacteria are able to synthesize a series of neurotoxins targeting Nav
channels, among them, saxitoxin, a potent site-1 pore blocker classified as a chemical
bioweapon because of its high lethality for humans. Receptor binding assays are suitable
analytical techniques for ligand screening owing to their extremely high resolution and
sensitivity, their fast analysis and easy automation, which facilitates the development of
high-throughput protocols. There is, however, a lack of toxin-tracers for Nav toxins detec-
tion. The marine cone snail of the genus Conus produces a series of conotoxins for prey
hunting, among them, μ-conotoxin peptides, with an exquisite affinity for Nav channels.
Wild-type and biotinylated synthesis of five μ-conotoxins was performed using a Protein
Technologies Prelude synthesizer. Biotinylation was performed on-column after Fmoc
deprotection of the N-terminal residue of the μ-conotoxins. After refolding, the resulting
conopeptides were purified by reverse-phase HPLC. The affinity of each μ-conotoxin for
the Nav1.4 channel was determined. Two biotinylated μ-conopeptides with high affinity
for Nav channels were identified as potential toxin tracers for the detection of site-1 Nav
pore blockers by ligand binding assay.

Keywords: cyanotoxin; ligand-binding assay; μ-conopeptide; phycoyoxin; sodium channel
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6.3. Multi-Scale Evaluation of Spider Toxins as Potential Anti-Nociceptive Agents: Example of
Cyriotoxin-1a

Evelyne Benoit 1,*, Michel De Waard 2, Rémy Béroud 3, Michel Partiseti 4, Denis Servent 1
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Abstract: Our expertise is the identification and structural and functional characterization
of original natural toxins targeting receptors and ion channels, which may have applications
in human health. In this context, and in collaboration with L’institut du thorax, Smartox
Biotechnology and Sanofi R & D, we are interested in the multi-scale evaluation (from the
cell in vitro to the organism in vivo) of spider toxins as potential anti-nociceptive agents,
as illustrated by the example of Cyriotoxin-1a (CyrTx-1a). NaV1.7 channel subtype is
highly expressed in the dorsal root ganglia (DRG) of the sensory nervous system and
plays a central role in the pain signaling process. We investigated a library prepared
from original venoms of 117 different animals to identify new selective inhibitors of this
target. We used high-throughput screening of the venom library, using automated patch-
clamp experiments on human voltage-gated sodium channel subtypes, and then in vitro
and in vivo electrophysiological experiments to characterize the active peptides that were
purified, sequenced and chemically synthesized. Analgesic effects were evaluated in mice
in vivo. We identified and further characterized CyrTx-1a, a novel peptide isolated from
Cyriopagopus schioedtei spider venom. This 33 amino acids toxin belongs to the inhibitor
cystine knot structural family and inhibits hNaV1.1–1.3 and 1.6–1.7 in the low nanomolar
range, compared to the micromolar range for hNaV1.4–1.5 and 1.8. CyrTx-1a was 920 times
more efficient at inhibiting tetrodotoxin (TTX)-sensitive than TTX-resistant sodium currents
recorded from adult mouse DRG neurons in vitro and approximately 170 times less efficient
than huwentoxin-IV at altering mouse skeletal neuromuscular excitability in vivo. CyrTx-
1a exhibited an analgesic effect in mice by significantly increasing reaction time in the
hot-plate assay.

Keywords: anti-nociceptive toxin; mouse dorsal root ganglia neuron; mouse tactile and
hot pain sensitivity; pain; voltage-gated sodium channel subtype

6.4. Imaging of Muscular Nicotinic Receptor Distribution Using a Synthetic Fluorescent Analogue
of α-Bungarotoxin
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Abstract: Characterizing the distribution of drug receptors through optical imaging can
be challenging, as the availability of suitable fluorescent probes is limited. Over history,
natural toxins have benefited science through an ever-growing source of biologically ac-
tive peptides, many of which show great potential as probes to study the distribution of
their associated receptors. Here, we aim at developing a synthetic, fluorescent analog
of α-bungarotoxin (α-BgTx), a highly potent, selective and irreversible inhibitor of the
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muscle-type nicotinic receptors (mnAChR), through the addition of a Cy5 tag. We first per-
formed functional validation of this Cy5-α-BgTx analog by high-throughput patch-clamp
(SyncroPatch364, Nanion), looking at the inhibition of acetylcholine-mediated currents
on TE671 cells. It, therefore, appeared that the addition of the Cy5 tag still generates a
peptide with nanomolar affinity. In order to further ensure that natural binding properties
of the peptide were preserved, we synthesized a peptide analog of the α-BgTx binding
site on the mnAChR (BSpep). Preincubation of Cy5-α-BgTx with BSpep resulted in the
capture of the α-BgTx and complete blockage of its inhibitory effect. The fluorescent toxin
was then used to study the distribution of mnAChR on fixed TE671 cells, allowing us to
visualize both its intra and extracellular distribution. Thus, we were able to synthesize a
functional, synthetic analog of α-BgTx that can be used to localize mnAChRs, highlighting
the potential of toxin-derived biopeptide engineering as a tool for receptor imaging.

Keywords: α-bungarotoxin; peptide engineering; receptor imaging

6.5. Proteomic Analysis of the Predatory Venom of Conus striatus Reveals Population-Specific
Glycosylation Patterns in Kappa A-Conotoxins
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Abstract: Animal venoms are a rich source of pharmacological compounds with ecological
and evolutionary significance, as well as with therapeutic and biotechnological potentials.
Among the most promising venomous animals, cone snails produce potent neurotoxic
venom to facilitate prey capture and defend against aggressors. The main objective of this
study was to investigate and decipher the composition of the predatory venom injected
by Conus striatus, one of the largest and most widely distributed piscivorous species.
Standard LC-MS analysis provided an overview of native venom compounds, whereas LC-
MS/MS followed by bioinformatic analysis identified many conotoxin sequences. Kappa
A-conotoxins, which contain three disulfide bridges and complex glycosylation, are by
far the dominant compounds in predatory venom. Remarkably, different and population-
specific glycosylation patterns were detected in specimens from the Pacific and Indian
oceans, providing a new level of intraspecific variations for the first time.

Keywords: conotoxin; Conus striatus; glycosylation; KappA-conotoxin

6.6. Why Is Androctonus australis Venom from Far more Studied Than A. mauritanicus One?
Does the Answer Reside in the Venom Composition?
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Abstract: Scorpions are characterized by the great complexity and diversity of their venom,
which has evolved over 400 million years into a well-elaborated library of powerful toxins
mostly targeting, with high specificity, ion channels. Moreover, protein or non-protein
compounds found in such venoms display antibacterial, antiviral or again anticancer
activity, converting them from toxic molecules to therapeutic and benefic ones. Even if
scorpions constitute a target of choice for many researchers, the high number of identified
species (>2000) imposes that some of them remain little-known. It is even still the case for
the Buthidae family, which constitutes the most human medically relevant species, due
to the high concentration of potent ion-channel toxins in their venoms. As an example,
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despite their phylogenetical proximity, Androctonus australis is the heart of 365 publications
(Pubmed), whereas A. mauritanicus is only considered in five of them. In this work, we aim
at comparing the venom profiles of these scorpions at the protein level. A first macroscopic
overview of the protein content of each venom was evaluated by 1D SDS-PAGE and
showed no notable difference. During the second time, the crude venoms of the two
scorpions were analyzed with bottom-up proteomics. Toxins were classically reduced to
remove the disulfide bonds, alkylated to avoid their reformation and finally digested with
trypsin. The LC-MS/MS spectra were realized with M-Class UPLC coupled to a Q-Exactive
spectrometer. Data analysis was performed with the bioinformatics dedicated software
“Peaks X+”, with the use of an extracted database from Uniprot built with the keyword
“Buthidae”. As preliminary results, A. mauritanicus presents 163 Top proteins against 142
for A. australis with this database. They share 100 peptides and 63 proteins in common. A
table with the comparison of the classification of proteins in each species is presented below
(Table 1). In the light of the protein classification, some groups of non-toxins are unexplored
in the scorpion venoms, such as the Kunitz-type family and Cysteine-rich venom proteins.
Therefore, the proteomic approaches can still open perspectives for the study of these
groups, which is relevant to highlight them for future explorations. Comparing a well-
studied scorpion species with another less studied but phylogenetically close is interesting
to highlight the evolution, diversity and complexity of venom.

Table 1. Comparison of the classification of proteins between A. australis and A. mauritanicus.

A. australis (%) A. mauritanicus (%)

Toxins 54.9 72.4

Non-toxins 16.9 12.3

Cellular components 26.1 13.5

Proteins not assigned 2.1 1.8

Keywords: Androctonus mauritanicus; LC-MS/MS; scorpion venom
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Abstract: Multi-Enzymatic Limited Digestion (MELD) is a new methodology that applies
synergic and time-limited digestion of multiple enzymes, representing a versatile yet
straightforward approach for a new generation of proteomics methodology (MORSA et al.,
2019). However, until now, this approach has not been applied to venomic studies, which
may be useful to define the venom composition. The generation of a higher number of
peptides per protein during the MELD digestion increases the quality of protein sequencing
and, consequently, identification. Herein we applied the MELD strategy for the venomics
of two snake species: Echis ocellatus (EoV) and Dendroaspis polylepis (DpV). Ten micrograms
of each venom were reduced/alkylated followed by two different digestion protocols:
(1) trypsin and (2) MELD (Trypsin, GluC and Chymotrypsin). The digested materials were
analyzed in a Q-Exactive™ Plus Mass Spectrometer with protein identification performed
by Peaks Studio X+ using the Uniprot and transcriptomic databases. MELD showed more
peptides/proteins identified for both venoms compared to the trypsin protocol. In EoV,
82.8% were identified as toxins and 17.2% as non-toxins, compared to the trypsin protocol,
which resulted in 69.2% toxins, 24% non-toxins and 6.9% for cellular components (CC).
In DpV, MELD showed coverage of 26.2% for toxins, 39.9% for non-toxins and 33.9%
for CC, while for trypsin, we obtained 23.3% for toxins, 37.4% for non-toxins and 39.3%
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for CC. MELD was able to identify new components in both venoms. Fifty-one percent
of the EoV were metalloproteinases (MP), while DpV showed a high content of nerve
growth factor (22%), which was not identified using the transcriptome database. The
highest number of mass spectra was obtained for a metalloproteinase (tr|Q2UXQ4) for E.
ocellatus, in which the MELD approach led to four times more mass spectra. For D. polylepis,
dendrotoxin I (P00979) showed the highest number of mass spectra, and the trypsin-based
approach yields two times more mass spectra. As the number of mass spectra gives a rough
evaluation of the toxin concentration, the two cited toxins are among the most produced
in the venoms. MELD presented a different coverage according to the presence of high
molecular mass content in the venom arsenal. This strategy can be applied to identify new
groups of venom components. It represents an innovative strategy for venomics, opening
new perspectives for sequencing and inventorying the venom arsenal.

Keywords: proteomics; snake; toxin; venom

6.8. Nano-Rattlers against Cancer: Snake Venom-Loaded Nanoparticles against Tumoral Cell Lines
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Abstract: Research in drug delivery systems has led to the development and improvement
of materials that affect the pharmaceutical effect of bioactive components, broadening the
options of treatment for several diseases, including cancer. Chitosan (Cs) has been firmly
established as a biocompatible and biodegradable low-toxic polymer able to form com-
plexes with bioactive agents, making them promising drug delivery vehicles. Additionally,
some snake venom toxins such as phospholipases A2 (PLA2s), serine proteinases (SVSPs)
and metalloproteinases (SVMPs) were reported to present cytotoxic activity in different
tumor cell lines, making them an auspicious option to be used as cancer pharmaceuti-
cals. In the present study, we identified the major proteins in the venom of a northern
black-tailed rattlesnake (Crotalus molossus molossus) and cytotoxic activity against T-47D
breast carcinoma cells were evaluated. Afterward, the venom was loaded into a Cs NPs
system through the ionotropic gelation process with tripolyphosphate (TPP), obtaining
particles of 415.9 ± 21 nm and zeta potential of +28.3 ± 1.1 mV. The venom-loaded Cs-ALG
complex was able to deliver the venom into the breast carcinoma cells through endocytosis,
inhibiting their viability and inducing morphological changes. Although more studies are
required, we suggest the potential use of C. m. molossus venom toxins entrapped within
polymer nanoparticles for the future development and research of tumor pharmaceuticals.
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6.9. Adenosine Amplifies Granulopoiesis and Systemic Inflammatory Response after
Scorpion Envenomation
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Abstract: Scorpion envenomation (SE) triggers granulopoiesis, resulting in heightened
production of neutrophils that, in turn, exacerbate tissue damage. However, the mech-
anisms that sustain their production and recruitment to the injured tissue are unclear.
Experimental evidence suggests that alarmines, inter alia adenosine, can modulate pro-
liferation and differentiation of hematopoietic progenitors as well as mature neutrophils
mobilization. Indeed, adenosine accumulates in the extracellular space in response to cell
damage and can modulate immune cells through its transmembrane receptors A1, A2A,
A2B, and A3. However, despite increasing data incriminating adenosine in many models
of inflammation, little is known about its effect in the inflammatory response caused by the
venom of Androctonus australis hector (Aah). Aim—In this study, we focused on deciphering
molecular signals that promote neutrophil production and recruitment after SE by targeting
adenosine as a potential candidate. Methods—Using a mouse model of envenomation and
a pharmacological strategy, we prevented adenosine signaling by 1,3,7-triméthylxanthine, a
nonselective inhibitor of adenosine A1 and A2A receptors. We first characterized the effect
of this treatment on granulopoiesis in the bone marrow and then evaluated the expanse
of inflammation to various tissues, mainly of the cardiorespiratory system. To this end,
medullar MPO activity was assessed as a marker of progenitor cells proliferation and
differentiation. In parallel, differential count of leucocytes and histopathological analysis
of heart and lungs were carried out. Results—Inhibition of the action of adenosine helped
to attenuate venom-induced granulopoiesis and reduced the accumulation of neutrophils
in the blood. The damages caused by neutrophils in the lungs and heart were improved
to a large extent. Conclusion—These results highlight the involvement of adenosine in
the inflammatory response induced after SE via its A1 and A2A receptors and could help
identify a new target to modulate inflammation and prevent cardiorespiratory failure in
envenomed patients.

Keywords: adenosine; granulopoiesis; scorpion envenomation
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Abstract: Snake venoms contain a wide range of components that are able to initiate or
inhibit several steps of coagulation or platelet aggregation. Two thrombin-like enzymes,
VLCV and VLCII (45 and 60 kDa, respectively) with fibrinogenolytic and pro-aggregating
activities, are purified from Vipera lebetina venom. These molecules of interest are involved
in platelet adhesion to fibrinogen by activating signaling pathways via αIIbβ3 integrins
and thus binding to fibrinogen. Results also showed that both molecules present a high
pro-aggregating effect with a similar mechanism of thrombin. The incubation of heparin
with VLCV or VLCII has no inhibition on induced platelet aggregation by these molecules,
suggesting that both enzymes have similar functional characteristics. The use of PMSF
also has no effect on the activity of both molecules, indicating that the induced platelet
aggregation by VLCV or VLCII involves an independent mechanism of catalytic activity.
Results also indicate that both molecules VLCII and VLCV present a mechanism of action
involving the thrombin and/or ADP pathways via PAR1/PAR4/P2Y12 receptors, as well
as the αIIbβ3 integrin, leading to adhesion and platelets activation. Both thrombin-like
VLCII and VLCV could be used as potential targets for the development of new drugs.

Keywords: biomolecule; coagulation; pro-aggregating; snake venom; thrombin-like
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6.11. A comparative Study of the Histological Changes Induced by the Venoms of the Moroccan
Snakes Cerastes cerastes and Naja haje

Soukaina Khourcha 1,2,*, Salma Chakir 1,2, Ayoub Lafnoune 1, Bouchra Darkaoui 1,

Khadija Daoudi 1, Fatima Chgoury 1, Abdelaziz Hmyene 2, Naoual Oukkache 1
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Casablanca 20360, Morocco.
2 Laboratory of Biochemistry, Environment and Food Technology, Faculty of Sciences and
Technologies, BP 146, Mohammedia 20650, Morocco.
* Correspondence: khourcha.soukaina9@gmail.com

Abstract: In Morocco, ophidian envenomations are perpetrated by eight species of snakes
belonging to the families of vipers and elapids, including Cerastes cerastes (Cc) and Naja haje
(Nh), respectively. The present work offers a comparative study between the two venoms
from a toxicological and physiopathological standpoint. We first determined the toxicity
of the Cc and Nh venoms by an LD50 test and then carried out an anatomopathological
study on Swiss mice in order to detect the signs of envenomation by each venom. The
organs of the envenomed mice were then removed for a histological study to determine the
main systemic alterations induced by the venoms. The results of our comparative study
showed large disparities between the two venoms in terms of toxicity, revealing that the
Nh venom is more toxic than the Cc venom. This disparity is also evident in the MHD test
and the histopathological study that shows that the Nh venom exerts a cytotoxic activity
on the brain, heart, lungs, liver and kidneys, while that of Cc leads to the formation of
hemorrhagic foci and lesions on the liver, kidneys and heart.

Keywords: characterization; histology; physiopathology; snake; toxicity; venom

6.12. Modulation of Induced Neuro–Immuno–Inflammatory Response by K+ Neurotoxin:
Involvement of Serotonin and Histamine Receptors

Amina Ladjel-Mendil 1,*, Marie-France Martin-Eauclaire 2, Fatima Laraba-Djebari 1

1 University of Science and Technology Houari Boumediene (USTHB), Faculty of Biological
Sciences, Laboratory of Cellular and Molecular Biology, BP 32, El–Alia Bab Ezzouar, 16111
Algiers, Algeria.
2 Aix-Marseille University, CRN2M CNRS UMR 7290, IFR Jean-Roche, Faculté de Médecine
Secteur Nord, boulevard Pierre Dramard, 13916 Marseille cedex 20, France.
* Correspondence: mendilamina@yahoo.fr

Abstract: The neuro–immuno–inflammatory response triggered by neurotoxins is a key
event in the pathogenesis of scorpion envenomation. In the present study, this response
was evaluated in cardiac, pulmonary and brain tissues of intoxicated mice with kaliotoxin;
a neurotoxin derived from Androctonus australis hector scorpion venom. The involvement
of serotoninergic and histaminergic pathways in the systemic inflammatory response
following kaliotoxin administration was also investigated. Obtained results revealed that
the injected kaliotoxin by intracerebroventricular route induces an important immune-
inflammatory response in brain, cardiac and pulmonary tissues. This response is mainly
characterized by local features such as edema formation, inflammatory cell infiltration and
imbalanced redox status. These effects are correlated with severe tissue alterations and a
concomitant increase in metabolic enzymes in sera. Pretreatment of mice with antagonists
of serotonin (5HT) and histamine (H1) receptors markedly attenuated these alterations
in all the studied tissues. Serotonin and histamine-specific receptors seem to be the main
pharmacological targets involved in the neural and systemic inflammatory processes. These
findings could help to understand better the role of serotonin and histamine in scorpion
venom-induced inflammatory response and pave the way to new therapies targeting
5HT and H1 receptors in order to attenuate the induced neuro–immuno–inflammatory
disturbances that may be encountered in severe grades of scorpion envenoming.
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stress; tissue injury

6.13. High-Throughput Screening of Spider Venoms for Identification of Active Compound in
Voltage-Gated Sodium Channel

Ludivine Lopez 1,2,*, Jérôme Montnach 1, Sébastien Nicolas 1, Lucie Jaquillard 2, Rémy

Béroud 2, Michel De Waard 1
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& Therapeutics”, F-44007 Nantes, France.
2 Smartox Biotechnology, 6 rue des Platanes, F38120 Saint Egrève, France.
* Correspondence: ludivine.lopez@univ-nantes.fr

Abstract: Dysfunctions of voltage-gated sodium channels (Nav) have been associated with
many pathologies such as cardiac diseases, neuropathic pain and epilepsy. In order to
study the role of these channels in diseases or to restore their function, selective molecules
targeting ion channels are needed. Only a few molecules selective to a single sodium
channel isoform have been discovered. This makes these channel types important targets
in drug discovery. Animal venoms, and especially spider venoms, contain various peptides
that target ion channels. By screening spider venoms on Nav isoforms, we aimed to identify
new peptidic toxins targeting specifically one of them. We performed a screening of about
thirty spider venoms on Nav1.3, Nav1.4, Nav1.5 and Nav1.6 isoforms using the automated
patch-clamp (APC) technique (SyncroPatch364, Nanion). All venoms were preliminarily
fractionated in 64 fractions and tested on each Nav. Fractions of interest are those that
reduce sodium peak current (by at least 30%), slow-down inactivation or increase late
sodium current. False-positive fractions were excluded based on the detection of material
in HPLC or mass spectrometry. The primary screening identified 220 fractions active on at
least one isoform. Some of these fractions were then selected for purification and tested
again on the automatic patch-clamp (74 for Nav1.3, 42 for Nav1.4, 28 for Nav1.5 and 23 for
Nav1.6). The most interesting peptides were sequenced, synthesized and characterized.
This study suggests that among a large number of toxins present in venoms, close to 50%
of them target sodium channels with specificity for each sodium channel isoform.

Keywords: 5HT screening; automated patch-clamp; spider toxin

6.14. Gambierol Action on K+ Currents and Catecholamine Release in Cultured Single Chromaffin
Cells from Fetal Rat Adrenal Medulla

Jordi Molgó 1,2,*, Roland Bournaud 2, Sébastien Schlumberger 2, Makoto Sasaki 3, Haruhiko
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Yvette, France.
3 Tohoku University, Graduate School of Life Sciences, Sendai, Japan.
4 Chuo University, Faculty of Science and Engineering, Department of Applied Chemistry,
1-13-27 Kasuga, Bunkyo, Tokyo 112-8551, Japan.
* Correspondence: jordi.molgo@cea.fr

Abstract: Gambierol, characterized by a transfused octacyclic polyether core, was first iso-
lated and chemically typified from cultured Gambierdiscus toxicus dinoflagellates collected
in French Polynesia. Subsequently, distinct groups in Japan and the USA, using various
strategies, achieved their total chemical synthesis. This allowed detailed studies on its
mode of action. Gambierol inhibits voltage-gated K+ (KV) channels in various excitable
and non-excitable cells, as well as in motor nerve terminals of the skeletal neuromuscular
junction. In the present study, we investigated first the effects of nanomolar concentrations
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of gambierol on K+ current of cultured chromaffin cells from fetal rat adrenal medulla
using perforated patch-clamp current recordings. Our results show that gambierol only
blocked a small component of the total K+ current and affected neither calcium-activated
K+ (KCa) nor ATP-sensitive K+ (KATP) channels, as revealed using apamin and iberiotoxin
(selective KCa channel blockers) and glibenclamid (KATP channel blocker). After inhibiting
KATP and KCa channel activation, the gambierol concentration blocking 50% of the K+

current component (IC50) was 7.6 ± 1.1 nM. The repolarizing phase of all-or-none elicited
action potentials, recorded under current-clamp conditions (triggered by 1-ms depolarizing
pulses), was sensitive to the action of gambierol but insensitive to the action of apamin
and iberiotoxin, indicating that KCa channels do not participate in the modulation of ac-
tion potential duration triggered by short depolarizing pulses. The use of simultaneous
patch-clamp and single-cell amperometry allowed controlling the membrane potential
and detecting exocytosis events (with a carbon electrode polarized to +650 mV to allow
the oxidation of released catecholamines). Such recordings revealed that gambierol did
not modify the membrane potential following 14-s depolarizing current steps and did not
significantly increase the number of exocytotic catecholamine release events with respect to
controls. The addition of KCa channel blockers (in the continuous presence of gambierol)
enhanced the membrane depolarization by about 15 mV (during the 14 s current step), and
at the same time, increased significantly the number of exocytotic events related to cate-
cholamine secretion. Such enhanced depolarization induced by the KCa channel blockers
probably brings the membrane potential above the activation threshold of high-voltage
activated CaV channels, triggering both Ca2+ influx and subsequent catecholamine secre-
tion. These results emphasize the diversity of KV channels in chromaffin cells from fetal rat
adrenal medulla and highlight the modulatory role played by KCa channels in the control
of exocytosis in the absence of splanchnic innervation.

Keywords: catecholamine release; cultured chromaffin cell; fetal rat adrenal medulla;
gambierol; potassium current

6.15. Sprouting and Convergent and Stable Polyinnervation Characterize Human Orbicularis oculi
Muscles Treated for Blepharospasm with Repeated Botulinum Type A Neurotoxin Injections
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Abstract: Currently, a number of pathological conditions, including movement disorders,
are treated with botulinum type-A neurotoxin (BoNT/A). This neurotoxin is known to
block quantal acetylcholine (ACh) release from motor nerve terminals of the skeletal
neuromuscular junction (NMJ), causing temporary muscle paralysis. The treatment with
BoNT/A has shown its clinical efficacy in the management of benign blepharospasm, a
form of focal dystonia. Due to the slow functional recovery of neuromuscular transmission
after BoNT/A-treatment, patients with blepharospasm receive recurrent (every 2–3 months)
intramuscular toxin injections in the affected muscles. Regardless of this limitation, the
toxin securely relieves patients from their dystonia symptoms and considerably enriches
their quality of life. Nevertheless, in less than 4% of the blepharospasm patients treated
at Tenon Hospital, BoNT/A-treatment was no longer effective in relieving the patient’s
symptoms, and it was compulsory to perform the upper myectomy of the Orbicularis

32



Toxins 2022, 14, 110

oculi muscle. In this study, we used surgical waste muscle specimens from 14 patients
treated with repeated injections of either Dysport®, abobotulinumtoxinA Ipsen or Xeomin®

incobotulinumtoxinA, Merz. These muscle specimens were compared to others, obtained
in normal subjects (naïve of BoNT/A) during blepharoplasty. The morphological study was
performed blinded to the BoNT/A sample treatment. Neuromuscular specimens analyzed
by confocal laser scanning microscopy, using fluorescent staining and immune-labeling of
presynaptic proteins, revealed that the pattern of innervation, the muscle nicotinic ACh
receptors (nAChR) and the NMJs exhibited marked differences in BoNT/A-treated muscles
(regardless of the toxin clinically used), with respect to controls. The control muscles
were constantly innervated by a single motor axon (mono-innervated), and NMJs were
relatively simple with the typical nAChR array. In contrast, most of the BoNT/A-treated
muscles exhibited profuse and stable poly-neuronal innervation, with two unambiguous
features: one in which multiple axons innervated a single muscle fiber, the other in which
distinct motor axons converged to a unique endplate (convergent innervation). The ability
to increase the proportion of poly-innervated muscle fibers may be related to either the
stimulation of nerve sprouting (due to muscle inactivity caused by BoNT/A) or the absence
of synapse elimination. During development, the structures composing the NMJ undergo
rapid formation and elimination. In rodents, unessential synapses are eliminated. We
previously reported synapse elimination in mature rodent NMJs following a single BoNT/A
injection. The new findings reported here raise a number of questions about the origin
and factors contributing to the plasticity changes observed and the expected detrimental
functioning of NMJs and muscle fibers.

Keywords: botulinum neurotoxin type A; innervation pattern; sprouting

6.16. Synthetic Analogues of Huwentoxin-IV Spider Peptide with Altered Human NaV1.7/NaV1.6
Selectivity Ratios
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Abstract: Huwentoxin-IV (HwTx-IV), a peptide discovered in the venom of the Chinese
bird spider Cyriopagopus schmidti, has been reported to be a potent antinociceptive com-
pound due to its action on the genetically validated NaV1.7 pain target. Using this peptide
for antinociceptive applications in vivo suffers from one major drawback, namely its nega-
tive impact on the neuromuscular system. Although it was studied only recently, this effect
appears to be due to an interaction between the peptide and the NaV1.6 channel subtype
located at the presynaptic level. The aim of this work was to investigate how HwTx-IV
could be modified in order to alter the original human (h) NaV1.7/NaV1.6 selectivity ratio
of 23. Nineteen HwTx-IV analogs were chemically synthesized and tested for their blocking
effects on the Na+ currents flowing through these two channel subtypes stably expressed
in cell lines. The dose–response curves for these analogs were generated, thanks to the
use of an automated patch-clamp system. Several key amino acid positions were targeted
owing to the information provided by earlier structure–activity relationship (SAR) studies.
Among the analogs tested, the potency of HwTx-IV E4K was significantly improved for
hNaV1.6, leading to a decreased hNaV1.7/hNaV1.6 selectivity ratio (close to 1). Similar
decreased selectivity ratios, but with increased potency for both subtypes, were observed
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for HwTx-IV analogs that combine a substitution at position 4 with a modification of amino
acid 1 or 26 (HwTx-IV E1G/E4G and HwTx-IV E4K/R26Q). In contrast, increased selectivity
ratios (>46) were obtained if the E4K mutation was combined to an additional double
substitution (R26A/Y33W) or simply by further substituting the C-terminal amidation of
the peptide by a carboxylated motif, linked to a marked loss of potency on hNaV1.6 in
this latter case. These results demonstrate that it is possible to significantly modulate the
selectivity ratio for these two channel subtypes in order to improve the potency of a given
analog for hNaV1.6 and/or hNaV1.7 subtypes. In addition, selective analogs for hNaV1.7,
possessing better safety profiles, were produced to limit neuromuscular impairments.

Keywords: huwentoxin-IV; selectivity; sodium channel

6.17. Characterization of a Highly Neutralizing Single Monoclonal Antibody to Botulinum
Neurotoxin Type A
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Abstract: Monoclonal antibodies (mAbs) represent an alternative and safer way to treat
botulism, a fatal flaccid paralysis due to botulinum neurotoxins (BoNTs). In addition,
mAbs offer the advantage of being produced in a reproducible manner. We previously
identified a unique and potent mouse mAb (TA12) targeting BoNT/A1 with high affinity
and neutralizing activity. Methods—We characterized the molecular basis of TA12 neu-
tralization by combining Hydrogen/Deuterium eXchange Mass Spectrometry (HDX-MS)
with site-directed mutagenesis and neutralization studies. Results—The TA12 recognized
a conformational epitope located at the interface between the HCN and HCC subdomains
of the BoNT/A1 receptor-binding domain (HC). This interface shares common structural
features with the ciA-C2 VHH epitope and lies on the face opposite recognized by ciA-C2
and the CR1/CR2 neutralizing mAbs. The single substitution of N1006 was sufficient to
affect TA12 binding to HC, confirming the position of the epitope. We further uncovered
that the TA12 epitope overlaps with the BoNT/A1 binding site for both the neuronal re-
ceptor synaptic vesicle glycoprotein 2 isoform C (SV2C) and the GT1b ganglioside. In vivo
neutralization studies confirmed that TA12 is highly neutralizing the most potent subtype
BoNT/A1 with medium neutralizing activity against BoNT/A2 and A3 subtypes and low
neutralizing activity against BoNT/A5. Conclusion—Hence, TA12 potently blocks the
entry of BoNT/A1 into neurons by interfering simultaneously with the binding of SV2C
and, to a lower extent, GT1b. Our study reveals the unique neutralization mechanism of
TA12 and emphasizes the benefit of single mAbs to treat botulism type A.

Keywords: botulinum neurotoxin; epitope; monoclonal antibody

6.18. Steatoda nobilis: A Comparative Study including Full-Body MALDI Imaging and
Application to the Venomics Field
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Abstract: The Noble false widow spider Steatoda nobilis is a member of the Theridiidae
family, akin to the “true” Black widows of the genus Latrodectus. S. nobilis is rapidly
expanding its geographic range throughout Europe and parts of the Americas, particularly
in and around human dwellings. S. nobilis has also been shown to be of medical significance
in the UK and in Ireland, where a growing number of severe cases of envenomation have
occurred over the past five years [Dunbar, 2021]. The comparison of venom composition
of male and female S. nobilis, using a proteo-transcriptomic approach, demonstrates that
male venom contained a lower quantity and diversity of latrotoxins. In order to illustrate
the comparison of both male and female S. nobilis profiles, we additionally present the first
whole-body imaging of a spider using MALDI mass spectrometry. This proof-of-concept
allows one to compare the anatomy of females and males based on molecular markers
(specific m/z distribution on spider slices). This is the first time this approach has been
performed on a spider and could allow identifying regionalization on toxin production
in venom glands when applied to other venomous animal groups. In the next year, this
technology could also drive the identification of the spatial activity of toxin in tissue slice
after envenomation by comparing the distribution of toxin in the tissue and the spatial
distribution of substrate of some toxin/enzyme or again markers of inflammatory response
and cellular death.

Keywords: MALDI imaging; Steatoda nobilis; venomics
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Receptors
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Abstract: An overactivation of the renin–angiotensin system (RAS) with an increase in
angiotensin II level is the main cause of arterial hypertension. AT1 receptor antagonists
are the goal standard for the treatment of this pathology. Nevertheless, other RAS-related
GPCRs (AT2, Mas and MrgD) are also involved in the regulation of blood pressure but
are under-exploited due to the lack of knowledge of their physiological properties. Fur-
thermore, the development of biased ligand activating only certain intracellular signaling
pathways is in full swing. The discovery of new ligands with original functions would be
of great interest to better understand these receptors. Toxins from venomous animals are
reticulated peptides that display antagonist, agonist or allosteric functions on GPCRs, and
because of their high target specificity and selectivity, they constitute a large reservoir of
unexploited promising ligands. The screening of an 800 toxin library was performed on the
AT2 receptor by the mean of a radioligand binding assay, and it highlighted three original
toxins which originate from different organisms with different structural profiles. These
toxins display a micromolar affinity on AT2 and AT1 receptors, and so far, pharmacological
trials are more advanced on this receptor. A-CTX-cMila is a small cyclic toxin of seven
residues from the cone snail Conus miliaris, demonstrating a competitive antagonism on
AT1 receptor with micromolar affinity, blocking both G-protein and β-arrestin pathways.
A-CTX-MilVa, from the same cone snail, is composed of 20 residues and seems to be an AT1
agonist activating Gq protein pathway. Finally, A-TRTX-Por1a from the spider Poecilotheria
ornata, is a three disulfide bridges peptide of 29 residues, which also appears to display an
agonist activity on the AT1 receptor. These preliminary results describe the first animal
toxins active on the RAS and highlight animal venoms as a prolific source of angiotensin
receptor binders. A-CTX-cMila, A-CTX-MilVa and A-TRTX-Por1a, with their interesting
structural and pharmacological profiles, may represent promising tools for the study of
angiotensin receptors. More investigations are needed to characterize these toxins fully,
especially on AT2. This work highlights a new family of GPCRs targeted by toxins.

Keywords: angiotensin; GPCR; toxin
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6.20. Mast Cells Modulate the Immune Response and Redox Status of Intestinal Tissue in Induced
Venom Pathogenesis
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University of Science and Technology Houari Boumediene (USTHB), Faculty of Biological
Sciences, Laboratory of Cellular and Molecular Biology, Bab-Ezzouar, 16111 Algiers, Algeria.
* Correspondence: chabane.nehla88@gmail.com

Abstract: The inflammatory response caused by scorpion venoms components is a key
event in the pathogenesis of scorpion envenomation. The binding of neurotoxins on their
targets leads to a massive release of inflammatory mediators, such as cytokines, eicosanoids
and bioactive amines from activated immune cells. Moreover, mast cells undergo matu-
ration and polarization in gut mucosal surfaces and can alter intestinal permeability, an
important factor in many inflammatory mucosal disorders. The c-Kit ligand, stem cell
factor (SCF), is a major regulator of mast cell migration, development, growth, survival
and activation. This study was conducted to investigate the effect of mast cells in modulat-
ing intestinal inflammation induced by scorpion venom. NMRI mice were injected by a
sublethal dose of Androctonus australis hector (Aah) venom (0.5 mg/kg, subcutaneously)
and sacrificed 24 h after envenomation; blood and organs were then collected for further
analysis. The assessment of inflammatory response and the evaluation of redox status
biomarkers were performed in the small intestine and colonic homogenates. Hematoxylin–
eosin staining was used for general histological assessment, and toluidine blue staining
was performed for identification and quantification of mast cells. The results revealed that
Aah venom induced a significant increase in inflammatory cell infiltration, nitrite oxide
levels and malondialdehyde (MDA) concomitantly with a significant decrease in catalase
and glutathione S-transferase activities companied by intestinal tissue alteration. Further-
more, the percentage of mast cells was increased in the peritoneal cavity. Pharmacological
inhibition of tyrosine kinase receptors alleviated these alterations. These findings could
help to better understand the mechanisms involved in scorpion envenoming syndrome and
develop potential drugs targeting mast cells for the management of inflammatory disorders
of the gut.

Keywords: mast cell; redox status; scorpion venom
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Abstract: Clostridium botulinum and Clostridium tetani are Gram-positive, spore-forming, and anaero-
bic bacteria that produce the most potent neurotoxins, botulinum toxin (BoNT) and tetanus toxin
(TeNT), responsible for flaccid and spastic paralysis, respectively. The main habitat of these toxigenic
bacteria is the environment (soil, sediments, cadavers, decayed plants, intestinal content of healthy
carrier animals). C. botulinum can grow and produce BoNT in food, leading to food-borne botulism,
and in some circumstances, C. botulinum can colonize the intestinal tract and induce infant botulism
or adult intestinal toxemia botulism. More rarely, C. botulinum colonizes wounds, whereas tetanus
is always a result of wound contamination by C. tetani. The synthesis of neurotoxins is strictly
regulated by complex regulatory networks. The highest levels of neurotoxins are produced at the end
of the exponential growth and in the early stationary growth phase. Both microorganisms, except
C. botulinum E, share an alternative sigma factor, BotR and TetR, respectively, the genes of which are
located upstream of the neurotoxin genes. These factors are essential for neurotoxin gene expres-
sion. C. botulinum and C. tetani share also a two-component system (TCS) that negatively regulates
neurotoxin synthesis, but each microorganism uses additional distinct sets of TCSs. Neurotoxin
synthesis is interlocked with the general metabolism, and CodY, a master regulator of metabolism in
Gram-positive bacteria, is involved in both clostridial species. The environmental and nutritional
factors controlling neurotoxin synthesis are still poorly understood. The transition from amino acid
to peptide metabolism seems to be an important factor. Moreover, a small non-coding RNA in
C. tetani, and quorum-sensing systems in C. botulinum and possibly in C. tetani, also control toxin
synthesis. However, both species use also distinct regulatory pathways; this reflects the adaptation of
C. botulinum and C. tetani to different ecological niches.

Keywords: Clostridium tetani; Clostridium botulinum; botulinum neurotoxin; tetanus neurotoxin; toxin
gene regulation; two-component system; small RNA

Key Contribution: Clostridium botulinum and Clostridium tetani produce potent neurotoxins under
the control of complex regulatory networks. This review summarizes and compares the regulation of
toxin synthesis in both microorganisms.

1. Introduction

Clostridium botulinum and Clostridium tetani are Gram-positive, spore-forming, and
anaerobic rod-shaped bacteria that produce the most potent toxins among bacterial, animal,
and plant toxins. C. tetani synthesizes the tetanus neurotoxin (TeNT), which is respon-
sible for an often fatal spastic paralysis in humans and animals, whereas C. botulinum
produces botulinum neurotoxins (BoNTs), which induce severe flaccid paralysis in verte-
brates. Although TeNT and BoNTs lead to opposite clinical symptoms, they use a similar
molecular mechanism of action. Indeed, TeNT and BoNTs deliver into target neurons their
intracellularly active domain (light chain, Lc), which exerts a specific protease activity
towards one of the three SNARE (soluble N-ethylmaleimide-sensitive factor attachment
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protein receptor) proteins: synaptobrevin or VAMP (vesicle-associated membrane protein),
SNAP25 (synaptosomal-associated protein 25), and syntaxin. This leads to the inhibition of
exocytosis of synaptic vesicles containing neurotransmitters. However, through their heavy
chains (Hc), which recognize distinct cell surface receptors, TeNT and BoNTs undergo
distinct trafficking in the host and target different neuronal cell types. Thereby, BoNTs
target the motoneuron endings of the peripheral nervous system and block the release of
acetylcholine, leading to a flaccid paralysis (botulism). In contrast, TeNT enters the central
nervous system via retrograde transport through motoneurons and specifically inhibits
the release of neurotransmitters (glycine, gamma aminobutyric acid (GABA)) in inhibitory
interneurons, thus disrupting the negative control exerted by inhibitory interneurons over
motoneurons, resulting in spastic paralysis (tetanus) [1,2].

2. Diversity of Clostridial Neurotoxins and Neurotoxigenic Bacterial Strains

BoNTs constitute a family of neurotoxins that share a similar structure and mode of
action. They are classically divided into seven toxinotypes (A, B, C, D, E, F, and G) based
on their neutralization by corresponding specific polyclonal antibodies. At the genetic
level, two additional types, H or F/A, and X, have been described [3,4]. Each BoNT type
is subdivided into subtypes based on amino acid sequence variations (0.9–36.2%, in most
cases >2.6%). More than 40 subtypes have been identified [5]. Most BoNTs are produced by
C. botulinum strains that are classified into physiologically and genetically distinct groups:
group I including proteolytic strain types A, B, F; group II including non-proteolytic strain
types B, E, F; group III corresponding to C. botulinum types C and D; and group IV, referred
to as Clostridium argentinense type G. BoNTs are also synthesized by some other clostridial
species, such as BoNT/E by atypical Clostridium butyricum strains and BoNT/F by atypical
Clostridium baratii strains [5]. Moreover, a Paraclostridium bifermentans strain produces a
BoNT-like neurotoxin (PMP1), which is insect-specific, whereas BoNTs are only active in
vertebrates [6]. Sequences related to bont genes have been found in the genomes of a few
other non-clostridial bacteria, such as bont/Wo or bont/I from Weisenella oryzae, a bacterium
isolated from fermented rice, bont/J (ebont/F or bont/En) in an Enterococcus faecalis strain
isolated from a cow, and Cp1 in Chryseobacterium piperi isolated from sediment [7–12].
However, the production of BoNT by non-clostridial strains has not been reported and
their activity remains to be characterized.

In contrast to the heterogeneity of BoNTs- and BoNT-producing clostridia, TeNT is
highly conserved [13,14]. Only a few amino acid variations were observed, notably a
four-amino-acid insertion in four strains, in a study that investigated 37 C. tetani strains [13].
TeNT-producing C. tetani strains show a high level of genomic conservation. The population
of C. tetani is divided into two major closely related clades and most strains belong to
clade 1 [13].

3. Genetic Organization of Clostridial Neurotoxin Genes

BoNT-producing clostridia synthesize non-toxic proteins (associated-non-toxic pro-
teins, ANTPs), which assemble with BoNTs through non-covalent bounds to form large-
sized botulinum complexes (also referred to as progenitor toxins). A main characteristic
of botulinum complexes is that they are stable at acidic pH and dissociate at alkaline pH
(≥7) into free BoNT and ANTPs [15]. The genes encoding BoNTs and ANTPs are clustered
in a DNA fragment called the botulinum locus. The genetic organization of the bont lo-
cus was initially determined in C. botulinum type C, where it is localized on a phage [16].
It consists of two operons transcribed in opposite directions. One operon contains bont and,
located immediately upstream, ntnh, which encodes for the non-toxic non-hemagglutinin
(NTNH) protein. NTNH shares a similar size and structure with BoNT, but NTNH lacks
the catalytic site of BoNT. The interlocked association of NTNH with BoNT confers high
resistance to acidic and protease degradation, while each protein separately is sensitive to
proteolysis [17]. The ntnh-bont operon is highly conserved in all BoNT-producing clostridia,
suggesting that ntnh and bont derive from a common ancestor by gene duplication [18–20].
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The second operon is more divergent; it contains either hemagglutinin (HA) genes, in-
cluding ha70, ha17, and ha33, or orfX genes (orfX1, orfX2, orfX3). The botulinum loci with
orfX-bont genes encompass an additional gene in the first operon, p47, located upstream of
ntnh [19,21]. A gene, botR, encoding an alternative sigma factor is localized in the botulinum
loci upstream of the two operons in C. botulinum C and D and between the two operons
in the other C. botulinum types, but it is lacking in C. botulinum E (Figure 1) [22,23]. HA
complexes have been found to facilitate the passage of BoNT through the intestinal barrier
by disrupting E-cadherin intercellular junctions between intestinal epithelial cells [24–26].
Up to now, no function has been attributed to OrfX and P47 proteins.

In C. tetani, the tent gene is localized on large plasmids. In comparison to the chro-
mosome, these plasmids exhibit a higher degree of diversity. A homologous gene to botR,
called tetR, lies immediately upstream of tent. No genes related to C. botulinum ANTP genes
were identified in C. tetani genomes (Figure 1) [13,27,28].

Figure 1. Genetic organization of neurotoxin genes in representative Clostridium botulinum and
Clostridium tetani strains. red, neurotoxin genes; orange, ntnh genes; purple, regulatory genes; green,
ha genes; cyan, orfX and p47 genes.

39



Toxins 2022, 14, 364

4. Alternative Sigma Factors

BotR and TetR are the first factors that have been identified to be involved in the regu-
lation of neurotoxin synthesis in C. botulinum and C. tetani. Overexpression of bot/R and tetR
in C. botulinum and C. tetani, respectively, enhances neurotoxin synthesis (approximately
10-fold based on overexpression with a multicopy vector; toxin levels were quantified using
toxin titration by mouse lethal activity), and inversely, their partial repression reduces
toxin production (approximately 10-fold, based on experiments using an antisense mRNA
strategy) [22,27]. Indeed, BotR and TetR are positive regulators of neurotoxin synthesis, and
BotR also regulates the HA production in C. botulinum A [22]. Interestingly, overexpression
of botR from C. botulinum type C in C. tetani stimulates TeNT synthesis, indicating a common
mechanism of action of BotR and TetR [27]. BotR/A from C. botulinum A binds to conserved
motifs in the two promoters of both operons, ntnh-bont/A and ha, in an RNA polymerase
core enzyme-dependent manner. These motifs are also conserved in the promoter of tent
and facilitate the binding of the TetR-RNA polymerase core enzyme complex. Thereby,
BotR/A and TetR drive the transcription of the corresponding neurotoxin genes, and in
addition, BotR/A controls that of the ha genes in C. botulinum [29]. Homologs of BotR and
TetR have been characterized in Clostridioides difficile and Clostridium perfringens, where they
positively control toxin synthesis. TcdR from C. difficile regulates the production of Toxin A
(TcdA) and Toxin B (TcdB), and UviA controls the synthesis of a C. perfringens bacteriocin.
BotR, TetR, TcdR, and UviA, which are interchangeable, as tested by in vitro transcription,
are assigned to a distinct subgroup (group 5) of alternative sigma factors based on their
targeted DNA motifs [30,31].

BotR and TetR are concomitantly expressed with their corresponding neurotoxin
genes, showing a maximum level of expression at the end of the exponential growth
phase and beginning of the stationary phase. The transcription levels of botR or tetR
are approximately 100-fold less than those of ntnh-bont, has, or tent, respectively, as it
is usually observed between regulatory and target genes [32,33]. Levels of neurotoxins
secreted into the culture supernatant follow a similar pattern, including a progressive
accumulation during the exponential growth, reaching a maximum level at the beginning
of the stationary phase and maintaining a stable toxin level. Since botR and tetR are located
in close proximity to neurotoxin and ANTP genes, they primarily have an impact on
these target genes. However, botR and tetR might also regulate other distantly located
genes, as is observed with most of the regulatory genes that have widely pleiotropic
effects. Indeed, in C. botulinum A, botR seems to control the expression of at least 21 genes,
15 and 6 being up- and downregulated, respectively [34]. In contrast to primary sigma
factors that are required for controlling house-keeping genes, alternative sigma factors are
involved in controlling growth phase transitions, such as from the exponential growth
to stationary phase, in response to environmental factors, including nutritional factors
and stress conditions such as oxidative stress or heat shock. Their regulatory activity
also comprises morphological differentiation, flagellar biosynthesis, and sporulation. In
most cases, environmental bacteria that are exposed to a wide range of external factors
employ more sigma factors than obligate pathogens or commensals, which are adapted
to a specific host compartment and have a more restricted environment. Many obligate
pathogens have lost sigma factors after host adaptation, such as Mycobacterium leprae, a
strictly obligate pathogen that contains four sigma factors, compared to 13 sigma factors in
Mycobacterium tuberculosis, which can live in the environment [35,36]. Indeed, C. botulinum
A and C. tetani possess 18 and 25 sigma factors, respectively [37], compared to seven in
Escherichia coli K12, six in Shigella flexneri, and three in Helicobacter pylori, the two latter
species being strict human pathogens [38]. Group 4 alternative sigma factors, also called
sigma factors of the extracytoplasmic function (ECF) family, are mainly involved in sensing
and responding to extracellular signals and regulate cell envelope functions (transport,
secretion, bacterial cell wall stress response) [31,36,39]. Group 5 alternative sigma factors,
including BotR and TetR, are distantly related to the other sigma factors based on amino
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sequence similarity [30,31,36]. They control toxin synthesis and possibly other bacterial
functions in response to yet unknown environmental stimuli or conditions.

In group III C. botulinum strains, the bont locus is located on a phage, and, in contrast to
group I and II C. botulinum strains, where botR lies between the two has/orfX and ntnh-bont
operons, botR/C or D is upstream of both has and ntnh-bont operons. The binding motifs
recognized by BotR/A in the promoters of the has and ntnh-bont operons in C. botulinum
A are conserved in the corresponding promoter regions of C. botulinum C and D [29].
BotR/C and D play likely a similar regulatory role of has and ntnh-bont operons as in
C. botulinum A, but possibly do not respond to the same environmental stimuli, since
group III C. botulinum strains have different physiological properties—for example, a
higher optimal growth temperature; they are more often associated with animals than
group I and II C. botulinum [40–42].

Despite the fact that C. botulinum E strains lack botR in close proximity to bont/E,
the kinetics of growth, bont/E expression, and BoNT/E production are similar to those
in C. botulinum A and proteolytic and non-proteolytic strains of C. botulinum B [33,43,44],
supporting the notion that additional regulatory genes are involved in the control of
neurotoxin genes. The non-proteolytic C. botulinum E, F6, non-proteolytic C. baratii F7, and
non-proteolytic C. butyricum E contain an orfX-p47-ntnh-bont locus without botR. However,
botR is present just upstream of the ha operon in non-proteolytic C. botulinum B4 and
C. argentinense, which both have a ha-ntnh-bont botulinum locus, similar to C. botulinum
C and D. In C. baratii F7, a gene encoding an UviA-like protein belonging to the same
subgroup of sigma factors as BotR lies upstream of the orfX operon. This gene is also found
in non-proteolytic C. botulinum E and F6, but distantly located of the botulinum locus [45].
The UviA-like protein in non-proteolytic strains might have a similar regulatory function
of botulinum locus genes to BotR.

5. Two-Component Systems

Two-component systems (TCSs) consist of two proteins which coordinately control
gene transcription in response to extracellular signals. TCSs regulate various bacterial
physiological processes required for adaptation to environmental changes, such as develop-
ment, cell division, metabolism, pathogenicity, and antibiotic/bacteriocin resistance. One
component is a transmembrane protein with an extracellular sensor domain and, more
rarely, a cytoplasmic domain, called sensor histidine kinase (SHK), which senses environ-
mental stimuli including small molecules, ions, toxics, dissolved gases, pH, temperature,
osmotic pressure, redox potential, or other yet unknown factors. SHK communicates with
a corresponding response regulator (RR) by a phosphorelay. Most of the SHK and RR
genes are closely located and organized in operons. Signal sensing by the N-terminal
region of SHK induces the phosphorylation of a conserved histidine (His) in the C-terminal
part. SHKs are in dimeric form and retain the phosphorylated His in a dimeric helical
domain. The His phosphoryl group is then transferred to a conserved aspartate residue in
the receiver domain of the corresponding RR. This results in a conformational change of
the RR and enhanced affinity for specific promoter(s) [34,46–48].

C. botulinum and C. tetani contain numerous TCS genes in their genomes. In C. botulinum
strain Hall, 39 genes have been found to encode RR proteins based on the presence of
conserved motifs such as the signal receiver domain and DNA binding domain. Thirty
RR genes are located in close proximity to a SHK gene, thus corresponding to 30 TCS
operons. An additional nine RR genes and nine SHK genes are considered as orphan
regulators [34,37]. C. tetani strain E88 possesses 30 TCS genes, 19 of which are homologous
to related genes of C. botulinum A strain Hall, with ≥45% identity at the amino acid level
(Figure 2) [32]. Most of the C. botulinum and C. tetani TCS genes have homologs in other
clostridia, indicating that these clostridia might share similar regulatory pathways [32,34].

41



Toxins 2022, 14, 364

Figure 2. Two-component systems (TCSs) involved in neurotoxin gene regulation in Clostridium
botulinum strain Hall and ATCC3502 and in Clostridium tetani strain E88.

In C. botulinum A strain Hall, 34 regulatory genes (29 TCSs and five RR orphan
regulatory genes) and an additional TCS gene in strain ATCC3502 (a derivative of strain
Hall), as well as nine TCS genes in C. tetani E88, have been investigated for their possible
regulatory contribution in toxinogenesis [32,34,49]. In C. botulinum A strain Hall, three
TCSs have been reported as positive regulators of BoNT synthesis in a bontR-independent
manner (as tested by an antisense mRNA strategy, yielding recombinant strains with
10- to 100-fold decreased BoNT/A production, which was determined by ELISA) [50].
Among them, one TCS belonging to the OmpR family shows 65% protein identity with
a C. tetani TCS and shares similarity with VirI/VirJ of Clostridium perfringens, which has
been reported as a regulator of toxin synthesis (GenBank BAA78773, BAA78774). Although
this TCS is a positive regulator of BoNT synthesis, the C. tetani homolog is not involved
in TeNT synthesis. The two other TCSs that are positive regulators of BoNT synthesis
have no homolog in C. tetani. Two additional TCSs in C. botulinum show an indirect
effect on BoNT production as they have pleiotropic effects, notably by impairing cell
wall synthesis or assembly. The two C. tetani TCSs that positively regulate the TeNT
synthesis (as tested by an antisense mRNA strategy, yielding recombinant strains with
two- to five-fold decreased TeNT production, which was determined by ELISA) have
ineffective homologs in BoNT synthesis in C. botulinum A [32] (Table 1). Only one TCS that
is conserved (100% protein identity) in C. botulinum A strain ATCC3502 and in C. tetani
E88 is a negative regulator of neurotoxin synthesis in both microorganisms (as evaluated
by the ClosTron (http://www.clostron.com (accessed on 13 April 2022), Nottingham,
UK) strategy in strain ATCC3502, where BoNT/A levels were monitored by ELISA; in
strain E88, the antisense mRNA strategy was applied and TeNT levels were determined
by ELISA) [32,49]. In C. botulinum, this TCS binds to both promoters of the ntnh-bont
and ha operons and prevents their transcription by impairing the binding of BotR [49].
In C. tetani, the corresponding TCS binds also to the tent promoter and likely retains
the same mechanism of action as in C. botulinum ATCC3502. However, the apparent
TCS counterpart in C. botulinum strain Hall, which shows only 58% protein identity, is
apparently not involved in the regulation of BoNT synthesis, as judged from the lack of
BoNT level alterations assayed by ELISA in the recombinant Hall strain using the anti-
sense RNA strategy targeting this TCS (Table 1) [32,50]. Thereby, various TCSs control the
neurotoxin synthesis in C. botulinum and C. tetani. Although C. botulinum and C. tetani share
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homologous TCSs, most of them have distinct functional roles in the control of neurotoxin
synthesis in the two microorganisms.

Table 1. Two-component systems involved in toxin gene regulation in C. botulinum Hall and C. tetani E88.

C. tetani E88 C. botulinum Hall

Genetic
Localization

Locus Tag Role Family RR
Regulation

of TeNT
Synthesis

Ref. Homolog
Protein
Identity

(RR)

Regulation
of BoNT

Synthesis
Refs.

chr CTC_RS10150
CTC_RS10155 SHK RR LytR/AlgR Positive [32] CLC_3250

CLC_3251 55% None [50]

plasmid CTC_RS13810
CTC_RS13805 SHK RR OmpR Positive [32] CLC_1431

CLC_1432 56% None [50]

No homolog OmpR CLC_1093
CLC_1094 Positive [50]

No homolog OmpR CLC_1913
CLC_1914 Positive [50]

chr CTC_RS02080
CTC_RS02085 RR SHK OmpR None [32] CLC_0661

CLC_0663 65% Positive [50]

chr CTC_RS10030
CTC_RS10035 SHK RR OmpR None [32] CLC_0410

CLC_0411 68% Cell wall
alteration [50]

No homolog OmpR CLC_3293
CLC_3294

Cell wall
alteration [50]

chr CTC_RS07310
CTC_RS07315

SHK RR OmpR [32]

strain
Hall

CLC_0842
CLC_0843

58% None [50]

Negative
strain

ATCC3502
CBO_0786
CBO_0787

100% Negative [49]

chr, chromosome; RR, response regulator; SHK, sensor histidine kinase. positive effects are in green, and negative
effects are in pink.

6. Metabolism and Toxin Gene Regulation

Toxin synthesis, as with protein synthesis in general, is dependent on the metabolic
activity of the bacteria. How is neurotoxin synthesis linked to the general metabolism?

6.1. CodY

In Gram-positive bacteria, CodY (control of dciA (decoyinine induced operon) Y) is a
master regulator of metabolism, sporulation, and virulence. In Bacillus subtilis, CodY con-
trols more than 100 genes involved in the adaptation to nutrient restriction and transition
from the exponential growth phase to the stationary growth phase. Typically, CodY acts by
binding to the promoter of target genes in a GTP(guanosine triphosphate)- and branched-
chain amino acid-dependent manner; these are indicators of the general metabolism status
of the bacterium [51]. Thereby, in B. subtilis, CodY senses intracellular levels of GTP and
branched amino acids such as isoleucine, whose levels are high during the exponential
growth and decrease in mostly repressed gene transcription. In contrast, at low GTP or
isoleucine levels, CodY induces the de-repression of genes which are involved in adaptive
responses to nutrient limitation, such as those coding for extracellular degradative enzymes,
transport systems, and catabolic pathways [51,52]. CodY is conserved in clostridia, includ-
ing the toxigenic species C. botulinum, C. tetani, C. perfringens, and C. difficile. In C. botulinum
A strain ATCC3502, CodY binds to the promoter of the ntnh-bont operon at high GTP levels,
whereas isoleucine is ineffective, and stimulates toxin gene transcription and BoNT/A
synthesis (as tested with the ClosTron system, and determining BoNT/A levels by ELISA
and bont/A transcription by qPCR) [53]. The precise role of CodY in C. botulinum is still
elusive: does CodY directly regulate ntnh-bont transcription or interfere with botR or a TCS
gene such as by repressing the negative TCS regulator? CodY is also a positive regulator
of TeNT synthesis in C. tetani (as tested by the antisense mRNA strategy, and determining
TeNT levelsby ELISA, and tent transcription by qPCR) [32]. CodY binds to the tent promoter
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but not to that of tetR [32]. BoNT and TeNT synthesis is dependent on the availability of
a carbon source such as glucose [54–56]. CodY controls carbon metabolism in B. subtilis.
Notably, under glucose-rich conditions in culture medium, CodY and CcpA (catabolite
control protein A), a regulator of carbon catabolism, facilitate the conversion of excess
pyruvate resulting from glycolysis into excretable overflow compounds such as acetate,
lactate, and acetoin [57]. A similar mechanism of CodY in glucose/pyruvate metabolism
has been suggested in C. botulinum A [53]. CcpA is conserved in C. botulinum and C. tetani.
However, the role of CcpA in these microorganisms remains to be elucidated. In contrast,
in C. difficile, CodY and CcpA are negative regulators of toxin A (TcdA) and toxin B (TcdB).
Glucose and rapidly metabolizable carbohydrates inhibit toxin synthesis in C. difficile. CodY
and CcpA, which are activated by glucose and rapidly metabolizable carbohydrates, bind
to the promoter of TcdR and repress its transcription and subsequently that of tcdA and
tcdB [58–60]. The opposite regulatory pathways of toxin synthesis linked to carbohydrate
metabolism controlled by CodY and CcpA between C. botulinum/C. tetani and C. difficile are
intriguing. This indicates that toxin synthesis in C. botulinum and C. tertani requires energy
from carbohydrate metabolism, mainly glucose, the main carbohydrate fermented by these
bacteria, while C. difficile mainly uses amino acid metabolism as an energy source, notably
through the Stickland reaction, for toxin production [60–63]. These divergent regulatory
pathways might have evolved during bacterial adaptation to different environments: soil
for C. botulinum/C. tetani and the intestine for C. difficile.

6.2. Spo0A

Spo0A is a master regulator of the initial steps of sporulation in Bacillus and clostridia.
However, the mode of activation of Spo0A differs in the two classes of bacteria. Nutrient limi-
tation, notably carbohydrate, nitrogen, and phosphorus limitation, is the major signal leading
to Spo0A activation through a phosphorelay including five sensor kinases and subsequent
positive transcriptional regulation of critical sporulation-essential genes [64]. The kinases that
activate Spo0A in Bacillus are not conserved in clostridia. Orphan Spo0A-activating histidine
kinases have been identified in clostridia, such as Clostridium acetobutylicum, C. perfringens,
C. difficile, C. botulinum, and C. tetani. Clostridia sense different environmental stimuli to ini-
tiate sporulation, including external pH resulting from fermentation, with the subsequent
release of acidic end-products (acetate, butyrate) and unknown factors [65–69]. In clostridia,
Spo0A displays additional functions apart from sporulation initiation. In C. acetobutylicum,
Spo0A is activated at the end of the exponential growth phase and controls the shift be-
tween acidogenesis that occurs during the exponential growth, and solventogenesis that is
coupled to the onset of sporulation [70,71]. In C. perfringens, Spo0A controls the production
of toxins (C. perfringens enterotoxin and TpeL), which are synthesized during the sporu-
lation process [72,73]. The role of Spo0A in the regulation of TcdA and TcdB synthesis is
variable according to the genetic background of C. difficile strains [62,74]. Spo0A coordi-
nates the expression of a large number of C. difficile genes involved in multiple additional
functions, such as nutrient transport, metabolic pathways including the production of
butyrate, surface protein assembly, and flagellar biosynthesis [75].

Spo0A is highly conserved in all C. botulinum genomes: an orphan sensor histidine ki-
nase that is able to phosphorylate Spo0A has been identified [69]. In C. botulinum ATCC3502,
Spo0A is expressed during the exponential growth and its expression decreases during the
entry into the stationary phase, while the subsequent transcription of sigma factors essential
for sporulation increases [76,77]. It is not known whether Spo0A affects the expression
of bont in group I C. botulinum. Adaptation to cultivation at high temperatures (45 ◦C)
represses both bont/A and sporulation genes in strain ATCC3502, but no co-regulation
of these genes has been evidenced [78]. No correlation between sporulation and the pro-
duction of BoNT/A has been observed in two other C. botulinum A strains [33]. Moreover,
the strain Hall A-hyper produces high levels of BoNT/A and is unable to sporulate [79].
Similarly, the highly TeNT-producing C. tetani strain used for vaccine production is a non-
sporulating strain [80], and Spo0A has not been found to control TeNT synthesis (as tested
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by the antisense mRNA strategy, TeNT monitoring by ELISA, and tent transcription by
qPCR) [32]. In contrast, in group II C. botulinum E, Spo0A is a positive regulator of BoNT/E
synthesis and sporulation (as tested with the ClosTron system, toxin monitoring by ELISA,
and gene transcription by qPCR). Spo0A binds to a conserved motif in the promoters of
the ntnh-bont/A operon together with CodY, AbrB (putative repressor of bont/E), sigma K
(belonging to the sigma factor cascade of sporulation), and an UviA-like regulator [43].
Thus, Spo0A might directly and indirectly regulate the transcription of bont/E. Thereby,
group II C. botulinum E strains that have an UviA-like regulator instead of BotR likely use
specific and common regulatory pathways of bont expression compared to C. botulinum A
strains which belong to the distinct physiological and genetic group 1.

In group III C. botulinum C and D, the production of the C2 toxin, which is an
ADP-ribosyltransferase targeting monomeric actin, is linked to sporulation [81]. How-
ever, the regulatory pathway of C2 toxin genes, and the possible involvement of spo0A
and/or other sporulation genes, has not yet been elucidated.

6.3. Amino Acid/Peptide Metabolism

C. botulinum and C. tetani produce high levels of toxins in complex media rich in
peptones and other nutrients, whereas chemically defined media even containing almost
all amino acids and vitamins as well as a carbon source usually yield 10- to 100-fold lower
toxin titers [55,82–84]. Licona-Cassani et al. showed that, although C. tetani grew in a
chemically defined medium, toxin production was obtained only when casein-derived
peptides were added to the medium [82]. In addition to variations in toxin production
according to different media, variations in BoNT or TeNT yields are often observed from
batch to batch of the same culture medium, even using the same bacterial strain. The
transcription of neurotoxin genes and toxin synthesis occur mainly within a short time
interval between the late exponential growth and early stationary growth phase [33,85,86].
Thus, nutritional and environmental factors influence the regulation of toxin synthesis in
C. botulinum and C. tetani, which takes place in a restricted phase of bacterial growth. Pep-
tides and amino acids appear to be important regulatory factors at the transcriptional and
posttranscriptional levels. Indeed, large amounts (0.8–0.9 g/L) of amino acids (aspartate,
glutamate, serine, histidine, threonine) downregulate tetR and tent by a yet non-identified
regulatory pathway [86]. Arginine is an essential amino acid for C. botulinum growth, but an
excess of arginine represses BoNT production in proteolytic group I C. botulinum [87]. Argi-
nine deiminase leads to arginine catabolites that increase the pH and induce subsequent
BoNT degradation by not yet characterized proteases. BoNT and botulinum complexes
are stable at acidic pH in media without excess of arginine [88]. Supplementation with a
high amount of glucose (50 g/L) that induces acidification counteracts the effect of arginine.
Interestingly, BoNT synthesis is coupled to protease production [89]. Likely, proteases
that are active at alkaline pH induce BoNT degradation. Secreted proteases are required
for protein substrate degradation, resulting in peptides and amino acids that are taken
up into the bacteria through transport systems and used for protein synthesis, including
neurotoxin synthesis. Indeed, the C. botulinum A and C. tetani genomes contain numerous
protease/peptidase and transport system genes [37,80].

Peptides in culture media were found to be critical for TeNT synthesis by C. tetani. Since
culture media containing casein pancreatic digests support high levels of TeNT production,
peptides derived from casein tryptic digestion were investigated. Histidine-containing pep-
tides as well as hydrophobic peptides containing the motif proline–aromatic acid–proline
were the most effective in promoting TeNT production [84,90,91]. It is noteworthy that
genome analysis of C. tetani shows the presence of numerous peptidases and amino acid
degradation pathways [92]. The kinetics of C. tetani growth in a complex medium show
rapid exponential growth (stage I, around 10–12 h), then a slower linear growth (stage II,
around 30 h), followed by a stationary phase and subsequent autolysis. During stage I, the
amino acids are consumed and the genes involved in amino acid degradation pathways
are overexpressed, corroborating amino acid catabolism that provides energy used for
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the rapid biomass formation during this growth phase. The pH decreases due to organic
acid production, tetR and tent are not expressed, and TeNT is not synthesized. Once free
amino acids are depleted in the culture medium, C. tetani uses peptides, whose metabolism
requires transporters that are more energy-costly, and enters the linear growth phase II.
The transition from free amino acid to peptide consumption is associated with increased
pH due to the reduction of organic acids to alcohols and solvents, and the production of
ammonia from peptide metabolism. During phase II, tetR and tent are highly expressed, as
well as codY, the TCS that positively regulates tent, and two additional sigma factors located
on the large plasmid containing tent, resulting in TeNT synthesis [54,82,86,93]. In complex
media, glucose is consumed during the first phase of growth, leading to rapid bacterial
multiplication and pH decrease. Then, the nitrogen source is used and the pH increases.
TeNT is synthesized only during this second phase, when glucose is no longer or weakly
available and when peptides are used for energy production. Thus, as shown by Fratelli
et al., the balance between the nitrogen and carbon sources, as well as the subsequent
pH of culture media, are critical factors [54,93]. C. botulinum and C. tetani likely share
common metabolic pathways and subsequent toxin gene regulatory networks. In both
microorganisms, the transition from amino acid utilization to peptides that are more com-
mon substrates in the environment seems to elicit the production of proteases. BoNT and
TeNT are metalloproteases, but which recognize specific substrates in host neuronal cells.
BoNT and TeNT possibly evolve from ancestor metalloproteases with a broader substrate
range that were used by the bacteria for nutrient acquisition and that were regulated as the
other proteases. Thus, the regulation of toxin synthesis in C. botulinum and C. tetani might
represent a reminiscent common regulatory circuit controlling protease synthesis.

6.4. Other Nutritional and Environmental Factors

In addition to nutrients required for growth and protein synthesis, some nutritional
and environmental factors might influence, directly or indirectly, toxin synthesis.

CO2—A high concentration of CO2 in the gas phase increases bont expression and
BoNT synthesis in non-proteolytic group II C. botulinum B and E, although the growth rate
is decreased. Indeed, a 70% CO2 atmosphere versus 10% stimulates 2- to 5-fold greater
toxin gene expression and BoNT formation. In high and low CO2 concentrations, toxin
gene expression occurs in the same growth phase, mainly in the late exponential growth
and early stationary phase [94,95]. The signaling pathways in the regulation by CO2 are not
known. CO2 can dissolve in the liquid medium and generate bicarbonate, which influences
protein synthesis through carboxylation reactions. CO2 (35%) in the gas phase of C. tetani
culture versus nitrogen atmosphere (unpublished) or the addition of sodium carbonate
(100 mM) in the culture medium increases the production of TeNT approximately two-
fold [32], despite reduced growth in the CO2-rich atmosphere (approximately three-fold).
In contrast, elevated CO2 in the gas phase of proteolytic group I C. botulinum B and E has
no effect on toxin gene expression [96], suggesting that CO2 triggers a signaling pathway
controlling toxin synthesis in non-proteolytic strains.

Inorganic phosphate—Inorganic phosphate has been found to control TeNT synthesis
in C. tetani. Supplementation of culture medium with inorganic phosphate (optimum
concentration 40 mM) stimulates tent expression and TeNT production approximately
three-fold without impairing the growth rate [32]. Inorganic phosphate is involved in
multiple biochemical reactions; its effect on toxin gene transcription might be mediated by
TCSs. C. tetani genome contains two TCSs putatively involved in phosphate uptake, one of
which has been found to negatively regulate TeNT synthesis [32]. Inorganic phosphate is
apparently not involved in BoNT production in C. botulinum A, as tested by supplemen-
tation of the TGY (trypticase-glucose-yeast extract) culture medium with 20 to 150 mM
Na2HPO4 and monitoring BoNT/A production (strain Hall) in the culture supernatant by
titration of the mouse lethal activity (unpublished). Control of the virulence mechanism
by inorganic phosphate and TCS from the PhoP/PhoR family has been found in several
pathogens [97,98]. TCSs control the homeostasis of phosphate according to the availability
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in the environment. However, the precise subsequent phosphate-dependent signaling
pathways controlling virulence remain largely unknown.

pH—C. botulinum and C. tetani grow and produce the neurotoxins in a wide range
of pH (pH 4.5–5 to 9). The initial pH of the growth medium was found to influence the
autolysis of C. tetani. An initial pH of 6.1 seems optimal for TeNT production [84]. In a
complex medium, high pH (7.8) downregulates tent [99]. The mechanism of toxin gene
regulation by pH is not yet identified.

The culture pH of proteolytic C. botulinum A, B grown in complex media typically
drops (pH 6–6.3 with initial glucose concentration up to 1%, and until pH 5.5 with glucose
1.5%) during the exponential growth phase, and then stabilizes and slightly increases
during the stationary phase [56,85,88,100]. Maintaining an acidic pH (pH 5.7–6) during the
culture does not modify the BoNT yield in the culture supernatant, whereas an alkaline pH
(pH 7.2 and above, manually adjusted or by supplementation of the culture medium with
2% arginine) decreases the BoNT level [56,88]. The pH does not influence BoNT synthesis
at the transcriptional level, but affects BoNT stability by activating a BoNT degrading
metalloprotease in alkaline conditions [88].

Temperature—In contrast to C. difficile, in which a high temperature (42 ◦C) prevents
tcdR and toxin gene expression, temperatures of 37–44 ◦C have no influence on botR and
bont transcription in group I C. botulinum A. However, a high temperature induces the
production of protease(s), which inactivate BoNT/A [33]. TeNT production is usually
obtained by C. tetani culture at 33–35 ◦C [82,84,99].

Group II C. botulinum has an optimum temperature of 25 ◦C for growth and toxin
production, but the strains of this group can grow and form toxins at temperatures as low
as 3.0–3.3 ◦C in 5 to 7 weeks [101]. Investigation with C. botulinum E showed that growth
and toxin production are lower at 10 ◦C than at 30 ◦C. However, bontE transcription relative
to growth was similar at 10 ◦C and 30 ◦C [102]. A TCS is involved in the cold adaptation of
C. botulinum E [103,104]. Similarly, cold tolerance of growth at 15 ◦C in C. botulinum A strain
ATCC3502 requires the contribution of a TCS [105]. This TCS is conserved in C. botulinum
A strain Hall, but it has not been identified as a regulator of BoNT/A synthesis [50]. Thus,
temperature is important for growth and toxin production, but temperature seems to have
no direct role in the regulation of toxin synthesis in C. botulinum and C. tetani.

7. Small RNA

In addition to regulatory proteins, bacteria use regulatory RNAs to modulate gene
transcription or translation initiation for adaptive responses to environmental changes.
Environmental bacteria have to adapt their physiology and metabolism to various hostile
conditions and pathogenic bacteria have to cope with adverse host interactions; thus, they
have to adapt rapidly their gene expression, notably that of virulence genes [106,107]. Reg-
ulatory RNAs are small molecules, typically between 50 and 500 nucleotides (small RNAs
or sRNAs), and are non-protein coding. The main advantage of sRNAs versus regulatory
proteins is their speed in controlling gene expression based on the faster availability of
sRNAs due to the lower energy needed for their production by transcription and not by
translation, as in the case of regulatory proteins, the faster turnover of sRNAs since RNAs
are less stable than proteins, the rapid control of mRNA function by pairing with specific
motifs in the untranslated region (UTR), or, in some cases, by acting at a posttranscriptional
level [108,109]. Although most sRNAs are inhibitors of gene expression, some are activators.
sRNAs lie in or overlap with the 5′ or 3′ UTRs of target genes, in intergenic regions, or in
the opposite DNA strand and are transcribed as antisense sRNAs. Based on their genomic
localization and mechanism of action, sRNAs are divided into several classes: cis-encoded
sRNAs are transcribed from the DNA strand opposite to the target sequence and interact
by perfect base pairing with mRNAs; trans-encoded sRNAs are distantly transcribed from
target mRNA genes and recognize their target mRNAs by multiple and discontinuous
short contacts. Clustered, regularly interspaced short palindromic repeat (CRISPR) RNAs
interact with foreign DNA or RNA. Another class of sRNAs bind to regulatory proteins
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and antagonize their function. RNA riboswitches sense metabolites or environmental cues;
they are usually located in the 5′ UTR of their target genes. Certain sRNAs interact with
regulatory proteins, notably by promoting protein sequestration, but most sRNAs interfere
with mRNA by inhibition of their translation, such as by blocking the ribosome binding site
and/or by impairment of mRNA stability, resulting in subsequent degradation [108–111].
Numerous sRNAs act at a posttranscriptional level, whereas regulatory proteins prefer-
entially act at transcriptional steps. In fact, numerous bacterial gene regulations involve
mixed regulatory networks, including both transcriptionally acting regulatory proteins and
posttranscriptionally acting sRNAs [112].

sRNAs are widespread in Gram-positive bacteria and notably in clostridia. In environ-
mental clostridia such as C. acetobutylicum, sRNAs (159 predicted) have a crucial role in
solventogenesis, growth, and the response to toxic metabolites [113–115]. In pathogenic
clostridia, sRNAs have been described in C. perfringens to be involved in toxin production,
as well as in Clostridioides difficile in adaptation to host and anti-phage defenses [116–118].
More than 200 sRNAs are predicted in the genomes of groups I and II C. botulinum, and
137 in the genome of C. tetani E88 [119]. A sRNA has been identified in the 3′ UTR of tent
in the C. tetani E88 strain that is conserved in all toxigenic C. tetani strains [120]. However,
no such sRNA has been reported in C. botulinum. This sRNA is expressed concomitantly
with tent and negatively regulates tent expression and TeNT synthesis. The sRNA (approx-
imately 140 nucleotides) contains a predicted junction-loop-exposed 14-nucleotide-long
sequence that perfectly matches to a complementary sequence in the 5′ region of tent mRNA.
Thus, the sRNA-mediated inhibitory regulatory activity is likely based on the sequestration
of tent mRNA. In addition, this sRNA impairs C. tetani growth, notably by reducing the
exponential growth phase [120]. Pleiotropic effects of sRNAs have also been found for the
regulatory RNA VR-RNA of C. perfringens that controls 147 genes, including genes of toxins
and virulence factors (alpha-toxin, kappa-toxin, hyaluronidase, sialidases) as well as genes
involved in capsule synthesis [116,121].

8. Quorum Sensing

Quorum sensing is a cell-to-cell communication that bacteria use to adapt their physi-
ology and behavior in response to cell densities. Bacteria produce and secrete extracellular
signaling molecules called autoinducers. When a certain threshold of bacterial density is
reached, accumulated autoinducers are detected by the bacteria, leading to coordinated
changes in gene expression and behavior. Thus, quorum sensing allows a synchronized
adaptation to environmental conditions in nonclonal bacterial populations [122,123]. A well-
characterized quorum-sensing system is the Agr system of Staphylococcus aureus [124]. The
autoinducer is a small peptide (autoinducing peptide, AIP) produced by agrD as a precursor,
which is processed by the membrane endoprotease AgrB. When AIP reaches a threshold
concentration in the environment, it is sensed by the TCS AgrA/AgrC, which in turn
upregulates the expression of a small RNA and subsequently stimulates toxin synthesis.
AgrC is the histidine kinase cell surface receptor that recognizes AIP and activates the
response regulator AgrA [122]. Quorum sensing has been evidenced in C. botulinum [125],
and an Agr-like system has been identified in group I C. botulinum strains called agr-1/agr-2;
agr-1 and agr-2 are homologs of agrB, and agrD, respectively [126]. However, the Agr
system in C. botulinum plays a different role than in S. aureus. Agr-1 seems to be involved
in sporulation, while Agr-2 possibly controls toxin production [126]. Homologous genes
of agrA and agrC have also been identified in C. botulinum A Hall strain, but silencing
agrA did not impact BoNT/A production [34]. Thus, the regulatory quorum-sensing path-
ways in C. botulinum remain to be defined. A computational model of group I C. botulinum
A growth and toxin production based on nutrient availability, cell density, and quorum-
sensing signaling has been proposed in agreement with experimental data [127].

It is noteworthy that a cultivation technique was developed in the 1950s and 1960s to
obtain high levels of toxin [128]. This method consists of dialyzed cultures. The bacteria
are inoculated inside a dialysis bag (usually a cellophane bag) containing saline, which
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is immersed in a culture medium. This technique was used for the production of BoNT
and TeNT, with a 5–50-fold increase in toxin yields compared to cultures in a flask with
the same culture medium [128–131]. A very high bacterial density is obtained by culturing
clostridia in dialysis bags and likely a quorum-sensing-mediated regulation is involved in
the production of high toxin levels. Moreover, the high bacterial density leads to increased
autolysis, which contributes to toxin release into the extracellular medium.

9. Concluding Remarks

The toxigenic environmental bacteria C. botulinum and C. tetani contain multiple and
complex regulatory networks to control neurotoxin production. These only partially deci-
phered networks include alternative sigma factors, TCSs, sRNAs, quorum-sensing systems,
and regulators of bacterial metabolism that interlock the bacterial growth with toxin pro-
duction (Figure 3). Both microbial species share some common regulatory mechanisms,
notably an alternative sigma factor, the gene of which is located upstream of the neurotoxin
gene, and an inhibitory TCS. They retain a similar kinetic pattern of toxin production,
mainly occurring at the transition between the exponential growth and early stationary
growth phases. This is possibly linked to the alternative sigma factors BotR and TetR, which
are expressed concomitantly with the neurotoxin genes. However, C. botulinum and C. tetani
use distinct signaling pathways, notably distinct TCSs, probably reflecting the recognition
of different nutritional and/or environmental signals. Although toxinogenesis is dependent
on the general metabolism in C. botulinum and C. tetani, the nutritional requirements for tox-
inogenesis seem different between these microorganisms. However, only a few nutritional
and environmental factors controlling the toxinogenesis have so far been identified, such as
CO2 in group II C. botulinum and inorganic phosphate in C. tetani. Differences in nutritional
factors, particularly in the nature and composition of peptides and amino acids required
for toxinogenesis, seem a major hallmark between C. botulinum and C. tetani. This likely
reflects the different ecological niches used by these bacteria. Group I C. botulinum prefers
neutral to slightly alkaline soils with low organic content, while group II C. botulinum are
mostly found in more acidic soils with high levels of organic matter or as commensals in
the intestines of certain animals. C. tetani is found primarily in neutral or alkaline soils at
sufficient temperatures (>20 ◦C) and levels of moisture (15%) [41,132]. Moreover, group I
but not group II C. botulinum strains can colonize the intestines of humans and produce
BoNT in situ, leading to infant botulism or adult intestinal toxemia botulism [133]. C. tetani
has not been reported to colonize the digestive tract and to induce intestinal tetanus [134].
Thus, C. botulinum groups and C. tetani have adapted to particular environments, notably
through complex and specific regulatory systems that sense extracellular signals, leading
to adapted gene expression. In addition to regulatory proteins and sRNAs, clostridia
sense environmental factors by specific arrays of surface-associated proteins [135]. Do
BoNTs and TeNT represent adaptive factors? These neurotoxins that attack specifically
the nervous systems of vertebrates seem not to be involved in environmental adaptation.
Indeed, non-toxigenic strains of C. botulinum and C. tetani can multiply, sporulate, and
survive in the environment in the same manner as their toxigenic counterparts. BoNTs and
TeNT, which likely evolved from a common protease ancestor, possibly retain common
regulatory mechanisms with other proteases/peptidases required for the utilization of
specific nutrient sources [20,136]. This is further supported by the observation that toxin
synthesis is initiated at the transition from amino acid/carbohydrate to peptide metabolism
in C. Tetani [54,93], and possibly in C. botulinum.
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Figure 3. Schematic representation of the regulatory pathways in Clostridium botulinum and Clostridium
tetani. TCS, two-component system; AIP, autoinducing peptide. External factors act through TCSs
and/or other unknown receptors or transporters (blue arrows).
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Abstract: Various bacterial pathogens are producing toxins that target the cyclic Nucleotide Monophos-
phate (cNMPs) signaling pathways in order to facilitate host colonization. Among them, several are
exhibiting potent nucleotidyl cyclase activities that are activated by eukaryotic factors, such as the
adenylate cyclase (AC) toxin, CyaA, from Bordetella pertussis or the edema factor, EF, from Bacillus
anthracis. The characterization of these toxins frequently requires accurate measurements of their
enzymatic activity in vitro, in particular for deciphering their structure-to-function relationships by
protein engineering and site-directed mutagenesis. Here we describe a simple and robust in vitro
assay for AC activity based on the spectrophotometric detection of cyclic AMP (cAMP) after chro-
matographic separation on aluminum oxide. This assay can accurately detect down to fmol amounts
of B. pertussis CyaA and can even be used in complex media, such as cell extracts. The relative
advantages and disadvantages of this assay in comparison with other currently available methods
are briefly discussed.

Keywords: adenylate cyclase toxin; Bordetella pertussis; cyclic nucleotide; cAMP; spectrophotometric
enzymatic assay

Key Contribution: A simple and robust in vitro spectrophotometric assay for adenylate cyclase
activity is described and shown to be capable of detecting fmol amounts of Bordetella pertussis
CyaA toxin.

1. Introduction

Cyclic Nucleotides Monophosphates (cNMPs) are key messengers in most cell types
that have been implicated in the modulation of numerous physiological processes [1].
Many pathogens have evolved sophisticated strategies to disrupt cNMP metabolism in
the hosts they attempt to colonize [2]. In particular, several bacterial pathogens produce
toxins that are endowed with endogenous nucleotidyl cyclase activity [3]. These toxins
are able to invade eukaryotic cells where they are stimulated by endogenous co-factors to
produce large amounts of cNMP, thus disrupting cell signaling and altering cell physiology.
To date, the best characterized types are the adenylate cyclase (AC) toxin, CyaA, from
Bordetella pertussis [4,5] and the edema factor, EF, from Bacillus anthracis [6]. They are key
virulence factors that target the immune cells to promote efficient bacterial colonization
of the hosts [7–9]. Both CyaA and EF are potently activated by the eukaryotic protein,
calmodulin (CaM), and have very high catalytic efficiency (with kcat > 1000 s−1). Their
catalytic moieties share remarkable structural similarity, while these two toxins differ
markedly in their sequences, their secretion mechanisms, and their modes of invasion of
eukaryotic target cells [3]. A distinct sub-family of virulent factors with nucleotidyl cyclase
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activity [10,11] has been recently characterized as being activated by eukaryotic actin [12].
It includes the ExoY toxin that is a type-3 virulent effector produced by P. aeruginosa and
various ExoY-like modules present in different MARTX (Multifunctional-Autoprocessing
Repeats-in-Toxin) toxins produced by certain Vibrio species as well as by other Gram-
negative bacteria [3,13].

The characterization of these virulent factors frequently requires the determination
of their enzymatic activities, which is the conversion of adenosine triphosphate (ATP)
into cyclic AMP (cAMP) and pyrophosphate (PPi). Indeed, numerous studies have been
devoted to the identification of critical residues in the catalytic reaction and/or the binding
of the toxins to their eukaryotic co-factors [2,3]. Simple and rapid assays for determining
enzymatic activities of recombinant enzymes harboring specific mutations would greatly
facilitate such investigations.

One of the most widely applied in vitro techniques uses a radioactive substrate [α-32P
or α-33P]-ATP that is converted into a radioactive cAMP product that is subsequently
isolated by chromatography on neutral alumina and quantified with a scintillation counter.
A main drawback of this approach is that it requires specific equipment and laboratory
premises to safely handle radioactivity. To avoid this major hurdle, a variety of alternative
enzymatic assays have been set up, including the measurement of cAMP with ELISA, use
of fluorescent ATP substrates, measurement of the pyrophosphate with colorimetric of
fluorimetric coupled assays, or measurement of the reverse reaction (eg cAMP + PPi ->
ATP) with colorimetric assays (see Table 1).

Here we describe a simple and robust in vitro assay for AC activity based on the
spectrophotometric detection of cAMP after chromatographic separation on aluminum
oxide. This assay is cost-effective and straightforward for routine monitoring of AC toxin
activity and sensitive enough to detect down to fmol amounts of B. pertussis AC. Moreover,
with proper controls, it can also be applied to quantify AC in complex mixtures, such as
cell extracts. The relative advantages and disadvantages of this assay in comparison with
other methods (Table 1) are presented in the Discussion section.
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2. Results

2.1. Spectrophotometric Detection of AC Activity

Chromatography over aluminum oxide has been widely used for the separation of
cyclic nucleotides from other nucleotides (NTP, NDP, or NMP), as these latter nucleotides
are selectively adsorbed on Al2O3 [26,27]. In the following assay procedure, ATP is con-
verted into cAMP by AC in a first step, and in a second step, cAMP is separated from
ATP by chromatography on Al2O3; at pH 7.2–7.6, deprotonated ATP (ATP4−, as well as
ADP3− and AMP2−) is retained on the alumina, whereas cAMP− is not (provided the
ionic strength of the elution buffer is higher than 0.1 M NaCl—data not shown). Thus, the
alumina eluent exclusively contains cAMP, which can be easily determined by measuring
the absorption at 260 nm, given the high absorption coefficient of cAMP (molar extinction
coefficient, ε260nm = 15,000 M−1·cm−1). When using relatively pure AC preparations or
highly-active ACs like bacterial AC toxins, there are no other contaminating molecules
that absorb light at 260 nm, so the assay is very straightforward and robust. In standard
conditions, the reaction is carried out at a 0.1 mL final volume with 2 mM ATP for ap-
propriate time (from 5 min up to several hrs). Incubation is arrested by directly adding
0.3 g of Al2O3 dry powder to the reaction mixture (alternatively, an excess of EDTA can be
added to chelate Mg2+, an essential co-factor, before transferring the reaction mixture into
pre-weighted Al2O3 dry powder). After the addition of 0.9 mL of HBS buffer (50 mM Hepes,
pH 7.5, 0.2 M NaCl), the mixture is incubated for a few minutes with agitation, the tube is
centrifuged (5 min at 10–13,000× g), and the absorption at 260 nm (A260) of supernatant
is recorded. When multiple assays are carried out in parallel, it is convenient to transfer
supernatant (e.g., 0.3 mL) into a UV-transparent microplate to record the absorption with a
microplate reader. Raw data are directly available in a spreadsheet file, which facilitates
downstream calculations. In addition, the absorption of supernatant at another wavelength
(e.g., at 340 nm, A340) is also recorded in order to correct for the potential light scattering
that may arise from the contamination of the supernatant by Al2O3 particles, as illustrated
in Figure 1A. Figure 1B shows the correspondence between the absorption at 260 nm minus
the absorption at 340 nm (A260–A340) of the Al2O3 supernatant as a function of when the
cAMP spiked into the standard assay medium. An excellent linearity is observed for cAMP,
which varies from 25 to 400 μM. These values correspond to the conversion of 1.25% to
20% of the initial ATP substrate (2 mM), a range that is suitable for standard enzymatic
assays. The time and concentration dependence of cAMP synthesis by the purified catalytic
domain of CyaA (encoded by the first 384 residues of toxin, AC384 [28]) is shown Figure 1C.
Given the high catalytic efficiency of AC384 (with kcat in the range of 1500 to 2000 s−1) and
its excellent time stability, this simple assay allows for an accurate determination (i.e., with
robust absorption values) of its AC activity down to fmol amounts of purified AC enzyme.

 

Figure 1. Cont.
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Figure 1. Photometric detection of AC. Panel (A): Spectrophotometric measurements of cAMP. Each
line corresponds to an independent assay with the indicated nucleotide addition. Two 0.3 mL samples
taken from the Al2O3 supernatant for each assay were transferred to a microplate and the absorption
at 260 and 340 nm were recorded. The absorption at 340 nm provides a good estimate of the light
scattering that arises from contaminating Al2O3 particles that are inadvertently aspirated in the
0.3 mL supernatant samples. Subtracting the absorption at 340 nm from the absorption at 260 nm
yields a very reliable quantification of the cAMP content. Panel (B): Correspondence between the
absorption at 260 nm minus absorption at 340 nm (A260–A340) of the Al2O3 supernatant as a function
of cAMP (4 independent data points for each concentration) when it is added to the standard assay
medium containing 2 mM ATP. Subtraction of the absorption at 340 nm allows for the correction of
the potential light scattering arising from residual Al2O3 particles in the supernatant (see Material
and methods for detail). Panel (C): Time and concentration dependence of B. pertussis AC activity.
Reactions were carried out for the indicated times with the indicated final concentrations of AC384 in
the presence of 2 mM ATP and 1 μM CaM (except in bar labeled “No CaM”). The calculated kcat is
indicated above the bar (mean of 4 independent experiments).

2.2. CaM-Dependent Activation of AC and EF Activities

Figure 2 shows the CaM-dependence of the AC enzymatic activity of B. pertussis
AC384 as well as that of a purified edema factor, EF, from the B. cereus (G9241 strain; this
protein differs from the well-studied B. anthracis EF toxin by three amino acids, Pitard et al.
manuscript in preparation). Both enzymes show high catalytic activities and high CaM-
affinities in accordance with prior studies [25,29,30]. These data also indicate that the three
amino acid replacements in B. cereus EF (I318T, V694A, and N789K, using amino acid
numbers from B anthracis EF) have no impact on the catalytic efficiency or CaM affinity
of the enzyme. This is consistent with the fact that they are located at the protein surface,
away from the catalytic site and the CaM binding interface [31].

Figure 2. CaM-dependent AC activity of B. pertussis AC384 (blue) and B. cereus EF enzymes (green).
AC activities (expressed in mol of cAMP produced per mol of enzyme per sec) at the indicated CaM
concentrations were fitted to equation: A = (AMax × [CaM])/(KD + [CaM]). Maximal activities (AMax) of
2165 ± 30 and 1183 ± 22 s−1 were calculated for AC384 and EF, respectively, while the CaM concentration
at half-maximal activation (≈KD) were 0.11 ± 0.01 and 1.04 ± 0.13 nM for AC384 and EF, respectively.
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2.3. Enzymatic Assays in Complex Media

One advantage of this spectrophotometric assay is that it does not require any coupled
enzyme to quantify the formation of the cAMP product. Therefore, it can be applied
to measure AC activity in conditions that might affect the activity of many enzymes,
like the presence of high salt or chaotropic agent concentrations. Figure 3A,B show the
AC384 activity in the presence of an increasing concentration of NaCl or urea, respectively.
A gradual decrease of activity is observed in both cases, although AC384 retains a significant
catalytic efficiency (i.e., higher than 50% of its maximal kcat) even in the presence of
up to 0.5 M NaCl or 0.2 M urea. We further examined the CaM-dependency of AC384
activity in the presence of 0.2 M NaCl or 0.2 M urea (Figure 3C) and found that although
the maximal activity was reduced, the affinity for CaM was only marginally affected by
these compounds.

Figure 3. Salt and urea concentration dependence of AC384 activity. NaCl (Panel (A)) and urea
(Panel (B)) concentration dependence of B. pertussis AC activity. Reactions were carried out for 10 min
with 0.32 nM AC384 in the presence of 2 mM ATP and 1 μM CaM (mean and STD of 4 independent
experiments). Control experiments (not shown) showed that ATP and cAMP binding to the Al2O3

were not modified by the presence of NaCl or urea at the tested concentrations. Panel (C): B. pertussis
AC384 activities were measured at the indicated CaM concentrations in standard conditions (i.e., in
Tris buffer, blue square) or in the presence of 0.2 M NaCl (green circle) or 0.2 M urea (red diamond).
Data were fitted as in Figure 2. Maximal activities (in mol of cAMP per mol of AC384 per sec)
were 2225 ± 95, 1351 ± 50, and 1440 ± 32 s−1 for assays in Tris buffer, in 0.2 M NaCl, and 0.2 M
urea, respectively, while the CaM concentrations at half-maximal activation (≈KD) were 0.20 ± 0.06,
0.32 ± 0.08, and 0.24 ± 0.04 nM, respectively.

2.4. Characterization of a Detoxified CyaAE5-OVA Vaccine

The non-radioactive AC assay can be useful for the characterization of CyaA-based
vaccines. Indeed, earlier works have shown that detoxified recombinant CyaAs can be used
as efficient antigen delivery vehicles. Various CyaA-based vaccines have been designed to
trigger immune responses against infectious agents and/or cancer-specific antigens [32–34]
(for a review [35]). The demonstration of the lack of AC activity (that is responsible for CyaA
toxicity) of the detoxified CyaA vaccine is key in the process of GMP (Good Manufacturing
Practice) preparation of protein lots for clinical evaluation. The spectrophotometric AC
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assay can be easily implemented for this, as illustrated in Figure 4, where a detoxified
CyaA protein (CyaAE5, resulting from a specific mutation in catalytic site) carrying a
model epitope (OVA, derived from ovalbumin), CyaAE5-OVA [36,37], was assayed at
various concentrations. No traces of cAMP synthesis could be evidenced even with the
highest concentration tested (200 nM CyaAE5-OVA, corresponding to 20 pmol per assay).
Given that CyaAE5-OVA (as all CyaA proteins) was stored in a buffer containing ≈6.6 M
urea to prevent the irreversible aggregation of the protein [5,38,39], we checked that the
residual urea added to each assay (as indicated in Figure 4) did not affect the enzymatic
detection by spiking sub-pmol amounts of active AC384. In all cases, high amounts of
cAMP were easily detected. These experiments thus unambiguously demonstrate the total
lack of AC activity of the purified CyaAE5-OVA preparation and indicate that this simple
spectrophotometric AC assay could be easily implemented for control of GMP preparations
of detoxified CyaA vaccines.

Figure 4. Characterization of a detoxified CyaAE5-OVA vaccine. AC activity of the purified CyaAE5-
OVA protein (stored at 5.8 μM in 6.6 M urea, 20 mM Hepes-Na) at the indicated concentrations
was monitored at 30 ◦C in the presence of 2 mM ATP and 1 μM CaM for 10 min (bars 1 to 6). As a
control, in bars 4–6, 0.32 nM AC384 were spiked in the reaction mixtures in addition to the CyaAE5-
OVA protein, in order to check that the residual urea concentration in each assay (indicated on the
bottom line) did not affect the enzymatic activity. Results are the mean and STD of four independent
experiments.

2.5. AC Assays in Crude Cell Extracts

To determine if the spectrophotometric assay could also be applied to unpurified or
partially-purified AC preparations, or when the AC toxins would be diluted into complex
cell extracts, we attempted to characterize CyaA binding to erythrocytes, which are fre-
quently used as model target cells. Although these cells do not express the CyaA receptor
(CD11b/CD18), CyaA can directly bind to the erythrocyte plasma membrane in a calcium-
and temperature-dependent manner [40–43].

Purified CyaA was diluted in erythrocyte suspensions and incubated for 20 min at
30 ◦C in the presence of calcium (or in the presence of EDTA, or at 4 ◦C as controls).
The cells were then extensively washed, resuspended in a small volume, and lysed with
non-ionic detergent (e.g., Tween 20). The AC activities of the lysed samples were then
assayed for various incubation times (0, 10, 20, and 30 min), and the absorption of the
Al2O3 supernatants of all samples were recorded at different wavelengths (ie 260, 340, 405,
and 595 nm). As anticipated, the cell lysates showed high absorption at 260, 340, or 405 nm
(Figure 5). Yet, in control erythrocytes not incubated with CyaA, the absorption values
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remained constant over all the incubation periods (Figure 5A). In lysates of cells incubated
with CyaA at 30 ◦C and in the presence of calcium (Figure 5B), the absorption at 260 nm
(A260) increased linearly with time while the absorption at other wavelengths remained
constant. By independently monitoring the cAMP content in the Al2O3 supernatants
with an ELISA assay, we confirmed that the A260 increase precisely corresponded to the
synthesis of cAMP due to the CyaA enzyme bound to cells (Figure 5B). The binding of
CyaA to erythrocytes at 4 ◦C in the presence of calcium or at 30 ◦C in the absence of
calcium (Figure 5C) was reduced in accordance with prior studies [41–45]. Hence, this
spectrophotometric assay may be adapted to monitor AC toxin activity in complex cell
extracts despite high absorption at useful wavelengths.

Figure 5. Assay of CyaA binding to erythrocyte. Panels A and B: Erythrocytes (RBC) were incubated
at 30 ◦C with 2 mM CaCl2, for 30 min without CyaA (Panel (A)) or with 11.2 nM CyaA (panel (B)), and
then extensively washed as described in the Methods section. After lysis, 20 μL of RBC lysates were
tested in standard AC assays for the indicated times and the absorption of the Al2O3 supernatants
were recorded at 260, 340, 405, and 595 nm. The cyclic AMP content in the Al2O3 supernatants was
determined for sample A after 30 min of incubation and for sample B after 10 min of incubation by
a specific ELISA assay and compared to the cAMP quantification deduced from the absorption at
260 nm (Abs260). Panel (C): Erythrocytes were incubated without (no CyaA, black) or with 11.2 nM
CyaA at 4 or 30 ◦C with 2 mM CaCl2 or 2 mM EDTA for 30 min (as indicated). After extensive
washing and cell lysis, 20 μL of RBC lysates were tested in standard AC assays as above for the
indicated times. The relative fractions of “bound” CyaA activity, as compared to the total CyaA
added to each cell suspension, correspond to about 2.4% for the incubation at 30 ◦C in the presence of
CaCl2 (blue), about 1.1% for the incubation at 4 ◦C in the presence of CaCl2 (green), and less than
0.15% for the incubation at 30 ◦C in the presence of EDTA (red).
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3. Discussion

We show here that the direct spectrophotometric detection of cAMP after chromato-
graphic separation on aluminum oxide can be used to provide a robust in vitro assay for
bacterial AC toxin activities. This simple assay allows for an accurate determination (i.e.,
with robust absorption values) of the AC activity of B. pertussis CyaA. Thanks to the high
catalytic efficiency (kcat > 1000 s−1) and excellent time stability of this enzyme, we could
detect down to the fmol amounts of purified AC. The assay is cost-effective and straight-
forward for routine monitoring of AC activity in safe conditions (i.e., without requiring
manipulation of radioactivity). It can be easily set up in any laboratory without requiring
expensive equipment or facilities (e.g., for manipulating radioactivity). It is perfectly appro-
priate for most standard assays of the bacterial nucleotidyl cyclase toxins that exhibit a high
catalytic activity, such as the B. pertussis CyaA and B. anthracis EF—as shown here—and
could be adapted as well for P. aeruginosa ExoY and other Gram- ExoY-like enzymes, which
have turnover numbers in the range of 50 to 500 s−1 (depending on enzymes and/or
substrates) [10,11,46,47]. Moreover, this spectrophotometric assay can also be applied to
quantify the AC activity in complex mixtures, such as cell extracts, by shifting to a kinetic
mode where the cAMP synthesis is measured via the specific increase of absorption at
260 nm (A260) as a function of the incubation time. Of course, proper controls should be
performed to reliably establish that the A260 increase corresponds only to cAMP synthesis.
It might also be adapted to characterize other less active nucleotidyl cyclases found in
numerous bacterial or eukaryotic species—again provided that careful controls are applied.

Table 1 presents a comparison of the diverse assays that have been used to characterize
bacterial AC toxins with their main advantages and drawbacks. The spectrometric assay
described here lies in between the more sensitive and specific, but rather cumbersome,
techniques that rely on cNMP detection (e.g., via radioactivity, ELISA, or LC/MS), and
more high-throughput methods that might be less sensitive and more susceptible to inter-
ference by contaminating NTP- and/or pyrophosphate-metabolizing enzymes. Given its
robustness and simplicity to set up, this in vitro spectrometric assay may thus become a
method of choice for the routine characterization of the enzymatic activities of purified or
partially-purified bacterial cyclase toxins.

4. Materials and Methods

4.1. Materials

Aluminum oxide 90 active neutral (activity stage I) for column chromatography
was obtained from Merck (ref # 101077, 70–230 mesh ASTM, Al2O3). UV-transparent
96-well microplates (Nunc™ UV 96 well) were purchased from Thermo Scientific (Waltham,
MA, USA). ATP, cAMP, Bovine Serum Albumin, and Tween 20 were from Sigma-Aldrich
(Saint-Louis, MO, USA). All recombinant proteins were expressed in E. coli and purified as
described previously: CyaA protein [39,42], CyaAE5-OVA [36,37], AC384 (catalytic domain
of CyaA, corresponding to residues 1 to 384), and CaM [28]. The EF enzyme tested here was
from the Bacillus cereus G9241 strain (kind gift from P. L. Goossens, Pitard et al. manuscript
in preparation) and comprises the adenylyl cyclase domain without the protective antigen-
binding domain (i.e., residues 291 to 798 of full-length EF). This protein differs from the
wild-type EF toxin from B anthracis by three amino acid changes: I318T, V694A, N789K (aa
numbering from B anthracis EF shown in 1XFV.pdb, [48]). It was expressed in E. coli and
purified as described by Drum et al. [31].

4.2. Enzymatic AC Assay

The enzymatic reactions were carried out in 1.5 mL Eppendorf tubes by sequentially
adding: 50 μL of AC×2 buffer (Adenylate Cyclase assay buffer 2-times concentrated:
100 mM Tris-HCl, pH 8.0, 15 mM MgCl2, 0.2 mM CaCl2, 1 mg/mL bovine serum albumin
(BSA), 10 μL of CaM (calmodulin) diluted in buffer D (dilution buffer: 10 mM Tris-HCl,
pH 8.0, 0.1% Tween 20, or other non-ionic detergent such NP40 or Triton ×100) to appropri-
ate concentrations (final concentration of 2 μM for standard assays), 10 to 30 μL of enzyme
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samples to be tested, diluted in buffer D to appropriate concentrations. Buffer D was
added to a complete volume of 90 μL. The tubes were equilibrated at 30 ◦C for 3–5 min in a
Thermomixer (Eppendorf, Montesson, France), and the enzymatic reactions were initiated
by adding 10 μL of 20 mM ATP (stock solution in H2O, adjusted to pH ≈ 7.5). The tubes
were incubated at 30 ◦C for appropriate incubation times (usually 5–20 min, but it could be
extended to several hrs when needed, see Figure 1). A blank assay containing no enzyme
(or no CaM) was carried out in parallel. The enzymatic reactions were stopped by adding
0.3 g (conveniently measured with a 0.2 mL Eppendorf tube) of dried aluminum oxide
90 active powder (the reaction was stopped immediately as the ATP binds to alumina).
Alternatively, the enzymatic reaction could be stopped by adding 100 μL of 50 mM HEPES
pH 7.5 or 50 mM EDTA (stop solution) to chelate the Mg2+ essential co-factor. Then, 0.9 mL
(or 0.8 mL if 100 μL of stop solution have been added) of 20 mM Hepes-Na, pH 7.5 or
0.15 M NaCl (Chromatography buffer) were added to elute cAMP from the alumina pow-
der. The tubes were mixed by inversion a few times over the course of 3–5 min and then
centrifuged for 5 min at 12–14,000 rpm (room temperature) to pellet the alumina powder.
The supernatants were carefully collected and the absorption at 260 and 340 nm were
recorded. The cAMP concentration was then determined using an absorption coefficient
at 260 nm of 15.4 mM−1 after subtracting the background absorption of the blank tube.
The measurement of the absorption at 340 nm (A340) is very convenient for monitoring
the potential light diffusion that may happen due to the presence of traces contaminating
alumina powder in the supernatant solution. In our routine procedure, the OD260–OD340
was used to measure the cAMP content in each fraction.

A convenient format to carry out multiple assays is to transfer 0.3 mL aliquots of
alumina supernatants into wells of a UV-transparent acrylic microplate, which allows
for easy sequential measurements of the absorption at 260 and 340 nm (as well as other
wavelengths see below) with direct data being recorded into an excel sheet. This greatly
facilitates the downstream calculations.

4.3. Assay of CyaA Binding to Erythrocytes

CyaA toxin binding to sheep erythrocytes was essentially assayed as previously
described [42,43]. Sheep erythrocytes (from Charles River Laboratories, Wilmington, MA,
USA) were washed and resuspended (≈5% of dry pellet) in HBS buffer (20 mM Hepes-Na,
pH 7.5, 150 mM NaCl) supplemented with 5 mM glucose. The purified CyaA toxin (stored
at 1 mg/mL in 8 M urea, 20 mM Hepes-Na) was directly diluted to 11.2 nM (2 μg/mL
final concentration) into 1 mL of erythrocyte suspension supplemented with either 2 mM
CaCl2 or 2 mM EDTA. A 20 μL aliquot was removed to determine the total adenylate
cyclase activity added to each sample. The mixtures were then incubated at 30 ◦C, or 4 ◦C,
for 30 min. The cell suspensions were chilled on ice, centrifuged at 4 ◦C, and cell pellets
were washed two times with 1 mL cold HBS buffer (transferring the resuspended cells
into new tubes to eliminate potential non-specific absorption of CyaA to the tube wall).
Finally, the pelleted erythrocytes were resuspended in 100 μL of 10 mM Tris-HCl, pH 8.0,
containing 0.1% Triton X−100 in order to lyse the cells. A total of 20 μL of lysates were
tested in standard AC assays as described above and incubated for 0, 10, 20, or 30 min. The
supernatants of aluminum oxide were then collected in a microplate and the absorption
at 260, 340, 405, and 595 nm (the build-in filters available in our microplate reader–other
wavelengths could be used as well in addition to the 260 nm) were successively recorded.
Independent quantification of cAMP was performed on Al2O3 supernatants with an ELISA
assay using a cAMP-biotinylated-BSA conjugate coated on ELISA plates and detected with
a specific rabbit anti-cAMP antiserum [49].
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Abstract: In the last decade, a major dogma in the field of immunology has been called into question
by the identification of a cell autonomous innate immune memory. This innate immune memory (also
named trained immunity) was found to be mostly carried by innate immune cells and to be character-
ized by an exacerbated inflammatory response with a heightened expression of proinflammatory
cytokines, including TNF-α, IL-6 and IL-1β. Unlike the vast majority of cytokines, IL-1β is produced
as a proform (pro-IL-1β) and requires a proteolytic cleavage to exert its biological action. This cleav-
age takes place mainly within complex molecular platforms named inflammasomes. These platforms
are assembled upon both the infectious or sterile activation of NOD-like receptors (NLRs), thereby
allowing for the recruitment and activation of caspases and the subsequent maturation of pro-IL-1β
into IL-1β. The NLRP3 inflammasome has recently been implicated both in western diet-induced
trained immunity, and in the detection of microbial virulence factors (effector-triggered immunity
(ETI)). Here, we will attempt to link these two immune processes and provide arguments to hypothe-
size the existence of trained immunity triggered by microbial virulence factors (effector-triggered
trained immunity (ETTI)).

Keywords: trained immunity; effector-triggered immunity; effector-triggered trained immunity

Key Contribution: In this article we examine how trained immunity and effector-triggered immunity
are connected through the NLRP3 inflammasome, pointing for a possible trained immunity mediated
by microbial effectors.

1. Introduction

To survive host–pathogen battles, pathogens have evolved various strategies to blunt
or escape host immune responses. Among them, effector proteins, also called virulence
factors, could be considered as surgical weapons of microbes that precisely target the
Achilles’ heel of the immune system with the goal of surviving and multiplying. Thus,
the expression of virulence factors by microbes confers them with pathogenic properties,
distinguishing commensals from pathogens. On the other hand, hosts have multiplied
sensors to detect and gauge the pathogenic potential of microbes. Pattern Recognition
Receptors (PRRs) discovery revolutionized the way of thinking about pathogen detection
by linking the microbial ligand to innate immune signaling. The innate immune response
subsequent to the recognition of Microbe-Associated Molecular Patterns (MAMPs) by
PRR signaling has been termed Pattern-Triggered Immunity (PTI). Since this seminal
discovery [1], additional sensing mechanisms have been proposed to explain how the host
could distinguish commensals from pathogens.

2. Effector-Triggered Immunity

An elegant strategy based on the recognition of virulence factor activities was proposed.
As virulence factors are specifically expressed by pathogens, being able to detect their
activities appears to be a smart strategy to limit the number of sensors, which detect
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specifically pathogens and not all microbes. This innate immune sensing mechanism has
been termed Effector-Triggered Immunity (ETI). By functioning as an additional layer of
innate immune responses, ETI adds up to PTI to allow the host to gauge both the quantity
of microbes and their pathogenic potential. ETI was first identified during plant–pathogen
interactions, and knowledge in the matter has since deepened [2–4]. More recently, proofs
of the conservation of this innate immune mechanism have emerged in animals [5]. Several
publications have extensively reviewed the ETI similarities and differences between plants
and animals [6–8]. Here, we will focus on the mechanisms of ETI linking RhoGTPases,
inflammasomes and trained immunity.

Most bacterial toxins hijack the regulation of crucial cellular functions, such as those
performed by RhoGTPases [9]. This was previously referred to as a virulence activity
until recent reports showing that the modifications of RhoGTPases activity by microbial
effectors are detected by the host cell through NOD-like receptors (NLRs) and the assem-
bly of inflammasomes [5]. The Pyrin inflammasome was first shown to be activated in
macrophages treated by bacterial toxins inactivating the RhoA GTPase and this finding
was later extended to numerous bacterial factors inactivating the Rho family members
found in various pathogenic bacteria [5,10–13]. The involvement of the NLRP3 inflamma-
some in ETI has recently been demonstrated, implicating the CNF1 toxin of uropathogenic
Escherichia coli [14]. This study showed that both mouse and human macrophages detect
CNF1 activity via NLRP3 inflammasome activation. CNF1 displays deamidase activity
toward RhoGTPases. This modification destroys the GTPase activity and locks the RhoGT-
Pases into an active GTP-bound form. CNF1-triggered activation of the Rac2 GTPase in
macrophages activates the PAK1/2 kinases that in turn phosphorylate the Threonine 659
of human NLRP3 leading to its activation and subsequent IL-1β secretion. This way, the
NLRP3 inflammasome detects the activation of Rac2 GTPase, leading to the bacterial clear-
ance of CNF1-expressing E. coli in a mouse model of bacteremia. Importantly, this sensing
mechanism has been reused by the innate immune system to sense other virulence factors
activating Rac2 encoded by other pathogenic bacteria such as SopE from Salmonella spp. or
DNT from Bordetella spp. [14].

All these studies have recently highlighted that an increasing number of virulence
factors are sensed by inflammasomes; this leads to the urgent question of whether this
recognition can trigger immune memory.

3. Trained Immunity

The immune system is classically divided into the following two compartments: the
innate immunity as the first line of defense in the host’s response to aggression, and the
adaptive immunity that confers immune memory to the host. The dogma that immune
memory is conferred by adaptive immunity has been challenged in recent years. Moreover,
the scientific literature is replete with examples of immune memory in the absence of
adaptive immunity in invertebrate organisms that naturally lack adaptive immunity, a
process called innate immune memory [15].

However, it was only a decade ago that these observations were made in mammals [16–18].
This concept of innate immune memory emerged in the early 2010s, originally referred to
as an adaptive form of innate immunity before to be termed trained immunity [16,19,20].

Mammalian innate immune memory, or Trained Immunity (TI), is a mechanism
initiated by the action of an inflammatory stimulus on cells with or linked to immune
functions, leading to the epigenetic and metabolic reprogramming of these cells. Thus,
following a first stimulation, the prototypical cells of the innate immune compartment are
trained; when restimulated, they will display an exacerbated inflammatory response that
can be either beneficial or detrimental depending on the context.

Evidence of the beneficial effects for the host has been described by numerous inves-
tigations in mice [20]. As a result of these studies, it was shown that training mice with
numerous microbial ligands could provide non-specific protection against an ensuing fatal
infection. Beyond their specific action, live attenuated vaccines such as Bacille Calmette–
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Guerin (BCG), measles, smallpox or poliomyelitis vaccines have a non-specific protective
action against secondary infections with other pathogens [21]. Furthermore, the BCG
vaccine has proven its non-specific and beneficial action in bladder cancer, where it is used
for bladder instillation treatment [22]. Conversely, immune training can lead to harmful
effects, including chronic inflammatory diseases such as atherosclerotic cardiovascular
disease and neurodegenerative diseases (Alzheimer disease and dementia), and tumor
growth and metastasis [20].

Historically, BCG, Candida albicans and its β-glucan were the first triggers known to
induce a TI program [17,18]; however, different types of pathological inflammation triggers
were recently shown as potential TI triggers. Most of these triggers engage the activation of
the IL-1 pathway (Table 1). This includes the western diet (a high fat and high sugar diet)
that was shown to induce a deleterious TI program in mice and it was interestingly shown
to rely on the NLRP3 inflammasome [23]. Christ and colleagues showed that feeding
the western diet to Ldlr−/− mice (a mouse model that develops atherosclerotic lesions
and hypercholesterolemia) induces systemic inflammation, the proliferation of myeloid
precursors, and their reprogramming, while Ldlr−/− Nlrp3−/− mice do not, pointing
towards the importance of the NLRP3 inflammasome. Interestingly, the induction of TI
by β-glucan was recently shown to limit NLRP3 inflammasome activation, repressing
the production of IL-1β [24]. This highlights the importance of better characterizing the
involvement of the NLRP3 inflammasome in TI. Considering that, depending on the context,
NLRP3 activation triggers IL-1β secretion with or without cell death (pyroptosis versus
hyperactivation), studies should be carried out in relation to inflammasome inducers and
the strength of signals.

The NLRP3 inflammasome maturates both pro-IL-1β and pro-IL-18 into their biolog-
ically active forms. Interestingly, both cytokines have been associated with TI. IL-18 has
been implicated in the induction of TI in specific contexts and has been associated with the
involvement of TI in rheumatic pathologies such as primary Sjögren’s syndrome [25,26].

A collection of works agrees on the fact that the NLRP3-IL-1β axis is central in TI
regulation, which raises the exciting possibility that TI may also be induced by the microbial
effectors sensed by NLRP3 inflammasome during ETI.

Table 1. Evidence for the implication of the IL-1 pathway and/or NLRP3 inflammasome in
trained immunity.

Model Inducer Challenge
Evidence for the Implication of

ReferenceIL-1 Pathway NLRP3 Inflammasome

Mouse β-glucan LPS Yes No [27]
Mouse Western diet LPS Yes Yes [23]
Mouse β-glucan M. tuberculosis Yes No [28]
Mouse Periodontitis/arthritis LPS Yes Suggested [29]

Human BCG vaccination M. tuberculosis/S.
aureus/C. albicans Yes No [18]

Human BCG vaccination LPS Yes No [30]
Human BCG vaccination TLR ligands Yes No [31]

Human BCG vaccination Yellow fever virus
vaccine strain Yes Suggested [32]

Human BCG vaccination TLR ligands Suggested No [33]

4. Effector-Triggered Trained Immunity?

So far, the mechanisms of TI described in the literature involve the NOD receptor,
NOD2, as well as the NLRP3 inflammasome. The NOD2 receptor has been identified as
the molecular bridge between BCG vaccination and the increased production of proin-
flammatory cytokines, leading to the protection of severe combined immunodeficiency
SCID mice from disseminated candidiasis [18]. As described earlier, the NLRP3 inflam-
masome is involved in TI induced by a “western diet”, a diet rich in sugar and saturated
fatty acids [23]. Conversely, pyrin and NLRP3 are two major inflammasomes that have
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been implicated in ETI. The involvement of the NLRP3 inflammasome in both ETI and
TI suggests that it could be implicated in TI in an infectious context, induced by a viru-
lence factor, through a process that can be termed Effector-Triggered Trained Immunity
(ETTI). In this view, it could be applied to bacterial effectors recently discovered for their
detection by the NLRP3 inflammasome activation pathway [14]. Indeed, not only the E. coli
CNF1 toxin but also the Bordetella spp. DNT (dermonecrotic toxin) and the Salmonella spp.
SopE toxin are triggers of the NLRP3 inflammasome, suggesting their potential role as
triggers of NLRP3-mediated trained immune response. If this hypothesis is true, one can
expect that other NLRs involved in ETI, such as the Pyrin-inflammasome-detecting RhoA
GTPase-inactivating toxins, may also be involved in ETTI. Furthermore, TI is induced by
vaccination with live attenuated viruses [21]. Considering this, viruses can act as inducers
of TI. Previous studies described a mechanism specific to positive single-stranded RNA
((+)ssRNA) viruses, whose proteases can induce an ETI response by activating the NLRP1
inflammasome [34]. To date, the NLRP1 inflammasome has not been implicated in TI and
it would be interesting to investigate whether NLRP1 may be involved in ETTI.

The activation of the NLRP3 inflammasome requires both a transcriptional prim-
ing and an activation step triggered by various stimuli including PAMPs and DAMPs
(Pathogen- and Danger-Associated Molecular Patterns). The priming step required for
the production of pro-IL-1β cytokine and components for inflammasome assembly relies
on the NF-κB pathway, which has been involved in the induction of TI. As an example,
low-dose LPS—a well-known inducer of the NF-κB pathway—has been identified as an
inducer of TI [35]. The recent study of NLRP3 activation triggered by the CNF1 toxin
revealed that transcriptional priming is not mandatory to measure NLRP3-dependent
Caspase-1 activation [14]. Here, we wanted to pinpoint the possible role of virulence factors
in activating the inflammasome in the trained immunity process that can be observed with
or without the priming step.

With regard to innate immune memory, a distinction is made between peripheral mem-
ory and central memory [20]. Peripheral memory is the memory carried by myeloid cells in
circulation in the body, while central memory is the memory carried by hematopoietic stem
cells in the bone marrow [36]. In this context, NLRP3 inflammasome activation has been
shown to be involved in myeloid precursor release [27,37], and BCG exposure in the bone
marrow modifies the transcriptional program of the hematopoietic stem and progenitor
cells, promoting local cell growth and improved myelopoiesis [38]. This supports the
idea of the involvement of bacterial toxins sensed by inflammasomes in the induction of a
central TI.

For TI to last over time, there must be a transfer of epigenetic modifications to cells
that have a long lifespan. Previously, using the planarian model, we demonstrated that an
innate immune memory is carried by the neoblasts (planarian stem cells) and the innate
memory could be transferred from one organism to another after irradiation; furthermore,
other cells are also capable of exhibiting innate immune memory [39,40]. Later, Christ
et al. proposed that the induction of a central memory within the context of the western
diet is made possible by myeloid precursors [23]. Similar to these previous examples,
infection with a microbe producing a microbial effector should lead to immune imprinting
of myeloid precursors for a long lasting memory.

5. Conclusions

In this paper, we explore how trained immunity (TI) and effector-triggered immunity
(ETI) are linked through the NLRP3 inflammasome, suggesting the existence of a trained
immunity mediated by microbial effectors (ETTI). The involvement of the NLRP3 inflam-
masome in TI has been demonstrated in the context of sterile inflammation; however, its
involvement in an infectious context remains to be proven. Moreover, this phenomenon
might not be exclusive to the NLRP3 inflammasome and should therefore be considered for
other inflammasomes. Last but not least, an interesting trans-kingdom perspective would
be to return to the roots of effector-triggered immunity by determining whether trained
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immunity in plants is activated in response to virulence factors and whether it requires
plant NLRs.
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Abstract: Staphylococcal enterotoxins are a wide family of bacterial exotoxins with the capacity to
activate as much as 20% of the host T cells, which is why they were called superantigens. Superanti-
gens (SAgs) can cause multiple diseases in humans and cattle, ranging from mild to life-threatening
infections. Almost all S. aureus isolates encode at least one of these toxins, though there is no complete
knowledge about how their production is triggered. One of the main problems with the available
evidence for these toxins is that most studies have been conducted with a few superantigens; how-
ever, the resulting characteristics are attributed to the whole group. Although these toxins share
homology and a two-domain structure organization, the similarity ratio varies from 20 to 89% among
different SAgs, implying wide heterogeneity. Furthermore, every attempt to structurally classify these
proteins has failed to answer differential biological functionalities. Taking these concerns into account,
it might not be appropriate to extrapolate all the information that is currently available to every
staphylococcal SAg. Here, we aimed to gather the available information about all staphylococcal
SAgs, considering their functions and pathogenicity, their ability to interact with the immune system
as well as their capacity to be used as immunotherapeutic agents, resembling the two faces of Dr.
Jekyll and Mr. Hyde.

Keywords: staphylococcal superantigen; enterotoxin; toxin pathogenicity; immunomodulation;
molecular and cellular targets

Key Contribution: Bacterial superantigens manipulate the host immune response favoring the
spread and colonization of Staphylococcus aureus, causing multiple affections. This review summarizes
the current knowledge on every superantigen described, focusing on the dual nature of these toxins.

1. Introduction

The term superantigen (SAg) was introduced by White et al. (1989) to describe a group
of bacterial proteins targeting, as unprocessed molecules, the variable portion of the β chain
of the T cell receptor (TCR) and the major histocompatibility complex type II molecules
(MHC-II) expressed on antigen-presenting cells (APC). As a result of this simultaneous
interaction, there is a massive activation of the immune system along with an intense
proliferation of T cells, either CD4+ or CD8+ [1,2]. Although the term superantigen was
introduced in 1989, these toxins had been described in the early 1980s as the causative agent
of the highly lethal Toxic Shock Syndrome (TSS) associated with tampons [3–5], which was
later explained by the deregulation of the immune system caused by SAgs characterized
by generalized multiple organ failure caused by a pro-inflammatory cytokine storm. SAgs
are also responsible for food poisoning and triggering autoimmune diseases in sensitive
hosts, among other conditions. They can promote immunosuppression in the infected host,
allowing bacterial spread and further sepsis [6–8].

SAgs are produced by Gram-positive bacteria such as S. aureus and Streptococcus
pyogenes, but they have also been found in other species such as β-hemolytic streptococci,
coagulase-negative staphylococci, Gram-negative Yersinia pseudotuberculosis, Pseudomonas
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fluorescens and cell wall-less bacteria Mycoplasma arthritidis [9–12]. Furthermore, SAgs
encoded by murine and human retroviruses have also been described [13–15].

Until now, the best characterized SAgs were produced by S. aureus and S. pyogenes.
Although these two bacteria are not phylogenetically related species, staphylococcal and
streptococcal SAgs share sequence homology and biological similarities. Some SAgs from
these two species are so close that they belong to the same group or family, as is very well
described for the SE family or Group II, where the streptococcal superantigen SpeA is
more similar to staphylococcal enterotoxin B (SEB) than to staphylococcal enterotoxin G
(SEG). SpeA displays a low degree of similarity with the other streptococcal SAgs. This
finding supports the horizontal transmission of genes between species. This theory is
also reinforced by the encoding of sags in genetic mobile elements, such as plasmids or
transposons [16].

Interestingly, the intense immune stimulation induced by SAgs could allow the spread
and further colonization of the infected host by the pathogen instead of favoring its eradi-
cation. This characteristic would turn superantigen activity into a paradox of the immune
response.

2. Staphylococcal SAgs

2.1. An Overall Description

S. aureus is one of the major pathogens responsible for human and veterinarian dis-
eases causing mild to life-threatening infections. Human beings are the primary reservoir
for this bacterium. It is well known that about 20–30% of the population persistently
carries this microorganism in the anterior nares, while about 50–60% are intermittently
colonized [17–20]. The colonization of other extra nasal sites, such as the skin and gastroin-
testinal tract [21–24] has also been reported. It should be mentioned that colonization is
considered one of the main risk factors for S. aureus diseases [25].

This pathogen harbors several virulence factors among which some are surface pro-
teins and many others are secreted. Staphylococcal enterotoxins (SEs) or SAgs are some
of the most important and are associated with both colonization and pathogenicity of
S. aureus.

The first staphylococcal SAgs described were the classical SAgs, including staphylococ-
cal enterotoxins A to E and the non-emetic toxin TSST-1. Due to its strong association with
TSS, the toxin formerly called SEF was later named Toxic Shock Syndrome Toxin number
1 or TSST-1 [26–33]. Since that first group was described, 24 more SAgs were identified,
and were considered non-classical or new SAgs.

The first non-classical SAg, SEH, was described in 1994 [34]. Later, SElJ was acknowl-
edged [35] at the same time that Munson et al. described two new SEs, G and I [36]. In
2001, Jarraud et al. defined the egc operon for the first time, as an enterotoxin gene nursery
encoding for the proteins SEO, SEM, SEI, SEN and SEG (firstly named SEL, SEM, SEI, SEK
and SEG) and two pseudogenes, ψ ent1 and ψ ent2 [37]. Moreover, SEK and SEL were
simultaneously described [38–40]. In the early 2000s, genetic variations within the egc
cluster were described, which allowed the identification of SElU and SElV [41,42].

Later on, SEP [43], SES and SET [44], SEQ [45], SER [46], SElW [47], SElX [48] SElY [49]
and SElZ [50] were described. Lastly, SE01 [51], SE02 [52], and SEl26 and SEl27 were
identified and characterized among the complex form by S. aureus, S. argenteus and
S. schweitzeri [53]. Table 1 summarizes the information described above. Phylogenetic
group correspondence is explained below in Section 2.4.

According to the International Nomenclature for Staphylococcal Superantigens, S. au-
reus enterotoxins (SEs) are defined by their emetic ability when ingested, while the term
SAg considers the effects on the immune system. Taking that into account, only the toxins
that induce emesis after oral administration in a primate model are designated as SEs.
Other related toxins that either lack emetic properties in this model or have not been tested
are defined as “staphylococcal enterotoxin–like” (SEl) SAgs, to indicate that their potential
role in staphylococcal food poisoning has not been confirmed [54].
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To date, TSST-1 and SElJ are the only tested superantigens with non-emetic properties,
along with a report of a truncated SElX [55].

Table 1. Staphylococcal SAgs.

SAg Type Year of Discovery Phylogenetic Group

SEA Classical 1962 III
SEB Classical 1962 II
SEC Classical 1965 II
SED Classical 1967 III
SEE Classical 1971 III

TSST-1 (SEF) Classical 1981 II
SEG New 1998 I
SEH New 1994 III
SEI New 1998 V
SElJ New 1998 III
SEK New 2001 V
SEL New 2001 V
SEM New 2001 V
SEN New 2001 III
SEO New 2001 III
SEP New 2005 III
SEQ New 2002 V
SER New 2004 II
SES New 2008 III
SET New 2008 I
SElU New 2003 II
SElV New 2006 V
SElW New 2012 III
SElX New 2011 I
SElY New 2015 I
SElZ New 2015 I
SEl26 New 2018 V
SEl27 New 2018 II
SE01 New 2017 III
SE02 New 2020 II

Furthermore, some of the so-called SEl and SE proteins have already been tested for their
emetic properties in a proposed model using house musk shrews (suncus murinus) [56,57].
In this model, in addition to all the other SEs, SElY has been tested and shown to have
emetic properties [44,49,56,58,59]. Recently, a new emetic animal model was established
using common marmosets and, in this case, SEA, SEB, SEC, SEI, SElY and SE02 showed
emesis-inducing activity, while TSST-1 did not [52,60].

It has been shown that almost every isolated strain of S. aureus carries at least one sag
gene in its genome [61–64]. Although there are some differences in the percentages of total
gene prevalence reported, a lower prevalence of sag genes (70–85%) was found when a few
sag genes were analyzed [61,65], whereas in other studies evaluating a larger number of
genes, the percentages were almost 98% [66,67]. Noteworthy, as mentioned before, 30 SAgs
have been hitherto described, which suggests some underestimation of SAg prevalence.
Additionally, more than 50% of the isolates encode for the egc operon—with eight different
forms described—being that the egc SAgs are the most prevalent genes [37,62,65,68–71].
However, there are some differences in the methodology used to define the presence of
the operon; while some papers considered all egc SAgs, others picked two (such as seg
and sei or sem and seo) without considering the operon variants, which in some cases may
underestimate the prevalence of the operon itself. With regard to this issue, a consensus
method should be established to assess the presence of the egc operon, which should
definitely consider all the toxins involved in the operon, taking into account possible DNA
mutations in their genes.
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2.2. Production and Detection of Staphylococcal SAgs

Although there are some statements about the production of almost every SAg, in
addition to the 6 classical ones (SEA-SEE and TSST-1), there is not much information
regarding the individual gene expression and the mechanism of regulation involved in
their production. However, many factors and pathways have been described to impact
positively and negatively in the production of SAgs and other virulence factors [72–74].

Considering the classical SAgs, early reports using mainly single or double-gel dif-
fusion indicated that SEB and SEA are produced in all the growing phases [75–78]. In
contrast, SEC seems to be produced during the exponential growth phase or at the early
stationary phase [79,80]. In regard to SED, mRNA expression appears to be higher in the
stationary growth phase using qPCR [81], and evidence of its production with SEE at the
stationary phase has also been provided [82].

With respect to TSST-1, although its production occurs principally at the stationary
phase, it was found that several environmental elements are capable of triggering or
inhibiting its production, including temperature, carbon dioxide atmosphere and antibiotic
pressure [16,83–85].

Many authors rely on the conclusions reported by Derzelle and collaborators to
describe the patterns of staphylococcal enterotoxins expression [86]. These authors found a
differential expression behavior between classical and new SAgs. Their work is limited to
mRNA, as they performed RT-qPCR assays; however, protein secretion was not evaluated.
Furthermore, although their analysis was performed in a total of 28 strains, the number of
strains used per gene was variable and dependable on the sag gene profile of each strain,
between one and thirteen. In the case of the egc operon, only seg and seu were evaluated
in all egc positive strains (thirteen), and the remaining genes (sei, sen, sem and seo) were
only evaluated in three strains. Therefore, these results should be validated using other
strategies for reliable conclusions. A similar analysis for SE02 showed the production of
this SAg in vitro in the early exponential phase and to a lesser extent in the stationary
phase, with these results confirmed by Western blotting [52].

In vitro assays indicate that egc superantigens are produced at much lower concentra-
tions than classical SAgs TSST-1, SEB and SEC, which may explain the relevance of these
toxins in pathogenesis [87–89]. Particularly, it was proved that TSST-1 was produced in
a high level in biofilms, which could be transferred to production on mucosal and skin
surfaces [89].

Some evidence suggests that the regulation of gene expression is not the same for
S. aureus in vitro than during infection in vivo [90,91], showing differences in SAg expres-
sion even between tissues or isolation sources [82,92]. As a result, there is a different SAg
expression despite the evaluation of DNAs encoding the same sag genes. In addition, it has
been proposed that the detection of SAg mRNA does not correlate with the presence of
toxins [93].

Proteomics approaches confirmed the production of some toxins such as SEB, SEC,
SEH, SEK and SEQ both in exponential and stationary phases, and TTST-1, SEL, SElU and
SEP in the stationary phase [84,94–96], but the whole exo-proteome was analyzed in vitro;
therefore, relevance in vivo has not been clarified [97]. In addition, a wide heterogeneity
between the proteins identified amongst the different isolates analyzed in vitro [98,99] has
been reported.

Although PCR is the chosen method to identify the presence of sag genes in bacterial
DNA, it is not effective to evaluate the presence of SAgs in patients, food or in vitro-
generated samples [100–102].

At present, ELISA-based methods are considered the best option for the detection
and quantification of SEs/SEls in several samples because of their robust and sensitive
results, with reported detection limits between 0.25 and 1 ng of SAgs per g of sample [102].
However, there are no available ELISA kits for each of the 30 SAgs identified, which
complicates the evaluation of the full profile of SAgs potentially produced by S. aureus. An
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approach based on a combination of chromatography and MS measures simultaneously a
group of toxins; however, it is not easy to conduct and does not cover all existing SAgs [103].

In addition, Surface Plasmon Resonance (SPR) was also postulated as a method to
detect SAgs in different biological samples, showing a limit of detection in the picomolar
range, with the advantage to measure simultaneously three or more SAgs present in the
same assay depending on the biosensor used [104–109].

All in all, each method has its advantages and disadvantages and there is no ideal
technique to assess the production of all toxins; however, it is important to bear in mind
the limitations of the method used at the time of reaching conclusions.

2.3. Superantigens and Human Diseases
2.3.1. Toxic Shock Syndrome

Superantigens have been associated with many illnesses caused by S. aureus infections.
One of the most well-recognized diseases is Toxic Shock Syndrome (TSS), a potentially
lethal febrile illness related to multiorgan dysfunction that occurs as a consequence of the
cytokine storm produced by SAgs. TTS is characterized by hypotension; diarrhea; labored
breathing; and changes in heart, liver and kidney function [110–112]. This pathology
has a high incidence in women during their menstrual periods, and is particularly called
menstrual TSS (mTSS) [112]. TSST-1 is associated with all menstrual cases, in some instances,
coproduced with SEA or SEC-1; conversely, SEB production has been negatively related
to this syndrome [111,113–116]. Regarding non-classical SAgs, Jarraud and collaborators
suggested that the production of SEG and SEI by S. aureus strains that do not produce
TSST-1, SEA to SEE and SEH and isolated from mTSS patients may explain these clinical
manifestations [117].

Studies in porcine vaginal tissue have proved that, initially, the presence of S. au-
reus triggers the innate immune system activation and increases TSST-1 flux across the
mucosa [118]. Furthermore, it has been demonstrated that TSST-1 is essential to stim-
ulate systemic inflammation by inducing the production of IFN-γ and suppressing au-
tophagy [119,120].

TSST-1 biochemical and biological properties have been studied, and among them, its
capacity to interact with CD40 on epithelial cells. This interaction promotes chemokine
production and attracts other components of the adaptive immune response. Consequently,
local inflammation occurs and provokes mucosal disruption, facilitating TSST-1 penetration
and enhancing mTSS [121].

Moreover, mTSS progress has been associated with oxygen introduction into the
anaerobic vagina. This phenomenon was related to the use of medical devices to control
menstrual flow, especially certain tampons whose composition enhanced their ability to
trap oxygen within its fibers. Remarkably, device insertion does not cause significant
vaginal oxygenation. In addition to the introduction of oxygen, the increase in body
temperature, as well as protein, low glucose levels and neutral pH generate an environment
that is favorable for TSST-1 production. In addition, the device’s capability to increase the
permeability of the mucosa promotes SAg penetration [114,122–125].

Moreover, it has been reported that tampon wearing time influences the development
of mTSS [122]. Some studies propose that the tampon material also affects S. aureus
proliferation and TSST-1 production, while others suggest that the tampon structure and
fiber density have a higher impact on colonization and toxin production than the nature
of its material [124,126]. It has been described that the application of menstrual cups
could promote S. aureus growth and biofilm formation with toxin production. Although
those conditions are affected by cup composition, toxin production induced by cup use is
lower than that caused by tampon use. This fact has to be related to its incapacity to trap
oxygen [124,125].

Non-menstrual TSS has also been associated with TSST-1 and other classical super-
antigens such as SEB, SEC1 and SEA [61,113–115,127–129]. A few studies suggest that SEB
production is prevalent in S. aureus isolates that are negative for TSST-1 in non-menstrual
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TSS cases [113,129]. Furthermore, in case-control investigations, it was demonstrated that
sea gene is correlated with TSS, whereas the presence of sem and seo genes is correlated
with sepsis [61].

2.3.2. Infection Endocarditis

Infection endocarditis (IE) is a disease of the endocardium and cardiac valves, that
causes cardiac and multi-organic symptoms usually as a consequence of S. aureus bac-
teremia [130,131]. Classical superantigens, such as TSST-1, SEC, SEB, SEA, SED and SEE
are related to IE, as well as non-classical, from the egc operon [87,132–135]. It has been
shown that TSST-1 and egc operon gene deletion raised mortality in a rabbit model. Many
studies have associated disease development with vegetation formation in aortic valves,
whose formation decreases with the deletion of egc, SEC and TSST-1 genes [87,133].

Another action mechanism that could influence the inflammation process is the secre-
tion of IL-8 by aortic endothelial cells induced by SEC [134]. In addition, it has been demon-
strated that SEC inhibits the pro-angiogenic factor serpin E1 impeding reendothelialization
and promoting disease [133]. On the other hand, TSST-1 also acts on the endothelium,
producing upregulation of vascular and intercellular adhesion molecules (VCAM-1 and
ICAM-1), raising permeability and affecting tissue re-composition [135].

2.3.3. Pneumonia

Pneumonia is an infectious respiratory disease frequently related to S. aureus infec-
tions in both community and hospital settings [136]. Clinical features include cough,
fever, tachypnea, tachycardia and pulmonary crackles, leading to severe pulmonary infec-
tions [137,138]. Staphylococcal pneumonia caused by methicillin-resistant Staphylococcus
aureus (MRSA) has been of growing concern due to its resistance to several antibiotics
and its higher risk of morbidity and mortality [139,140]. It has been observed that sev-
eral isolates obtained from patients with lung damage produced TSST-1, SEB and SEC
in vitro [141,142]. Spauding et al. [33] proposed that SAgs contribute to pneumonia de-
velopment once they are produced by S. aureus in the respiratory tract, generating an
intrapulmonary inflammation. In addition, the cytotoxic effect on endothelial cells of the
alveolar–capillary barrier may cause edema and respiratory distress. Furthermore, T cell
activation and the release of cytokines may contribute to the pathogenesis and would
be associated with the clinical symptoms [143,144]. However, there is no solid evidence
proving that SAgs are the cause of pneumonia in humans.

2.3.4. Staphylococcal Food Poisoning

Staphylococcal food poisoning (SFP) is a foodborne disease that provokes abdominal pain,
intense diarrhea and vomiting [2]. This pathology has been related to many SAgs in investiga-
tions from all over the world. The presence of classical SAg genes, such as sea, seb, sec, sed and
see, in S. aureus isolates from dairy products, animals and infected patients has been associated
with SFP development [101,145–150]. In those samples, not only classical SAg genes, but also
egc genes such as sei, seg, sem, sen, seo and seu have been detected [101,145,147,148,150–153].
Moreover, other non-classical SAg genes, such as seh, sej, sek, sep, seq and ser, have been
identified in isolations related to SFP [101,145,147,149,150,154–157].

While genetic studies and genomic patterns are relevant to the study of this illness,
the confirmation of the physical presence of toxins in food products suspected of contam-
ination or an analysis of isolation capability of expressing SEs is needed to verify their
contribution to SFP. Notably, some isolations from SFP patients and milk samples con-
taining seg and sei genes did not produce detectable levels of SEG and SEI. On the other
hand, isolations harboring seh were able to produce significant levels of this SAg. Moreover,
some positive isolations for sea, seb and sec did not express those toxins in vitro [93,158].
Other studies showed the presence of SEC, SED, SEA, SEB and SEE in samples related to
SFP cases and their expression in isolates from sick people or food [159]. SEH and SEA
expressions were also shown in isolates from foodstuffs causing poisoning events [154,155].
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SEI and SEM production in isolates associated with food poisoning was also corroborated
in several cases [160].

A variable distribution of S. aureus genotypes and SEs expression has been shown
worldwide, suggesting that the distribution of SAg genotypes may be related to geographi-
cal distribution [156,161].

Some mechanisms of action for vomiting and diarrhea have been proposed in several
animal models. Many studies suggested that enterotoxins stimulate the vagus nerve in the
gut, which transmits the signal to the vomiting center in the brain [162,163]. Supporting
this idea, a few studies have shown that SEA increases 5-hydroxytryptamine (5-HT) and
histamine release in the intestinal tract, which would increase the discharge of vagal
afferent fibers and trigger an emetic effect; it was also shown that this SAg needs vagal
5-HT3 receptors to stimulate vomiting [60,162]. Additionally, it has been described that
some SAgs, such as SEA, SEB, SEE and TSST-1, can penetrate the gut lining. Interestingly,
it is proposed that transcytosis is mediated by an amino acid sequence highly conserved
across superantigens [164]. After transcytosis, the activation of the local immune system
occurs. Using a mice model, it was shown that SEB administration resulted in an early
expansion of peripheral T cells and Th1 cytokine secretion [165], and that CD4+ T cell
stimulation by SEB provoked a disruption of the jejune tonic and stimulated ion transport,
creating water movement and contributing to a diarrheal response [166]. Furthermore, SEA
and SEB could interact with the MH C II of human subepithelial intestinal myofibroblasts,
triggering the secretion of pro-inflammatory cytokines. These effects may play a role in
inflammatory injury [167].

2.3.5. Autoimmune Pathologies

SAgs have been correlated with the onset of autoimmune pathologies [168,169]. SAgs
may activate autoreactive T and B cells. In addition, APC activation may lead to alter-
ations in antigen processing, with the production and presentation of autoantigens as a
consequence [170].

Kawasaki Disease

Kawasaki disease (KD) is an autoimmune, febrile and inflammatory syndrome that
involves coronary vasculitis. It is reported that this illness may have different etiolo-
gies such as viral and bacterial infections, imbalance in immune response and genetic
factors [171–174].

Although, individuals that develop KD may have a genetic predisposition, some
theories propose that SAgs could be implicated in massive immune stimulation, activating
T cells, B cells and macrophages, and promoting a considerable pro-inflammatory cytokine
secretion, allowing vasculitis development [173,174]. A proposed mechanism of action
suggests that superantigens, secreted by S. aureus in the gut microbiota, may penetrate the
mucosal membrane and activate Th1, T cytotoxic and B cells, generating autoreactive cells
capable of enhancing illness development [173,175].

SAgs secretion by S. aureus isolations from patients with KD has been demonstrated
in several cases [176–178]. Moreover, IgM antibodies against TSST-1, SEA, SEB and SEC
were detected in KD patients’ sera, and titers were significantly higher than in the control
group [179,180].

In contrast, some authors state that there is no evidence of SAg involvement in the
pathogenesis of KD, or that it remains unclear [171,181,182].

Diabetes Mellitus

Some animal models and in vitro experiments suggest that SAgs could have a role in
diabetes mellitus II (DMII) progression. Chronic exposure to sublethal doses of TSST-1 in a
rabbit model showed that this SAg induced glucose tolerance in vivo and systemic inflam-
mation. In addition, SAg-treated adipocytes produced a higher level of pro-inflammatory
cytokines (IL-6, IL-8 and TNF) in comparison to the control group. Moreover, TSST-1 in-
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duced lipolysis and insulin resistance in adipocytes. In addition, the liver damage shown
in the TSST-1 group could lead to an increase in circulating endotoxin levels, which could
impact the development of insulin resistance in DMII. Altogether, it was postulated that
SAgs may promote insulin resistance and systemic inflammation, leading to disease wors-
ening [183].

Other investigations on adipocyte metabolism showed a possible relationship between
SAgs and insulin resistance and cytokine production. A study showed that SEA interacts
with the human cytokine receptor gp130, which is present ubiquitously in human cells,
and particularly in adipocytes, and consequently reduces insulin signaling and modulates
glucose uptake. Binding was mediated by a structure that is well-conserved in several other
SAgs [184]. In addition, it was demonstrated that egc SAgs, SEI, SEG, SEM and SEO could
bind gp130, by SPR [62]. Furthermore, the effect of TSST-1 and SEB in adipocyte cytokine
production was analyzed, showing that they provoke IL-6 and IL-8 secretion, which could
contribute to inflammation and diabetes persistence [185].

Despite the previous reports, there are no significant studies in humans that demon-
strate that there is a significant correlation between DMII development and chronic SAg
exposure; thus, further investigations should be conducted.

Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an autoimmune disease characterized by inflammation
and infiltration of synovial tissues that can lead to important damage in articulations [186].
It has been suggested that SAgs could trigger the disease by activating autoreactive T cells,
could have cross-reactivity with self-antigens and may contribute to long-term inflamma-
tion [186,187].

Numerous studies in RA patients demonstrated the presence of SEC, SEA and SED and
their genes in blood samples, synovial fluids and DNA extracts from those samples [188–190].
The see gene was present in several samples of synovial fluid of RA patients, but the expres-
sion of the toxin was not analyzed [191]. SEA, SEB, SEC and TSST-1 were also identified
in the synovial fluids of a group of pediatric RA patients [192]. All these studies have a
limitation in common: they did not assess other SAgs.

In addition, some studies found antibodies against SEB and TSST-1, with significantly
higher titers in RA patients than in healthy groups [193,194].

Several animal models were used to investigate the correlation between SAgs and RA
development and, as mentioned earlier, it was proposed that the inflammatory response
and the reactive cells generated by SAgs play an important role in the development of the
illness and its reactivations and severity [195–199]. It was suggested that pro-inflammatory
cytokine secretion induced by SAgs may enhance the expression of MHC II in synoviocytes,
promoting the release of chemotactic factors and cell infiltration. In addition, SEA and SEB
significantly increase the proliferation of T cells in co-culture with synoviocytes from RA
patients, compared to the control group. These results suggest that the interaction between
both cells and SAgs may be important in disease pathogenicity [200].

Atopic Dermatitis

Atopic dermatitis (AD) is a pruritic skin disorder that presents with eczema, inflamma-
tion and immune cell infiltration into the local skin lesion [201]. Chronic exposure to SAgs
may be a factor that promotes disease incidence, as S. aureus colonization is usual in AD
patients [202,203]. It is proposed that the disease is caused by inflammatory and allergic
factors, and SAgs may be implicated in both. On the one hand, SAgs can activate T cells
promoting pro-inflammatory cytokine release and contributing to skin injury, enhancing
the Th1 profile. On the other hand, SAgs may activate B cells promoting SAg-specific IgE
which can stimulate basophile and mast cell degranulation, leading to a Th2 response [204].

The relationship between SAgs and AD has been based on several factors, such as the
presence of anti-SAgs IgE in sera from patients with AD. Anti-SEA, SEB and TSST-1 IgE has
been documented in several AD patients with significantly higher titers than in the control
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groups [201,205–207]. Moreover, a total IgE increase has been positively correlated with a
SAg-specific IgE increment in patient sera, and it was demonstrated that SAg-specific IgE
titers increased with the severity of the condition [206].

In addition, SEA, SEB and TSST-1 provoked a SAg-specific histamine release by
basophils from AD patients after being sensitized with IgE-SAg specific serum, in contrast
to the control group. Notably, basophil samples from patients lacking these antibodies did
not secrete histamine. These results showed that SAgs and their interaction with basophils
mediated by IgE could exacerbate AD, promoting an allergic response [201].

Another important fact, which relates SAgs and AD development, is the production
of SAgs by S. aureus isolated from patients. Compared with control groups, these isolates
had a significantly higher production of SAgs and greater heterogeneity of encoded genes.
Moreover, they were more likely to produce TSST-1, SEB and SEC [208]. In addition,
S. aureus isolated from AD patients produced TSST-1, SEA, SEB, SEC and SED [201,209,210].

SAgs are able to induce these pathologies due to their ability to promote a pro-
inflammatory environment by upregulating co-stimulatory molecules, which are usually
expressed at low levels, preventing the stimulation of autoreactive lymphocytes. Another
important point to note is the globular and compact structure shared by these toxins, which
is the key to remaining as a whole and active molecule during the passage through the
lysosome vesicle and reaching again the dendritic cell surface in the lymph nodes, where
they are able to activate different lymphocyte T populations by the crosslinking of the
TCRs in association with the MHC-II molecules and other recently described molecular
targets, such as CD28 and B7 [211–214]. In addition, their ability to interact with diverse
molecular targets in different types of cells opens up a new avenue to study their functions
in new pathologies.

2.4. Staphylococcal Classification, Structure and Molecular Targets

Staphylococcal SAgs are homolog proteins that share from 20 to 89% similarity in their
amino acid sequence (Supplementary Table S1). Based on their sequence of nucleotides and
amino acids, SAgs were separated into five evolutive groups or families: Group I, which
includes TSST-1, SET, SElX, SElY and members of the superantigen-like toxins; Group II,
including SEB, SECs, SEG, SER, SElU, SElW, SElZ, SEl27 and SE02; Group III, comprising
SEA, SED, SEE, SElJ, SEH, SEN, SEO, SEP, SES and SE01; Group V, gathering SEI, SEK,
SEL, SEQ, SEM SElV and the recently described SEl26. Group IV is represented by another
group of toxins produced by S. pyogenes [33] (Table 1).

Staphylococcal and streptococcal superantigens share a common three-dimensional ar-
rangement comprising an N-terminal β-barrel domain (OB-fold) and a C-terminal β-grasp
domain with β-sheets that wrap around a long α-helix. TSST-1 is the only SE described that
is less related to the other SEs from a structural point of view. Despite this fact, the basic
tertiary structure present in TSST-1 is also found in the other SEs, even though these toxins
have more structural complexity. This overall structure is represented in Figure 1. The loop
known as the disulfide loop is located between the β4 and β5 strands. Due to its flexibility,
no electron density from the crystallographic data is recorded. Experimental data suggest
that this loop is responsible for the emetic properties of the SEs. The direct mutagenesis of
the residues involved in the disulfide loop eliminates the emetic capacity in SEC1 [215,216].

The major and best-described molecular targets of SAgs are the MHC-II molecules and
the TCR. Different regions of the toxins participate in the interaction with these targets. The
interaction with the MHC-II is well documented for SAgs of different groups. SAgs mostly
interact with the DR isoform of the MHC-II molecule, showing less interaction with DQ
and DP. SAgs–MHC-II structures have been already solved, showing the binding surface
between the SAg and the DR1 isoform of the MHC-II molecule (Figure 2).

SAgs can interact with the α and/or β chain of the MHC-II molecule, alone or in a
complex with a peptide. The interaction with the polymorphic β chain is characterized
by strong affinity which is mediated by zinc. SAgs involve highly conserved His and Asp
residues, in positions 207 and 209, respectively, to establish coordination with this metal.
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As Zn2+ needs four atoms to complete the interaction, the interaction could involve one
more amino acid in position 169, mainly a His or Asp, and the β chain completes the
interaction with a His in position 81. SEH, which also displays this kind of interaction
with the MHC-II molecule, only contributes with two residues to the union. A water
molecule contributes to completing the coordination required by Zn2+. All the studied
SAgs that contact the MHC-II β chain also contact the bound peptide, which provides
more specificity to the binding. On the contrary, the interaction with the invariant α chain
usually displays low affinity. SAgs such as SEB and SEC3 that bind to the low-affinity site
on the MHC-II α-domain can recognize multiple HLA types (DR, DQ, DP). This is easily
explained because the DR α-chain is nonpolymorphic and the SAg makes no contact with
the bound peptide [217–219].

 

Figure 1. Structural features of Staphylococcal superantigens. (A) Overall structure of staphylococcal
enterotoxin G (SEG) PDB accession number 1XXG. The general structure of SEG is displayed as a
cartoon, and the secondary structures are colored yellow, β strands; red, α helixes; and flexible loops,
green. The N-terminal domain and the C-terminal extreme are both located in the same domain of
the molecule. (B) Superimposition of SEG and SEB. SEG overall structure (red) was superimposed
over SEB structure (green) with an RMS of 0.714 Å, suggesting high similarity. (C) Overall structure
of TSST-1, showing a simpler general structure than that of other staphylococcal enterotoxins. All the
figures were performed using the PyMOL software.

The interaction with the TCR is very well studied for Group II SAgs. The SE members
of this group, SEB, SEC1-3 and SEG are crystallized in complex with the murine Vβ8.2 chain.
In addition, the streptococcal SAg, SpeA, which also belongs to this group, is crystallized
in complex with this TCR. All the SAgs of this group involve the Asn 25 (SEB numbering)
or Asn 24 (SEG numbering) as the hottest spot to interact with the TCR Vβ chain [220]. The
SAgs contact the region CDR2, FR2 and 3 and the hypervariable region HV4 of the TCR,
except SEG, which does not bind HV4. Despite this fact, SEG shows the highest affinity to
the TCR already documented by wild-type SAg. SEG interacts with mVβ8.2 with an affinity
in the nanomolar range (500 nM). An analysis of the mVβ8.2-SEG interface elucidates the
higher affinity of this complex compared to others as it establishes the highest number of
hydrogen bonds in the smallest binding surface [221] (Figure 3). This phenomenon may
at least partially explain the early activation of T cells bearing mVβ8.2 by SEG compared

86



Toxins 2022, 14, 800

to other members of Group II. SEG induces the increase in Vβ8.1+2 T cells in mice 48 h
after inoculation, followed by the apoptosis of this cell population. The other members of
this group cause this same effect at 96 h, showing a temporary delay compared with SEG
biological function. Considering this early immunosuppression, SEG-mVβ8.2 interaction
could be advantageous to the pathogen as it may facilitate the colonization of the host [222].

 

Figure 2. Structure of the SAg-HA-HLA DR1 complex. (A) Ribbon diagram of SEB-HA-HLA
DR1 complex. (B) The interface of the interaction is shown in detail. SEB compromises residues in
positions 43, 44, 45, 46, 47, 67, 89, 92, 94, 95, 115 and 209. HLA DR1α chain, involves the residues: 13,
17, 18, 36, 37, 39, 57, 60, 61, 63, 67 and 68. Non-contacts are found between the peptide and SEB or
SEB with the DR1β chain. (C) Ribbon diagram of the SEI-HA-HLA DR1 complex. (D) The interface
of the interaction is shown in detail. The interaction is coordinated by Zn2+. This metal ion interacts
with His81 of the DR1β chain and His169, His207 and Asp209 of SEI. SEI compromises residues in
positions 98, 100, 105 and 211 to contact the residues 307 and 309 of the hemagglutinin (HA). No
contacts are found between SEI and the DR1α chain. In all panels, the superantigen is colored red;
the HLAD1α chain, blue; and the DR1β chain, orange. Zn2+ is represented as a sphere in cyan and
the HA peptide, green. The residues conforming the interaction surface are represented as balls and
sticks and colored pink (SEB or SEI); cyan, HLAD1α chain; yellow, DR1β chain; and light green, HA
peptide. The figures were performed using PyMOL and the analysis of the structures was carried out
using the CCP4i suite program.
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Figure 3. Crystallographic structures of the SAg-TCR interaction. (A) Ribbon diagram of SEG-
mVβ8.2 complex. SEG is colored red and the TCR β chain, yellow (B) as shown in detail. SEG
residues are colored pink and mVβ8.2 residues, wheat. Residues are indicated with a one letter code
and numbered. (C) Ribbon diagram of the SEH–human TCR complex. SEH is colored red and the
TCR, light blue (α chain) and yellow (β chain). (D) The interface of the interaction is shown in detail.
SEH residues are colored hot pink, hVα27 chain residues are colored violet and hVβ19 residues are
colored wheat. Residues are indicated with a one letter code and numbered. (E) Ribbon diagram
of the SEH-TCR-MHC-II tri molecular complex. SEH is colored red, HLA-HA-DR1 is colored blue
(α chain) and orange (β chain) and the TCR as indicated in C. (F) Superimposition of the SEI-HA-
HLADR1 complex over the trimolecular complex using the DR1 as template. SEI shown in pink is
clearly away from the interaction surface with the TCR α chain. The figures were performed using
PyMOL and the analyses of the structures were carried out using the CCP4i suite program.
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In 2010, Saline et al. solved the crystal structure of the ternary complex between
the human MHC class II molecule DR1 loaded with the Influenza hemagglutinin (HA)
(306–318) peptide (PKYVKQNTLKLAT), the human TCR (JM22:TRAV27/TRBV19) and the
enterotoxin SEH at 2.3 Å of the resolution. The structure reveals that SEH mostly contacts
the variable portion of the TCR α chain and only 6% of the variable portion of the β chain.
Until now, SEH was the only SE described which presents this kind of binding [223].

With the aim to investigate if other staphylococcal enterotoxins interacting with the
DR1 β chain and displaying a similar orientation than SEH over the MHC-II molecule could
contact the TCR α chain, we superimposed the structure of SEI-DR1 over the structure
of the ternary complex using the DR1 β chain as the template. SEI and SEH show a
displacement that puts SEI away from the sphere of the interaction with the variable
portion of the TCR α chain (Figure 3). Furthermore, a sequence analysis that took into
account all the staphylococcal enterotoxins contacting the DR1 β chain [219,223] shows that
none of them conserve the crucial residues to contact the variable portion of the TCR α chain,
nor hydrogen bonds or Van der Waals contacts. Considering all the available structural
information, SEH would be the only described SE that presents that kind of binding.

The interaction between staphylococcal SAgs and other molecular targets, such as CD1,
B7, CD28 and gp130, is well documented. Even though these interactions were not tested
in all the staphylococcal SAgs, the conserved residues in their sequence strongly suggest
that all of them could bind these molecular targets. Nevertheless, more studies should be
conducted to determine the physiological consequences of these bindings. Kaempfer et al.
reported in deep detail the interaction between SAgs and B7/CD28 molecules, and as a
consequence of this binding, SAgs would improve the contact between B7-2 and CD28,
inducing T cell hyperactivation [211–213,224].

The interaction between CD1 and staphylococcal SAgs was described by Gregory and
collaborators in 2000, and the engagement between SAgs and the CD1a isoform on the
monocyte surface disturbs the intracellular calcium flux, altering the biological functions of
the target cell [225].

The new molecular targets described increase the cell populations affected by SAgs,
implying direct effects outside the immune system.

Latterly, the interaction between gp130, the interleukin 6 receptor and SEA was de-
scribed by Banke [184]. Gp130 binds SEA with medium affinity inducing phosphorylation
of STAT3 in adipocytes. They suggested that an Asp in position 227 would be necessary to
stabilize the interaction. Nonetheless, more recently, Noli Truant and collaborators demon-
strated that non-classical SAgs lacking Asp227 also interact with gp130 with micromolar
affinity [62]. Later, it was shown that SEE can bind human gp130 with a similar affinity to
SEA, whereas SEH displays a ten-fold lower affinity [226].

In recent years, Schlievert and collaborators showed that TSST-1, SEB and SEC induce
pro-inflammatory chemokine production from human vaginal epithelial cells, being that
TSST-1 is much more potent than the others. In addition, using CRISPR-Cas9 knockout
CD40 cells, it was shown that this receptor is essential for the chemokine response and
that the specificity of TSST-1 for menstrual TSS is in part dependent on the higher-affinity
interaction with CD40 than other SAgs, such as SEB and SEC. Furthermore, CD40 seems
crucial for the disruption of the human vaginal epithelial barrier by pathogens such as
S. aureus and might be a potential therapeutic target for drug development [227–229].

2.5. Actions of SAgs on the Immune System Cells

Conventional immunity mediated by T cells is given by the interaction of an αβ TCR
and a complex MHC II-peptide [230,231]. If the TCR recognizes specifically the foreign
antigen, the interactions will trigger signaling pathways that will result in the proliferation
and differentiation of several clones of T cells [232]. As TCRs are highly diverse molecules,
only ~0.01% of the näive T cells will be capable of recognizing a particular antigen [233].

T cell activation by SAgs is distinctive from conventional T cell activation both qualita-
tively and quantitatively [234]. Given that the characteristic feature of SAgs is their ability
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to activate T cells in a variable beta chain-dependent manner [2], between 5 and 20% of the
total T cell population is activated as a consequence of SAg exposure. TCR diversity relies
on the CD3 loops due to the V (D) J recombination during T cell development; however,
there is a limited number of Vβ possible regions of the TCR, around 50 in humans, and
therefore, SAgs can activate many more T cells than conventional antigens. In addition,
SAgs can act in the order of picograms per mL [235], inducing a CPA-dependent production
of cytokines by T cells characterized by a Th1/Th17 profile [16].

Furthermore, T cell anergy, a phenomenon whereby T cells stop responding to stim-
uli, has been proposed as an S. aureus immune evasion tactic. While the first encounter
with classical SAgs induces a rapid clonal expansion of CD4+ and CD8+ T cells with
a strong production of Th1/Th17 cytokines, repeated SEA or SEB challenges transduce
a hyporesponsive state characterized by T cell deletions and anergy in the remaining
SEA/SEB-reactive T cells [236,237]. As a consequence of repeated exposure to SEA, SEB
and some streptococcal SAgs, there is an induction of CD25+ FOXP3+ CD4+ T cells Vβ

specific with a regulatory profile that expresses IL-10 [238,239] as well as a promotion
of CD4+ CD25- T cells [240]. This anergy has been attributed at least in part to CD8+
regulatory suppressive T cells in the case of SEA, SEB, TSST-1 and SEC, and may depend on
the concentration of SAgs used to stimulate T cells [241–243]. Nonetheless, these regulatory
T cells appear to turn ineffective in the massive inflammatory context of TSS [244].

Using SPEA, Sahr and collaborators showed that SAg-stimulated APCs induce pro-
inflammatory responses but also promote the initiation of co-inhibitory circuits such as
anti-inflammatory cytokines (IL-10), co-inhibitory molecules (PD-L1) and the induction of
inhibitory effector programs (IDO) [245]. However, they performed all the assays using
only one streptococcal SAg, which seems not enough to generalize for all SAgs.

No reports of T cell anergy using non classical SAgs were found to date; nevertheless,
almost every publication using one or two classical staphylococcal SAgs concluded above
all SAgs, which may not be true for each of the 30 toxins identified. Although they all
are likely to induce anergy, considering that all SAgs stimulate T cells with low specificity,
confirmation is required.

Although it is still unclear how exactly anergy occurs, it is clear that not only T cells
participate in the reported immunosuppression but also APCs and other immune cells
involving several mechanisms, such as anergy, deletion of effector T cells, development of
Tregs and induction of tolerogenic profiles in different cell types that should be addressed.

While the superantigenic and enterotoxic effects of SAgs are the most studied mecha-
nisms of the pathogenicity of these toxins, several new works have shown that SAgs have
additional capacities.

Dendritic cells (DCs) can uptake SAgs, without inducing maturation, having the
ability to maintain themselves as biologically active inside this cell type. Ganem and
collaborators reported that DCs effectively incorporated SAgs in a dose-dependent manner
by macropinocytosis, retaining unmodified SAgs in endosomes to finally release them to
the extracellular medium [214]. Moreover, it was demonstrated that solely the uptake of
SEG, SEI, SSA, SEB and SEA did not induce the maturation of DCs [246]. Concerning the
retention of biological activity, in this study, SEG conserved its three-dimensional structure
since it was recognized by polyclonal antisera during the entire uptake process, inclusion
in diverse vesicles and exposure on the membrane, in addition to being able to stimulate
T cells in vivo and in vitro. This strongly suggests that SAgs traffic through DCs in intact
form. This is not surprising, given that SAgs are known to be very stable and highly
resistant to proteases and can resist temperatures of 60 ◦C or higher, as well as extreme
pHs. Earlier studies showed that DCs are more efficient than other APCs, such as B cells or
monocytes, to initiate T cell proliferation by presenting TSST-1, SEA, SEB and SEE. Results
suggested that picomolar levels of these SAgs are required on DCs to maximally stimulate
T cells. This would be related to the high amount of MHC II expressed on DC surface [247].

An ex vivo study in mice showed that DC maturation and migration induced by
SEB and TSST-1 require T cell activation. Furthermore, it was evidenced that SEB is
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also able to upregulate MHC II, CD40, CD205 and CD86 markers [248]. Human DC
capability to upregulate MHC II, CD86, CD80, CD83 and CD54 in the presence of SEB
was also demonstrated. In contrast with previous data, Coutant et al. found no effect on
CD40 expression. An increase in the production of TNF-α by human DCs induced by SEB
was shown, compared to other compounds such as LPS. Enhancement of IL-12p270 human
DC production by SEB remains controversial because some suggest that it occurs, and
others affirm that it does not affect its production [249,250].

As mentioned before, SAgs interact simultaneously with TCR on T cells and MHC
II on APC and they have to be in close contact, which occurs in the lymphoid tissues. It
was shown in mice DCs that they can internalize SEG, SEI and SSA as biologically active
molecules and recycle them into the cell membrane. This fact does not cause DC maturation.
SAgs were found intact in the acidic cells compartment and remained active. These results
suggest that intracellular trafficking of SAgs in DCs improves their local concentration and
promotes their encounter with T cells in lymph tissues [214].

SAgs induce cytokine production in APCs, which promote Th1/Th17 profiles [16].
However, an in vitro study in human DCs suggested that SEB may induce T cell im-
munoglobulin mucin domain (TIM) 4 expression in these cells when it is processed via
TLR2 and NOD1 pathways. The interaction between TIM4 in APCs and TIM1 in CD4+
naïve T cells induces a Th2 profile [250]. These results agree with the idea that SAgs may
have diverse effects on immune system cells depending on the interaction pathway.

Plasmacytoid dendritic cells (pDCs) are another innate cell subpopulation that may
interact with SAgs. An assay in mice demonstrated that SEA increases the number of
pDCs in lymphoid organs and promotes the expression of CD86 and CD40. Furthermore,
pDCs would strictly require the presence of IFN-γ, in addition to the interaction with T
cells, for maturation. In contrast, DCs do not depend on this cytokine for its activation by
SAgs [251].

It has been reported that the interaction of SEB with monocytes enriched from PBMCs
induced cell death and IFN-γ production [252]; however, the presence of the remaining T
cells, a possible source of IFN-γ, cannot be discarded in those studies. Furthermore, egc
SAgs inhibited monocytic proliferation in a dose-dependent manner, promoting cell death
by apoptosis, and to a lesser extent, by necrosis. The significant production of TNF-α,
IL-6 and IL-12 but not of IFN-γ was detected in this scenario [62]. Only SEI induced
early apoptosis at the times assayed, similar to SEB that would induce TNF-α dependent
apoptosis in THP-1 cells (a cytokine that the classical SAg induces to a greater extent than
egc SAgs [253]), suggesting that other intracellular pathways might be involved in the death
processes promoted by different SAgs. In concordance, Ulett and Anderson [254] proposed
that death pathways could vary not only between different cell types but considering the
toxin and the molecular conditions of the stimuli. Furthermore, the absence of CD4+ T cells
in the cultures of THP-1 may explain the lack of IFN-γ production [255].

Macrophagic cells obtained by PMA-differentiated THP-1 cells inhibited their prolif-
eration and produced pro-inflammatory cytokines in response to egc SAgs. In addition,
SEI induced significant cell death by apoptosis in this cell type, while SEG, SEM and SEO
induced death by apoptosis as well as by necrosis. SEB is the only classical SAg reported
to induce apoptosis in THP-1 cells PMA-differentiated to macrophages by caspases 3 and
8 [252], but this does not necessarily explain the death mechanism of egc SAgs. All these
results not only demonstrate that damage mechanisms are variable according to each toxin,
between other factors, but that the response triggered by different SAgs simultaneously
may be more diverse than expected.

Despite visible differences, several studies have shown evidence that immune activa-
tion generated by classical and new SAgs is similar [256], inducing an intense profile of the
Th1/Th17 immune response [235,257–260].

Although Dauwalder (2006) suggested that egc SAgs would have a different inflamma-
tory potential than classical SAgs, which may explain the different severity of the symptoms
caused by S. aureus carriers of one or another type of SAg, this has not been confirmed by
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other authors. Possibly, their results could be attributed to differences in the production or
the purification of SAgs, considering that they used a purchased SEA and a lab-produced
SEG, or even to the concentrations used. The most accepted hypothesis is that the differ-
ences between the effects of classical and egc SAgs lie in a complex network of regulatory
pathways that determine the moment and the conditions in which S. aureus produces
them [256,261], resulting in much lower concentrations of egc SAgs compared to classical
SAgs [87–89], as was mentioned in Section 2.2.

In contrast with αβ T cells, γδ T cells constitute between 1 and 5% of PBMCs and are
mainly concentrated in skin and mucosa. Eighty percent of γδ T cells in peripheral blood
co-express the chains Vγ9 (alternatively Vγ2) or Vδ2, and it has been demonstrated that
when activated, they can act as antigen-presenting cells [262], in addition to having the
cytotoxic capacity and a great source of cytokine production. While some works stated
that some classic SAgs, such as SEA, SEB and TSST-1, can stimulate directly or indirectly
different subsets of γδ T cells, differences are referring to each SAg [260,263,264]. These
suggest that the activation of this specific cell type could be related to a characteristic
affinity of each subset of γδ TCR and its capacity to interact with one or another SAg,
indicating that the residues involved in the binding with the αβ and γδ TCR are not shared.
The capacity to stimulate this subpopulation of T cells has been extended to other SAgs;
however, no evidence supports this fact for non-classical SAgs.

Furthermore, it has been reported that SEB activates NKT cells, and that SEA and SEB
can interact with invariant NKT cells (iNKT) [265–267], inducing a pathogenic role of this
cell type in SST. Moreover, classical SAgs interact with B cells [268–270], and IgE antibodies
against superantigens have been detected [271,272].

It is demonstrated as well that SEA, SEB, SEE and TSST-1 can interact with mast
cells [60,273–275], and the novelty that SEB activates mucosal-associated invariant T
cells (MAIT cells) to produce high levels of INF-y, TNF-α and IL-2 and then induces
anergy in this cell type [276]. MAIT cells are an unconventional T cell subset with a
semi-invariant T cell receptor that recognizes antigens presented in the context of classical
MHC-like molecules [277] and are involved in microbial immunity displaying protective
and pathogenic responses [278,279]. Again, there is no information about the effect of
non-classical Sags on these cells.

SSL toxins are another group of exotoxins of S. aureus that are unable to induce T
cell proliferation but can contribute to immune evasion [48], interfering with complement
and neutrophil function [280]. Similarly, SelX can bind both monocytes and neutrophils,
impairing neutrophil activation [281,282], and is considered the first line of defense against
S. aureus [283].

Although the activation of other cell types could have a considerable impact on the
immune system response, almost every study published has been developed using the less
prevalent classical SAgs, and it is not clear if their effects can be extended to the newer
SAgs, which are widely distributed, such as the egc operon SAgs.

Due to their ability to interact with several components of the immune system, SAgs
have been clinically used as immune modifiers in neoplasm treatment and other pathologies.

2.6. Superantigens as Therapeutic Tools

Considering the complexity of oncological processes, altered superantigens with
reducing systemic toxicity that conserves the ability to eliminate tumoral cells have being
considered as alternative therapies. Indeed, several cancer cell lines are effectively attacked
by PBMCs activated by classical SAgs. Furthermore, various SAgs mutated in the MHC
II contact region have been created willing to keep the antitumoral effects of SAgs, thus
reducing systemic toxicity. Considering this strategy to diminish side effects, SAgs continue
being extensively investigated for oncological applications either alone or in combination
with classical anticancer drugs [284]. It was described that PBMCs stimulated with SEA
display the ability to promote the death of human lung carcinoma A549 cells [285]. Similar
results were observed when SEB-stimulated PBMCs induced apoptosis on transitional cell
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carcinoma cells [286]. These first studies were carried out with wild-type superantigens,
which conserved intact their potent inflammatory activity. With the aim to avoid SAg
systemic toxicity, various SAgs altered in hot spot regions have been created. That is the
case for SEA D227A, which was conjugated with an antitumor Fab antibody; the fusion
protein conserved the capacity to activate T cells but reduced the binding to the MHC-II
molecule 500 times, compared to wild-type SEA [287]. Moreover, SEC2 double mutant,
T20L/G22E, inhibited the growth of S180 sarcoma with less toxicity in mice [288].

Other alternatives to reduce systemic toxicity in using SAg as therapeutic tools include
mutant SAgs that were designed as a part of chimeric single chain antibodies (scFv) specific
to tumoral antigens. These SAgs have been mutated in the binding site to the MHC-II
molecule with the aim of reducing their superantigenicity. These mutations reduced their
affinity to the MHC-II molecule, and the cytotoxic effect on MHC class II- expressing
cells [289]. Recently, a new generation of antibody–superantigen fusion proteins was
designed, in which the SAg, in this case SEA, was split into two fragments. Individually,
each fragment remains inactive, but when the biological formulation reaches the target
cell by binding to cell surface antigens, it dimerizes and the SAg regains its biological
functionality activating T cells. The effective split SEA design would not affect MHC class
II-expressing cells, but when bound to a tumor antigen via a targeting moiety it would
activate a T cell response [290].

Non-classical SAgs were also investigated in the immunotherapy field. The egc operon
superantigens SEG and SEI were linked to the endogenous human MHCII HLA-DQ8 al-
lele in humanized mice inducing a potent antitumor response and extending life in an
established melanoma mice model [291].

In addition, the combination of mutant SAgs with other molecules to create chimeras
that specifically stimulate the immune system with low toxicity is another strategy not fully
studied yet, but with promising results, as in the case of mutant SEG used as a candidate for
Chagas vaccination [292]. In that work, a chimeric molecule comprising a T. cruzi antigen
and a non-toxic form of SEG was used as a novel immunogen to confer protection against
T. cruzi infection. The mutant SAg used retained its ability to trigger classical activation of
macrophages without affecting T cells, because this Th1 profile was adequate to eradicate
intracellular protozoa such as T. cruzi, proving to be an effective immune modulator against
this parasite.

These uses of SAgs as therapeutic agents that permit taking advantage of these toxins
allow us to compare them to Dr. Jekyll, but it should not be forgotten that SAgs usually
also act as Mr. Hyde, causing several affections and worsening disease conditions.

Unfortunately, everything in nature has its Dr. Jekyll and Mr. Hyde side, and super-
antigens are one of the most crucial toxin threats in warfare or bioterrorism as they are
resistant to heat and can be administrated in contaminated water or as aerosols in the air.

It is our choice to use these toxins either like Dr. Jekyll or Mr. Hyde.

3. Concluding Remarks

Microorganisms evolve to evade the host immune system. All mammal pathogens
have to face a strong and complex immune response, designed to fight them back. Ma-
nipulating this kind of response could be the most effective mechanism to spread the
infection. This situation is the ideal scenario to develop a chronic infection and reach
an equilibrium between the effector mechanisms of the immune system and the war for
survival of the pathogen.

Staphylococcus aureus causes an acute infection where quick spread and colonization
are essential to reach its goal. Considering that inflammation is crucial for the resolution of
most bacterial infections, it is not clear how a pro-inflammatory state may help bacteria
succeed. However, the inflammation induced by SAgs seems to impair activation and
recruitment of important effector cells, promoting a temporal host immune suppression
and the survival of S. aureus. In view of the numerous diseases in which SAgs participate
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or are implicated, it can be ascertained that Mr. Hyde’s side of SAgs is the easily visible
face of these toxins.

For many years, it was considered that SAgs only affected T cell function, driving them
to anergy or apoptosis, and promoting host immune suppression. As described throughout
this work, SAgs would not only exert their function on T lymphocytes in the presence of
antigen-presenting cells, but they would also be capable of eliciting different effects on
monocyte/macrophage effector cells, Gδ T lymphocytes, lymphocytes B, neutrophils and
other cells not belonging to the immune system, such as adipocytes. In general, this action
would lead to nonspecific pro-inflammatory conditions that would deplete effector cell
populations, thus being inhibited to eradicate the bacteria that produce them, promoting
a state of host immunosuppression from the first to the last stages of the infection, which
would favor bacterial propagation. However, this intricate scenario, which is gradually
being cleared, can be reversed, by taking advantage of the action of SAgs while restricting
their effects for human benefit, thus revealing the protective yet still unclear Dr Jekyll side
of SAgs.
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Abstract: The protein toxin C3bot from Clostridium botulinum is a mono-ADP-ribosyltransferase
that selectively intoxicates monocyte-derived cells such as macrophages, osteoclasts, and dendritic
cells (DCs) by cytosolic modification of Rho-A, -B, and -C. Here, we investigated the application
of C3bot as well as its non-toxic variant C3botE174Q as transporters for selective delivery of cargo
molecules into macrophages and DCs. C3bot and C3botE174Q facilitated the uptake of eGFP into early
endosomes of human-monocyte-derived macrophages, as revealed by stimulated emission depletion
(STED) super-resolution microscopy. The fusion of the cargo model peptide eGFP neither affected the
cell-type selectivity (enhanced uptake into human macrophages ex vivo compared to lymphocytes)
nor the cytosolic release of C3bot. Moreover, by cell fractionation, we demonstrated that C3bot and
C3botE174Q strongly enhanced the cytosolic release of functional eGFP. Subsequently, a modular
system was created on the basis of C3botE174Q for covalent linkage of cargos via thiol–maleimide
click chemistry. The functionality of this system was proven by loading small molecule fluorophores
or an established reporter enzyme and investigating the cellular uptake and cytosolic release of cargo.
Taken together, non-toxic C3botE174Q is a promising candidate for the cell-type-selective delivery of
small molecules, peptides, and proteins into the cytosol of macrophages and DCs.

Keywords: clostridial C3 toxin; Clostridium botulinum; C3bot; C3botE174Q; dendritic cells; macrophages;
monocytes; stimulated emission depletion (STED); super-resolution microscopy

Key Contribution: C3bot and especially the non-toxic variant C3botE174Q can be used as cell-type-
selective molecular Trojan horses for transporting different cargo molecules into the cytosol of
macrophages and dendritic cells.

1. Introduction

C3bot is a protein toxin produced by Clostridium botulinum type C (C. botulinum) with
a molecular weight of 23.5 kDa [1]. When C3bot reaches the cytosol of a target cell, it
specifically mono-ADP-ribosylates Rho A, -B, and -C (in the following abbreviated as
Rho) at position N41 [2–4]. For enzyme activity of C3bot, the amino acid E174 (without
signal sequence) is essential, and the mutation E174Q leads to the enzymatically inactive
and thus non-toxic variant C3botE174Q [5,6]. As the first C3 toxin identified, C3bot is
the prototype of the C3-like ADP-ribosyltransferase family [7], comprising at least nine
different members produced by different organisms (C. botulinum, C. limosum, Staphylococcus
aureus, Bacillus cereus, and Paenibacillus larvae) [1,7–15]. In contrast to classical AB-type
protein toxins, most bacterial C3 toxins (except for PlxA and C3larvin [9,16,17]) do not
comprise a binding and translocation B-component, resulting in poor uptake into most
cell types [2,18]. However, it was demonstrated that the clostridial C3 toxins are efficiently
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internalized into monocytes, macrophages, osteoclasts, and neurons [18–22]. Recently,
human monocyte-derived dendritic cells (DCs) were also identified as specific target cells
for the clostridial C3 toxins [23]. The C3 catalyzed Rho-modification in these cells results in
impaired cell functions such as adhesion [24,25]; endo-, phago-, or exocytosis [2,26–28]; cell
migration [20,21,29,30]; or differentiation/maturation [19] (for a review, see [2,31]). Notably,
inactivation of Rho also results in a characteristic change in cell morphology as determined
by formation of long protrusions [32,33]. Despite the effect of Rho-ADP-ribosylation is
well examined, the exact cell entry mechanism of the C3 toxins remains widely unknown.
Comparable to bacterial AB toxins, the clostridial C3 toxins are also internalized into early
endosomes of macrophages and immature or mature DCs [18,23], but the exact mechanism
of endosomal escape is not understood.

Since C3bot is by nature cell-type-selective for monocyte-derived cells, its non-toxic
variant C3botE174Q represents a promising candidate as drug delivery tool. Cargo molecules
can be attached to C3botE174Q and specifically delivered into monocytic cells via the C3bot
uptake mechanism without harming the cells. This strategy has already been examined
in first attempts by delivering reporter enzymes into the cytosol of macrophages [34–36].
Two of the tested enzymes were subunits of other bacterial toxins, i.e., DTA (21 kDa) from
diphtheria toxin [35] or C2I (50 kDa) from the binary C. botulinum C2 toxin [36]. Moreover,
RNase A (14 kDa) [34] was delivered into the cytosol of macrophages by C3botE174Q.
These cargo enzymes were attached via two strategies, i.e., generation of fusion proteins
(C3botE174Q_C2I) [36] or by creating a modular system on the basis of the interaction of
biotin (attached to cargo) and streptavidin (attached to C3botE174Q) as proven for delivery
of DTA and RNase A [34,35]. Despite this strategy seeming quite promising for delivering
foreign proteins into macrophages, non-covalent attachment of cargo via the streptavidin–
biotin system comes with some disadvantages. The preparation of the streptavidin-based
transporters was contaminated by unspecific side-products [34], and streptavidin reduces
the cell type-selectivity of the C3botE174Q transporters, potentially by influencing the
interaction with cell surface proteins [34,35].

In the present study, we aimed to investigate the functions of C3bot and C3botE174Q as
cellular delivery systems in more detail and to extend their applications. Therefore, a fusion
protein based on C3bot and the green fluorescent protein (eGFP) was generated. This
fusion protein was cell-type selectively internalized into human macrophages as compared
with lymphocytes of the same donor ex vivo. Fusion to C3botE174Q strongly enhanced the
internalization of the cargo model eGFP into early endosomes and cytosolic release of the
cargo protein, as shown for macrophages and human DCs. Notably, fluorescence of the
cytosolic eGFP was detected using a cell-fractionation assay verifying functionality of the
released cargo. Moreover, on the basis of thiol–maleimide click chemistry, a novel modular
system for fast, covalent, and specific attachment of cargo was created. Effective loading
of the system with different cargo molecules was confirmed. It was demonstrated that
the uptake of small molecules into human macrophages and DCs is strongly enhanced
by their attachment to C3botE174Q. Finally, the novel C3botE174Q-based transport system
enhanced the delivery of C2I into the cytosol of DCs and thereby proves the concept of
the modular system with an established reporter enzyme. In conclusion, the C3botE174Q
transport system can increase the cell membrane penetration of cargo molecules. Notably,
C3bot is by nature cell type selective for monocyte-derived immune cells and is therefore
the ideal delivery system for targeting macrophages and DCs.

2. Results

2.1. C3bot and C3bote174q Enhanced the Endosomal Uptake of eGFP

To demonstrate that C3bot serves as a delivery tool, the uptake of the model cargo
eGFP into its target cells was investigated. The peptide eGFP was genetically fused to
C3bot or C3botE174Q, and the uptake into human monocyte-derived macrophages analyzed
by stimulated emission depletion (STED) super-resolution microscopy (Figure 1). Co-
staining of the early endosomal antigen 1 (EEA1) was used as a marker for endosomes.
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The fusion proteins His_eGFP_C3bot and His_eGFP_C3botE174Q were both internalized into
early endosomes, as indicated by surrounding of the eGFP-signals with EEA1 (Figure 1a).

Figure 1. C3bot and C3botE174Q facilitated the endosomal uptake of eGFP into human monocyte-
derived macrophages ex vivo. Cells were treated at 37 ◦C for 30 min with 250 nM His_eGFP_C3bot,
His_eGFP_C3botE174Q, or His_eGFP, or were left untreated (NC). After staining of EEA1 and eGFP,
STED super-resolution microscopy was performed. (a) Representative super-resolution images are
depicted with magnification marked by white squares. Scale bars on the right correspond to 5 μm or
300 nm and hold for all images. (b) The experiment was repeated with macrophages derived from
five individual and independent donors (n = 5 donors). The detected eGFP signals were quantified
for each treatment, and the means are depicted with standard deviations (± SD). For NC, no eGFP
signals were detectable, as marked by “nd”. Compared to the His_eGFP samples, significance testing
was performed using Student’s t-test (ns = not significant, * p < 0.05). By comparing the samples of
His_eGFP_C3botE174Q to His_eGFP_C3bot, no significant differences were found, as indicated by “ns”
and the line above the respective columns. The figure is modified from [37] under the authors’ rights.

These eGFP signals are condensed at specific locations within the endosomes ei-
ther in the inner lumen or at the membrane of the vesicles (see magnifications). For
His_eGFP_C3botE174Q, 81.5 ± 15.9% and for His_eGFP_C3bot 91.6 ± 4.5% of the detected
eGFP signals were in close proximity (<250 nm) with EEA1 (see Table S2), indicating that
most eGFP signals are associated with early endosomes. In contrast, His_eGFP alone was
not efficiently endocytosed by the macrophages, and only a neglectable amount of green
fluorescence was detected, as shown in the quantification of the STED images (Figure 1b).

109



Toxins 2022, 14, 711

All tested five blood monocyte donors showed an enhanced uptake of His_eGFP_C3botE174Q
and His_eGFP_C3bot compared to His_eGFP alone; however, the mean number of eGFP
signals per image varies from donor to donor (see Table S1). These results thereby indicate
that cellular uptake of eGFP is specific and significantly enhanced by coupling the cargo
model to the transporter platform C3bot or C3botE174Q.

2.2. His_eGFP_C3botE174Q Was Selectively Internalized into Human Macrophages Ex Vivo

After confirming that transport of cargo into macrophages can be enhanced by C3bot
or C3botE174Q, we investigated whether His_eGFP_C3botE174Q still possessed the cell-type
selectivity of wild-type C3bot. Hence, cellular uptake into human-monocyte-derived
macrophages was compared with uptake into lymphocytes of the same blood donor.
Initially, the different cells were treated separately with His_eGFP_C3botE174Q, and in-
ternalization of eGFP was quantified in flow cytometry (Figure 2a). Since only inter-
nalized cargo should be analyzed, cell-surface-bound eGFP signals were quenched by
using an established trypan-blue-based assay [38–40]. Uptake of His_eGFP_C3botE174Q into
macrophages was strongly enhanced in comparison with lymphocytes, which internal-
ized only a minor portion of the fusion protein (Figure 2a). Notably, even with 800 nM of
His_eGFP_C3botE174Q, only a minor portion was internalized by the lymphocytes (Figure 2a;
for the experiment with a lower concentration, see Figure S1).

 

Figure 2. Cell-type-selective uptake of His_eGFP_C3botE174Q into primary human macrophages
compared to lymphocytes ex vivo. (a) Human-monocyte-derived macrophages and lymphocytes of
the same donor were separately treated with 800 nM His_eGFP_C3botE174Q for 20 min at 37 ◦C. The
cells were washed with PBS, and extracellular or membrane-bound eGFP signals were quenched with
trypan blue directly before flow cytometry measurement. The averaged relative median fluorescence
intensity (normalized to untreated cells (NC)) is depicted in the column diagrams (mean ± SD,
n = 5). (b) Monocyte-derived macrophages and lymphocytes of the same human blood donor were
co-cultured (1:5 ratio) and treated with 400 nM His_eGFP_C3botE174Q or His_eGFP at 37 ◦C for 1 h. The
cells were fixed, and the cell nuclei (blue) were stained with DAPI. MHC class II (red) was stained as
marker for macrophages. All in confocal microscopy detected fluorescence signals (eGFP, DAPI, and
MHC class II) were merged, and representative images are depicted with magnification as indicated
by the white squares. Scale bars on the right apply to the complete row of images (25 μm for full-size
images, and 10 μm for magnifications). The figure is modified from [37] under the authors’ rights.

On the basis of these findings, a co-culture of macrophages and lymphocytes of the
same blood donor was treated with His_eGFP_C3botE174Q. For the control, the co-culture
was treated with His-eGFP alone. The macrophage population was marked by staining
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of the major histocompatibility complex (MHC) class II on the cell surface (Figure 2b).
In this co-culture, His_eGFP_C3botE174Q was cell-type selectively internalized into hu-
man macrophages, as indicated by the green signals surrounded by red MHC class
II staining. Moreover, about 70–90% of the total macrophage population internalized
His_eGFP_C3botE174Q (see Figure S2). Hence, direct coupling of cargo molecules to the
transporter system did not affect the cell-type selectivity, and C3botE174Q can be used to
enhance the uptake of cargo molecules.

2.3. Functional eGFP Was Delivered into the Cytosol of DCs and Macrophages via C3bot
and C3botE174Q

Next, we investigated whether the cargo model eGFP was released into the cytosol
of target cells. Since eGFP is hardly detectable in the cytosol, even with state-of-the-art
fluorescence microscopic techniques, at first, an indirect approach based on the cyto-
toxic effect of C3bot was used. We compared the morphological changes induced by
C3bot with those induced by cargo-labeled His_eGFP_C3bot to evaluate whether coupling
of cargo interfered with the uptake process of the toxin. Therefore, cells of a mouse
macrophage cell line (J774A.1) were treated with increasing concentrations of C3bot or
His_eGFP_C3bot (Figure 3). Treatment with His_eGFP_C3bot induced characteristic changes
in cell macrophage morphology, i.e., formation of long cell protrusions, comparable to wild-
type C3bot (Figure 3a). In contrast, His_eGFP_C3botE174Q did not induce such characteristic
changes in cell morphology, confirming that enzymatic activity of C3bot is required for
this effect. Since the fusion proteins were produced in Escherichia coli (E. coli), the effect
of lipopolysaccharides (LPS) was also tested. LPS endotoxins are common impurities
in recombinant protein expression in Gram-negative bacteria that can activate immune
cells, e.g., macrophages [41,42]. Despite treatment with LPS slightly influencing J774A.1
cell morphology and more intracellular inclusions being visible compared to the negative
control (NC), the clear and striking formation of protrusions cannot be explained by a
potential LPS contamination (Figure 3a). Hence, the results indicate that active C3bot is
required for induction of the morphological change and, most importantly, eGFP labeling
did not affect this effect. This becomes even more obvious by quantifying the cells with
C3 morphology and comparing different concentrations in a time course (Figure 3b) or at
defined time points (Figure 3c). Importantly, no significant differences were detected by
comparing same concentrations of wild-type C3bot with His_eGFP_C3bot.

These results were furthermore confirmed by analyzing the Rho ADP-ribosylation
status inside the cells. A sequential Rho ADP-ribosylation assay was used for detection of
non-ADP-ribosylated Rho in intact cells (Rhonon-ADP-rib.) (Figure 4). Notably, in this assay,
weak signals indicate strong ADP-ribosylation of Rho by the toxin inside the target cells.
Equal protein loading was controlled by detection of heat shock protein 90 (HSP90). The
detected Rhonon-ADP-rib. decreased, i.e., Rho-ADP-ribosylation in the intact cells increased
with the concentration of C3bot or His_eGFP_C3bot. In accordance with the morphological
assays, eGFP labeling inhibited neither the Rho ADP-ribosyltransferase activity of C3bot in
J774A.1 macrophages (Figure 4a) nor the activity in human DCs derived from a sarcoma
cell line (U-DCS cells, see Figure 4b). Taken together, the results indicate that cytosolic
release of C3bot into target cells (macrophages and DCs) is not inhibited by fusion with the
cargo model eGFP.

Since this approach is quite indirect for the detection of cytosolic cargo release,
alongside the fact that intracellular degradation of the fusion constructs cannot be ex-
cluded, we directly analyzed the presence of cytosolic eGFP with an established digitonin-
based cell fractionation [34,36]. After treatment with the eGFP-labeled proteins (His_eGFP,
His_eGFP_C3bot, and His_eGFP_C3botE174Q), the cells were separated into cytosolic and
membrane fractions.

For isolation of the cytosol, digitonin was used to form small pores into the cell
membrane that are smaller than endosomes or other organelles. Hence, only the cytosolic
proteins were able to leave the cells. Successful separation of the cytosolic fraction from the
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membrane fraction (containing endosomes) was confirmed by Western blot detection of
EEA1, which was only present in the membrane fractions (Figure 5a). As a loading control
for cytosolic proteins, HSP90 was detected.

 

Figure 3. Fusion of eGFP to C3bot did not affect the cytosolic release of C3bot in J774A.1 macrophages.
(a) J774A.1 cells were treated with C3bot, His_eGFP_C3bot, His_eGFP_C3botE174Q (200 nM each), or
1 μg/mL LPS, or were left untreated (NC). The images show representative phase contrast images
after an incubation time of 12 h with 50 μm scale bar. (b,c) J774A.1 macrophages were treated
with increasing concentrations (25, 50, 100, 200 nM) of C3bot or His_eGFP_C3bot, with 200 nM
His_eGFP_C3botE174Q, with 1 μg/mL LPS, or were left untreated (NC). Phase contrast images were
taken after incubation times of 2, 4, 6, 8, 10, 12, and 24 h at 37 ◦C. The cell portion with characteristic
stellate C3 morphology was quantified and divided by the total amount of cells per image. The ratios
(mean ± SD, n = 3) are depicted in time course diagrams (b) and column diagrams after 6 or 12 h
(c). (c) Compared to the NC, statistical significance was tested via Student’s t-test, and columns are
labeled according to following significance levels: ns p > 0.05, * p < 0.05, ** p < 0.01, **** p < 0.0001.
Additionally, the same concentrations of C3bot and His_eGFP_C3bot were compared via Student’s
t-test, as indicated by the lines and significance levels above the representative columns. The figure is
modified from [37] under the authors’ rights.
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Figure 4. Fusion of eGFP to C3bot did not affect the cytosolic ADP-ribosylation of Rho in J774A.1
macrophages or U-DCS cells. J774A.1 cells (a) and U-DCS cells (b) were treated with increas-
ing concentrations (50, 100, 200 nM) of C3bot or His_eGFP_C3bot, respectively, with 200 nM
His_eGFP_C3botE174Q, with 1 μg/mL LPS, or they were left untreated (NC). After 7 h of incuba-
tion at 37 ◦C, the cells were washed and lysed, and then a sequential ADP-ribosylation assay was
performed for detection of non-ADP-ribosylated Rho in intact cells (lower band in left lower panels).
The relative integrated density values for Rhonon-ADP-rib. were normalized to the HSP90 loading
control (left upper panels) and depicted in a column diagram (mean ± SD, right panels). The detected
bands above 26 kDa (upper band in left lower panels) were probably unspecific binding sites of the
used streptavidin–peroxidase conjugate, which did not correlate with any treatment conditions. For
J774A.1 macrophages in (a), five replicates (n = 5), and for U-DCS cells in (b), four replicates (n = 4)
were averaged. Notably, weak signals in the sequential ADP-ribosylation assay indicated strong toxin
activity in intact cells. Compared to the NC, statistical significance was tested via Student’s t-test,
and columns are labeled according to following significance levels: ns p > 0.05, * p < 0.05, ** p < 0.01,
**** p < 0.0001. Additionally, the same concentrations of C3bot and His_eGFP_C3bot were compared
via Student’s t-test, as indicated by the lines and significance levels above the representative columns.
The figure is modified from [37] under the authors’ rights.

Already after 1 h of incubation with the constructs, signals for eGFP were detected
in both fractions, indicating cytosolic release of eGFP (Figure 5a). For His_eGFP_C3bot
and His_eGFP_C3botE174Q, the eGFP signals were detected at a height of about 55 kDa,
corresponding to the size of full-length fusion proteins (calculated at 52 kDa). For His_eGFP,
the signals were detected at about 34 kDa, which also fitted into the calculated molecular
weight of about 28.4 kDa. These results indicate that eGFP-labeled proteins were not
degraded during cellular uptake. Due to the nature of this assay, it is not possible to
compare the protein amounts in one fraction with that in the other fraction, but rather the
signals within one fraction should be compared. In both fractions, the detected eGFP signals
were much stronger for the fusion constructs His_eGFP_C3bot and His_eGFP_C3botE174Q
compared to His_eGFP alone (Figure 5a), indicating that uptake into intracellular vesicles
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(membrane fraction) as well as cytosolic release of the cargo model eGFP were significantly
enhanced by coupling to C3bot or C3botE174Q (for Western blot quantification and statistical
analysis, see Figure 5b).

Figure 5. C3bot and C3botE174Q increased the cytosolic release of the functional cargo model eGFP.
(a,b) U-DCS cells were treated with His_eGFP_C3bot, His_eGFP_C3botE174Q, or His_eGFP (250 nM
each), or were left untreated (NC) for 1 h at 37 ◦C. Subsequently, the cytosol was separated from
the membrane fraction (containing endosomes) in a digitonin-based assay. (a) In a Western blot, the
separation was confirmed by detection of EEA1 as a maker for endosomes that should not be present
in the cytosolic fraction. HSP90 was detected as a cytosolic marker, present in both fractions, since
the cytosol did not completely leave the cells (see Section 5.14). The presence of eGFP in the cytosol
or membrane fraction was analyzed by using a primary anti-GFP antibody. (b) The Western blots
were quantified, and the normalized integrated density values were plotted in a column diagram
as mean ± SD (n = 7). For the cytosolic fraction, eGFP was normalized to the detected HSP90
signals, and for the membrane fraction, it was normalized to the EEA1 signals. The individual
values for each repetition are available in the Supplementary Materials (Table S3 for the cytosolic
fraction and Table S4 for the membrane fraction). (c) U-DCS cells were treated with His_eGFP_C3bot,
His_eGFP_C3botE174Q, or His_eGFP (250 and 500 nM each), or left untreated (NC) for 5 h at 37 ◦C.
Digitonin-based cell fractionation was performed as described above and controlled by Western
blotting (data not shown). The functionality of eGFP in each fraction (cytosol in the left panel and
membrane in the right panel) was analyzed by fluorescence detection at 488 nm and an emission
wavelength of 510 nm in a microplate reader. (b,c) Compared to the respective His_eGFP treatment,
statistical significance was tested via Student’s t-test, and the following significance levels were
defined: ns p > 0.05, * p < 0.05, ** p < 0.01. (b) Additionally, the same concentrations of C3bot and
His_eGFP_C3bot were compared via Student’s t-test, as indicated by the lines and significance levels
above the representative columns.
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For assay control, it was confirmed that the fusion proteins His_eGFP_C3bot and
His_eGFP_C3botE174Q were equally detected compared to His_eGFP by the GFP antibody
(see Figure S3b,c). In this additional Western blot (Figure S3b,c), the detected signals for
His_eGFP_C3bot were slightly weaker compared to His_eGFP and His_eGFP_C3botE174Q;
however, this minor difference was neglected since it did not object to the final conclusion
in the digitonin-based cell fractionation assay.

After confirming that cargo delivery can be enhanced by coupling to C3bot and
C3botE174Q, we investigated whether the cytosolic eGFP was still functional. Therefore,
fluorescence of the cytosolic and membrane fraction was analyzed with a microplate
reader after treatment of cells with His_eGFP, His_eGFP_C3bot, or His_eGFP_C3botE174Q
and digitonin-based separation. Fluorescence signals thereby increased in a concentration-
dependent manner, and cytosolic fluorescence was significantly enhanced by coupling
eGFP to the C3bot transporters (Figure 5c, left panel). Taken together, the results indicated
that the endosomal uptake and cytosolic release of the eGFP cargo model into macrophages
and DCs can be strongly enhanced by using C3bot or C3botE174Q as delivery tools and that
the cargo remains functional inside these target cells.

2.4. Characterization of a Modular System for Fast Attachment of Cargo to C3botE174Q

After proofing the concept of using C3botE174Q as a shuttle system for the cargo model
eGFP, the next step was to generate a modular delivery system for fast attachment of
various cargos, i.e., small molecules and proteins. Since the earlier published streptavidin-
biotin system comes with the cost of reduced cell type selectivity [34,35], direct coupling of
C3botE174Q with cargo via thiol–maleimide click chemistry was investigated to possibly
overcome this problem. By nature, C3botE174Q does not contain any thiol group (no
cysteine), and therefore this reaction group can simply be inserted side specifically by
a point mutation. A single cysteine amino acid was inserted at the N-terminal end of
C3botE174Q (A1C), and this mutant will be further referred to as Cys-C3botE174Q. After
protein purification, the thiol group can be loaded with different maleimide-labelled cargo
molecules (see the cartoon in Figure S4a and example cargo in Figure S4b) by incubation for
2 h on ice. Successful protein loading was indicated by a shift to higher molecular weight,
as observed by SDS-PAGE. As proof of concept, we loaded different maleimide-labeled
cargos, i.e., a small molecule fluorophore (maleimide_Dylight 488 (mDL488), 0.8 kDa),
larger fluorescein-isothiocyanate-labeled polyethylene glycol (mPEG_FITC, 5 kDa), or the
reporter enzyme C2I (mC2I, 50 kDa). For all cargo molecules, a shift in molecular weight
was detected as expected for successful coupling (Figure S4c).

After confirming the cargo coupling to the Cys_C3botE174Q-system, successful cellular
delivery was tested in different assays. First, the uptake of the small molecule fluorophore
mDL488 into macrophages (Figure 6a) and DCs (Figure 6b) was investigated. Internaliza-
tion of mDL488 was only facilitated when the cargo was directly coupled to Cys_C3botE174Q.
In contrast, neither for the treatment with cargo alone (mDL488) nor in combination with
free uncoupled C3botE174Q green internalization signals were detected. These results
indicate that the generated modular system enhanced cellular uptake directly and not
indirectly by simply enhancing endocytosis. Comparable results were obtained for the
lager mPEG_FITC cargo model, which was also more efficiently internalized into target
cells after coupling to Cys_C3botE174Q (Figure S5).

Finally, we investigated whether the cytosolic release of cargo was also enhanced
by the modular thiol–maleimide system. Therefore, the established reporter enzyme C2I
was labeled with maleimide (mC2I) via the bifunctional linker m-maleimidobenzoyl-N-
hydroxysuccinimide ester (MBS) and coupled to Cys_C3botE174Q. When C2I reached the
cytosol, it ADP-ribosylated G-actin, leading to cell rounding without affecting the cell
viability within 2 days of incubation [43,44]. Cell rounding also occurred when U-DCS
cells were treated with C2I in combination with its activated B-component C2IIa, providing
a robust and established control for successful cytosolic release of cargo (Figure 7a). In
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accordance with the literature [44,45], only minimal effects on cell viability/proliferation
were detected for the delivered C2I (Figure S6).

Figure 6. The small-molecule fluorophore was delivered into macrophages and DCs via
Cys_C3botE174Q. Human-monocyte-derived macrophages (a) and U-DCS cells (b) were treated with
free mDL488, mDL488-Cys_C3botE174Q, or uncoupled mDL488 together with C3botE174Q (250 nM
each), or were left untreated (NC) for 30 min at 37 ◦C. The cells were fixed, and cell nuclei (DAPI) and
MHC class II were stained as markers for cell shape and size. Confocal microscopy was used to detect
fluorescence signals, and the signals for mDL488 (green), DAPI (blue), and MHC class II (red) were
merged. Representative images are depicted with magnification as indicated by the white squares.
Scale bars on the right are applied for the complete row of images (25 μm for full-size images, and
10 μm for magnifications).

Although mC2I alone applied in high concentrations (220 or 880 nM) for 27 or 50 h
also induced some cell rounding of the dendritic sarcoma cells, this effect was significantly
enhanced by coupling mC2I to Cys_C3botE174Q (mC2I-Cys_C3botE174Q), as shown in the
quantification (Figure 7b). For proper control, 4.4-fold higher concentrations of mC2I
were used in comparison to mC2I-Cys_C3botE174Q in order to compensate for free mC2I
present in the coupling product (Figure S4b). Nevertheless, the Cys_C3botE174Q transporter
significantly increased the cytosolic release of mC2I, proving that the modular C3bot system
can serve as selective and specific tool for delivery of cargo molecules into the cytosol of
human monocytic cells.
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Figure 7. Cys_C3botE174Q enhanced the cytosolic release of the reporter enzyme C2I. (a) U-DCS cells
were treated with 200 nM mC2I-Cys_C3botE174Q, 880 nM mC2I, or a combination of 1 nM C2I with
1.66 nM C2IIa, or were left untreated (NC). Phase contrast images were taken after 27 and 50 h of
incubation, and representative micrographs are shown with a 50 μm scale bar. (b) U-DCS cells were
treated with 50 or 200 nM mC2I-Cys_C3botE174Q, 220 or 880 nM mC2I, or a combination of 1 nM
C2I with 1.66 nM C2IIa, or were left untreated (NC). Phase contrast images were taken after 27 and
50 h of incubation. The number of rounded cells was counted and divided by the total cell number,
and the resulting ratios are depicted in column diagrams as mean ± SD (n = 3) for the indicated
time points. The values for mC2I-Cys_C3botE174Q were compared with the corresponding mC2I
concentrations, and statistical significance was tested via Student’s t-test (indicated with a line above
columns) according to the following significance levels: ns p > 0.05, * p < 0.05, ** p < 0.01. The figure
is modified from [37] under the authors’ rights.

3. Discussion

The protein toxin C3bot selectively enters the cytosol of monocytic cells, including
macrophages and DCs, by endocytosis, and inhibits Rho-dependent processes in such
cells. Thereby, the toxin down-modulates essential functions of these important immune
cells, which should be detrimental in the context of an infection with C3-toxin-producing
bacteria. On the other hand, the cell-type selectivity of the C3 toxin can be exploited for
the targeted pharmacological down-modulation of excessive pro-inflammatory activity of
macrophages in the context of traumatic diseases [21]. Since hyperactive macrophages and
DCs play crucial roles in several inflammatory diseases, they are important drug targets,
and the C3 toxin should be a promising compound to selectively and specifically suppress
excessive reactions of these innate immune cells. However, the cell-type selectivity of
C3bot towards monocytic cells can be exploited for pharmacological purposes in a second
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way, i.e., for targeted delivery of therapeutic (macro-) molecules into these target cells and
their controlled release into the cytosol. Various bacterial AB-type protein toxins have
been used as drug delivery systems because of their unique mode of action, i.e., endocytic
uptake and endosomal release of the therapeutic cargo molecules to reach cytosolic drug
targets [46–48]. Since C3bot by nature enters monocyte-derived cells, a non-toxic variant of
C3bot should represent an ideal molecule for targeted drug delivery into macrophages and
DCs. Potentially, the cell penetration of novel therapeutics, e.g., peptides, proteins, nucleic
acids, or cell-membrane-impermeable small molecules, can be facilitated, and/or selective
targeting of macrophages and DCs as important immune cells can be improved by using
C3botE174Q as a drug delivery tool. The basic concepts for such a transport system were
investigated in this study.

As proof of concept, the cargo model eGFP was genetically fused to both C3bot
and C3botE174Q, and cellular uptake of the resulting fusion proteins into target cells
was investigated in comparison to non-target human blood cells. The fusion protein
His_eGFP_C3botE174Q was selectively internalized into the human-monocyte-derived
macrophages much stronger compared to lymphocytes of the same blood donor. Hence,
the cell-type selectivity of the wild-type C3bot was maintained, despite the attachment
of eGFP. The fluorescent protein eGFP is commonly used to follow uptake processes
or to localize intracellular proteins. The generated fusion proteins (His_eGFP_C3bot and
His_eGFP_C3botE174Q) were specifically internalized into early endosomes of human-
monocyte-derived macrophages, as unveiled by STED super-resolution microscopy. These
results confirm earlier results obtained for the J774A.1 cell line [18] and provide more
details about the localization within early endosomes. The eGFP signals are not evenly
distributed over the complete vesicles, but rather are condensed at specific sites where
potential translocation into the cytosol could take place. Earlier, our group observed a
similar C3bot condensation in endosomes for human-monocyte-derived mature or im-
mature DCs [23]. Only neglectable amounts of His_eGFP alone were internalized into
human-monocyte-derived cells, indicating that the C3bot transporters strongly enhance
the cellular uptake of this cargo model. After endocytosis, wild-type C3bot is released into
the cytosol of macrophages or DCs [18,23]. However, due to the stable β-barrel structure,
eGFP can potentially hinder the translocation process, resulting in lower toxin activity, as
shown for the diphtheria toxin [49] or for the anthrax pore [50]. In the present study, we
investigated whether this was also the case for C3bot translocation by comparing wild-type
C3bot with His_eGFP_C3bot in intoxication assays. In contrast to the diphtheria toxin or the
anthrax pore, not even the slightest reduction in toxin activity was detected for the fusion
construct His_eGFP_C3bot. Hence, this could be the result of (i) a very effective delivery
of the cargo together with C3bot into the cytosol, or (ii) very effective cleavage of the
fusion construct in the early endosomes to only release C3bot into the cytosol. This second
possibility, however, was ruled out by detection of cytosolic full-length His_eGFP_C3bot
and His_eGFP_C3botE174Q in a digitonin-based cell fractionation assay. Notably, no degra-
dation products were detected in either the cytosol or the membrane fraction, excluding
endosomal degradation. Importantly, cytosolic eGFP delivered by C3bot or C3botE174
was also proven to be functional by fluorescence detection. Since hypothesis (ii) could be
rejected, the possibility of (i) being correct seems plausible, indicating that even relatively
stable proteins such as eGFP are efficiently delivered into the cytosol of target cells via the
toxins’ uptake mechanism. It is possible that C3bot uses another translocation mechanism
compared to the diphtheria or anthrax toxin. This could explain the preserved toxin activity
of the eGFP fusion construct (His_eGFP_C3bot). This seems reasonable since C3bot has
no B-component that remains inside the endosomes [2,18], while this is the case for the
classical AB-type protein toxins. Moreover, it was shown earlier that C3bot does not form
pores but rather induces membrane flickering upon acidification [18]. By using C3bot or
C3botE174Q as a drug delivery tool, this special mechanism could potentially be utilized to
deliver stable cargo molecules into the cytosol of C3bot-target cells. In the digitonin-based
cell-fractionation assay, low amounts of cytosolic His_eGFP were detected when the cells
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were treated with cargo alone. This minor portion can be explained by unspecific uptake
and release. Alternatively, the His-tag could potentially function as a very inefficient cell-
penetrating peptide, as shown for cationic elastin-like polypeptide tags that enhance the
cellular uptake of GFP in dependency on the number of positive charges [51]. However, in
contrast to cells treated with His_eGFP_C3botE174Q or His_eGFP_C3bot, this portion is ne-
glectable, indicating that the C3bot-based transporters significantly enhanced the cytosolic
release of cargo.

To evaluate drug delivery via C3bot in more detail, a modular system for fast at-
tachment of cargo was generated on the basis of thiol–maleimide click chemistry. Three
different cargo molecules were efficiently loaded onto the Cys_C3botE174Q-transporter, and
uptake into DCs and macrophages was evaluated. Labeling with mDL488 was used to
simulate small molecule cargo (0.8 kDa). A polyethylene glycol cargo model (mPEG_FITC)
was used to simulate more bulky cargo molecules (5 kDa), and the reporter enzyme C2I
was used as a model for larger protein cargo (50 kDa). For mDL488 and mPEG_FITC,
uptake into macrophages and DCs was strongly enhanced by coupling to Cys_C3botE174Q.
Increased cytosolic release into DCs was detected for mC2I. Thereby, the modular system
was proven to be functional and can be used to deliver a wide range of different drugs into
these target cells.

Besides the action on macrophages and DCs, earlier publications have shown that
C3bot can independently of its enzymatic activity promote the outgrowth of neuronal
cells after spinal cord injury [22]. Coupling C3botE174Q with novel drugs could potentially
enhance this effect. Moreover, C3botE174Q could potentially also be used as a drug delivery
tool for targeting neuronal cells upon local application. The thiol–maleimide system could
serve as a platform for fast attachment of different drug candidates to C3botE174Q and
thereby accelerate such a drug development process.

By comparing this thiol–maleimide system with the earlier published biotin–streptavidin
coupling system [19,34] for coupling of cargo molecules to C3botE174Q, this novel system
provides some benefits but also comes with some costs. A disadvantage of the thiol–
maleimide system is that the cargo molecules themselves should not contain thiol groups to
ensure a specific and easy coupling process. Otherwise, maleimide-labeled cargo molecules
could form multimers. This could be prevented by using protection groups, but this com-
plicates the coupling process. In contrast, the main advantages of the thiol–maleimide
system over the biotin–streptavidin coupling system are that streptavidin-induced mul-
timerization can be excluded and that streptavidin cannot influence the natural cell-type
selectivity of C3bot, which was reduced/lost, as shown in earlier publications for the biotin–
streptavidin coupling system [34,35]. Internalization of the novel system only depends on
Cys_C3botE174Q and the attached cargo molecule.

Overall, the fully modular thiol–maleimide system will widely extend the applications
of C3botE174Q as a cell-type-selective drug delivery system for monocyte-derived cells,
as well as allowing for fast and easy attachment of various therapeutic cargo molecules
including macromolecules such as enzymes, peptides, or nucleic acids.

4. Conclusions

Taken together, we demonstrated that C3bot and its non-toxic variant C3botE174Q can
be used to deliver different cargo molecules into the cytosol of human macrophages and
DCs. Direct fusion of eGFP as a cargo model to C3botE174Q neither influenced the cell-type
selectivity as evaluated for human blood cells, nor interfered with cytosolic release of the
C3 toxin. C3bot and C3botE174Q can therefore serve in the delivery of relatively stable
functional proteins into the cytosol of their target cells. Additionally, thiol–maleimide
technology was used for rapid and easy attachment of various maleimide-labeled cargo
molecules to Cys_C3botE174Q in order to generate a fully modular transport system for the
targeted delivery and cytosolic release of molecules into macrophages and DCs.
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5. Materials and Methods

5.1. Cell Culture

All cells were cultured at 37 ◦C at constant saturated humidity and 5% CO2 up to
passage number 25. For U-DCS cells, a medium mix of IMDM (Lonza, Basel, Switzerland)
and RPMI 1640 (Gibco-Life Technologies, Carlsbad, CA, USA) in 4:1 ratio was used, and it
was supplemented with 10% fetal calf serum (Gibco-Life Technologies, Carlsbad, CA, USA),
0.1% insulin–transferrin–sodium selenite supplement (Roche Diagnostics, Basel, Switzer-
land), 1% L-glutamine (Thermo Fisher Scientific, Waltham, MA, USA), and 100 U/mL
(1%) penicillin–streptomycin (Gibco-Life Technologies, Carlsbad, CA, USA). Subconfluent
U-DCS cells were passaged after trypsin detachment (Roche Diagnostics, Basel, SUI) every
2 to 3 days and split into ratios of 1:2 or 1:3, respectively. J774A.1 macrophages were culti-
vated in DMEM with 10% FCS, 1 nM sodium pyruvate, 1% penicillin–streptomycin, and 1%
non-essential amino acids (all Gibco-Life Technologies, Carlsbad, CA, USA). Subconfluent
J774A.1 cells were passaged after mechanical detachment with a cell scraper (Sarstedt,
Nümbrecht, Germany) every 2 to 3 days and split into ratios of 1:4 or 1:10, respectively.
During passaging, cells were seeded in microtiter plates and used for the experiments on
the following or next but one day, respectively.

5.2. Differentiation of Human Monocytes into Macrophages and Co-Cultivation with Lymphocytes

Density gradient centrifugation (Ficoll-Paque™ Plus; GE Healthcare, Chicago, IL,
USA) was used to isolate human peripheral blood mononuclear cells (PBMCs) from buffy
coat preparations of anonymous healthy donors (Institute of Transfusion Medicine, Ulm
University). PBMCs were allowed to adhere in a cell culture flask for 90 min in AIM V cell
culture medium (Gibco-Life Technologies, Carlsbad, CA, USA). Non-adherent autologous
cells (lymphocytes) were transferred to a fresh flask and kept in AIM V until their use in
the incubator. Plastic-adherent monocytes were incubated with granulocyte-macrophage-
colony-stimulating factor (10 ng/mL; Miltenyi Biotec, Bergisch Gladbach, Germany) in
macrophage serum-free medium (Gibco-Life Technologies, Carlsbad, CA, USA) to gen-
erate primary human macrophages. After 6 days, macrophages were harvested using
1 mM EDTA/PBS (Sigma-Aldrich, St. Louis, MO, USA). If indicated, macrophages and
autologous PBMCs were co-cultured in a 1:5 ratio in a poly-L-lysine-coated 8-chamber slide.

5.3. Protein Expression and Cell Lysis

The plasmids coding for His_eGFP_C3bot, His_eGFP_C3botE174Q, His_eGFP (for its
origin, see [23]), C3bot, C3botE174Q, Cys_C3botE174Q (for origin see [52]), C2I, or C2IIa
were heat-shock transformed into competent Escherichia coli BL21. For the first preculture,
5 mL LB medium (1% tryptone, 0.5% yeast extract, 1% NaCl, 100 μg/mL ampicillin) was
inoculated with a single colony for 5–8 h at 37 ◦C and at 180 rpm in a shaking incubator. A
second 150 mL overnight culture in an Erlenmeyer flask was inoculated with the preculture.
The main culture of 4 L LB medium was inoculated with the overnight preculture (30 mL
per L) and incubated at 37 ◦C and 180 rpm until the OD600 reached 0.6–0.8. Protein
expression was induced by adding 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG,
Carl Roth, Karlsruhe, Germany). Subsequently, the incubation temperature was decreased
to 16 ◦C (for eGFP-labeled proteins) or to 29 ◦C (GST-tagged proteins) for the main culture
incubated at 180 rpm overnight. For harvesting, the cells were centrifuged at 5500 rcf and
4 ◦C for 10 min, and the pellet was resuspended in 40 mL buffer. GST-Lysis buffer (10 mM
NaCl, 20 mM Tris, 1% Triton X-100, 1% phenylmethylsulfonyl fluoride (PMSF); pH 7.4) was
used for GST-tagged proteins and NPI-20 buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM
imidazole, 1% PMSF; pH 8.0) for His-tagged proteins. The cells were lysed by sonication
(10 pulses each for 20 s with intermediate pauses of 30 s). Cell fragments were removed
by centrifugation at 13,000 rcf and 4 ◦C for 30 min. The supernatant was filtered through
0.45 μm and 0.2 μm syringe filters.
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5.4. Purification of GST-Tagged Proteins

C3bot, C3botE174Q, C2I, and Cys_C3botE174Q were purified as GST-tagged proteins, as
described previously [23]. The filtered cell lysates were incubated overnight at 4 ◦C with
1.2 mL Protino Glutathione Agarose 4B-beads (Macherey-Nagel., Düren, Germany), which
were preequilibrated in PBS (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 1.8 mM
KH2PO4; pH 7.4). After centrifugation at 3000 rcf for 5 min, the beads were washed three
times (twice with washing buffer (150 mM NaCl, 20 mM Tris–HCl; pH 7,4) and once with
PBS). The proteins were eluted by removing the GST-tag with thrombin (80 NIH units,
Amersham Biosciences, Little Chalfont, GBR) for 1 h at RT. The beads were removed by
centrifugation for 30 s at 10,000 rcf and 4 ◦C. Thrombin was removed by incubating the
supernatant with 120 μL Benzamidine–Sepharose 6B-beads (GE Healthcare, Chicago, IL,
USA) for 10 min at RT. Centrifugation at 10,000 rcf and 4 ◦C for 30 s was used to remove
the benzamidine beads, and the concentration of purified proteins was determined in
SDS-PAGE by comparison to a BSA standard.

5.5. Purification of His-Tagged Proteins

The proteins His_eGFP_C3bot, His_eGFP_C3botE174Q, and His_eGFP were produced
as described previously [23]. C2II was produced as a His-tagged protein, as described
in [45]. In general, filtered cell lysate containing the His-tagged proteins was incubated
with preequilibrated (in NPI-20, see Section 5.3) PureCube 100 INDIGO Ni-agarose (Cube
Biotech, Monheim am Rhein, Germany) overnight at 4 ◦C. PureCube 1-step batch Midi Plus
Columns (Cube Biotech, Monheim am Rhein, Germany) was used to collect the beads, and
they were washed three times with 20 mL NPI-20. For elution of the His-tagged proteins,
NPI-250 (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole; pH 8.0) was used. Protein
fractions were analyzed in SDS-PAGE, and the ones with the highest amount of target
protein and the lowest content of impurities were collected. The buffer was exchanged with
PBS by ultrafiltration (Vivaspin20 with 10 kDa molecular weight cutoff, Merk, Darmstadt,
Germany). The protein solutions were stored at −80 ◦C, and the concentration of purified
proteins was determined via SDS-PAGE by comparison to a BSA standard.

5.6. Coupling of Maleimide-Labeled Cargo to Cys_C3botE174Q

The modular Cys_C3botE174Q system was loaded with maleimide-labeled cargo by incu-
bation at 4 ◦C for 2 h. For mDL488 (Thermo Scientific, Waltham, MA, USA), Cys_C3botE174Q
and cargo were mixed at a 1:1 molar ratio. Due to the steric hindrance of PEG for
mPEG_FITC (Nanocs, Boston, MA, USA), a 1:50 molar ratio (Cys_C3botE174Q to cargo)
was needed. mC2I was prepared by labelling C2I at 4 ◦C for 2 h with a 10-fold molar
excess of MBS (Thermo Scientific, Waltham, MA, USA) followed by removal of unbound
MBS with Zeba Spin Desalting Columns (7 kDa molecular weight cutoff, Thermo Scientific,
Waltham, MA, USA). For generation of mC2I-Cys_C3botE174Q, Cys_C3botE174Q and mC2I
were mixed at a 1:1 molar ratio. Subsequent to coupling of the cargo, free maleimide-
labeled small-molecule cargo (mDL488 and mPEG_FITC) was removed by two rounds of
buffer exchange via the Zeba Spin Desalting Columns with 7 kDa molecular weight cutoff
protocol. Finally, the concentration of loaded transporters was determined via SDS-PAGE
by comparison to a BSA standard.

5.7. Flow Cytometry

Human-monocyte-derived macrophages were detached with 1 mM EDTA/PBS for
20 min at 37 ◦C, while lymphocytes were harvested by centrifugation (1300 rpm for 10 min).
Per sample, either 2 × 105 macrophages or lymphocytes were incubated with His_eGFP or
His_eGFP_C3botE174Q, or left untreated for 20 min at 37 ◦C. Afterwards, cells were washed
with FACS buffer (1% FCS (Biochrom, Berlin, Germany) and 0.1% sodium azide (VWR,
Radnor, PA, USA) in PBS (Gibco-Life Technologies, Carlsbad, CA, USA) and centrifuged
for 10 min at 1300 rpm. The supernatant was discarded, and cells were incubated directly
before measurement for 1 min with 50 μg/mL trypan blue to quench extracellular eGFP
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signals as described in [40]. Intracellular fluorescence was detected using a FACSCalibur™
flow cytometer (BD Biosciences, Heidelberg, Germany). Data analysis was performed
using Flowing Software 2.5.1 (Turku Bioscience, Turku, Finland).

5.8. Phase Contrast Microscopy

Cells were seeded in 96-well microtiter (Corning Incorporated, Corning, NY, USA)
plates and incubated with the indicated test substance at 37 ◦C and 5% CO2 on the next
day. One phase contrast image was taken per well (three wells for each treatment) with
a LEICA DMi1 microscope connected to a MC 170 HD camera (both Leica Microsystems,
Wetzlar, Germany). Representative images are depicted with scale bars.

5.9. Cell Viability and Proliferation Assay

Cells were seeded in a 96-well microtiter plate and treated as indicated. After
the indicated incubation time, 10 μL CellTiter 96 AQueous One solution was added,
containing 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS). Cells were incubated further for 1–2 h, and the absorbance at 492 nm
was measured in a plate reader.

5.10. STED Super-Resolution Microscopy

STED microscopy was performed as described in [23,40]. A total of 105 monocyte-
derived macrophages were seeded per well in an 8-well μ-slide with a glass bottom (ibidi
GmbH, Gräfelfing, Germany). The cells were incubated with 250 nM of the indicated protein
(His_eGFP, His_eGFP_C3bot, or His_eGFP_C3botE174Q) for 30 min at 37 ◦C. Afterwards, the
cells were washed twice with cold PBS and fixated with 3.2% paraformaldehyde in PBS
(32% PFA aqueous solution, Electron Microscopy Sciences, Hatfield, PA, USA) for 20 min at
RT. After washing the cells three times with PBS, the cells were permeabilized and blocked
in 3% BSA and 0.3% TritonX-100 in PBS for 2 h. The samples were incubated overnight with
1 μg/mL of primary rabbit anti-EEA1 antibody (Thermo Scientific, Waltham, MA, USA) and
0.5 μg/mL Atto594-conjugated GFP-booster nanobody (Chromotek, Planegg-Martinsried,
Germany) in 1:10 diluted blocking solution at 4 ◦C. The cells were washed three times and
incubated with 1 μg/mL of the secondary Atto647N-conjugated goat anti-rabbit antibody
(Sigma-Aldrich, St. Louis, MO, USA) dissolved in 1:10 diluted blocking solution. Unbound
antibodies were removed by washing the samples three times with PBS. Before imaging,
PBS was exchanged with 2,2′-thiodiethanol (97% solution in PBS, pH 7.5). A self-build
dual-color 3D STED microscope [53] was used for image recording with an average power
of 0.8 μW for each excitation beam and 1.3 mW for each depletion beam. The pixel size was
12.5 nm, and images were captured with 300 μs dwell time and approximately 150 counts
as a typical peak photon number. The recorded pictures were analyzed with ImageJ
(v1.52n, National Institute of Health, Bethesda, MD, USA). A Gaussian blur σ = 1 pixel and
>20 count intensity threshold was applied for better visualization.

The eGFP signals and their co-localization with EEA1 signals were automatically quan-
tified by a self-written search algorithm in Python 3.7. The algorithm loaded respective raw
image file pairs, i.e., one image file containing Atto594-conjugated GFP-booster nanobody
signal intensities and the belonging second image file representing signal intensities for
EEA1. On both image files, a Gaussian blur σ = 1 pixel was applied to reduce background
noise and to smoothen signals for later automated search. Next, a threshold of >35 counts
was set for eGFP signal intensities and >50 counts for EEA1 signal intensities to further
eliminate unwanted background. After thresholding, the algorithm horizontally searched
for eGFP signals. Whenever a signal was found horizontally, the respective vertical coordi-
nate was searched for. Each coordinate pair was saved for later use and counted. Thereby,
for each donor, the mean signal number per image was calculated and averaged for five
individual blood donors (n = 5). After every pixel was analyzed with regard to eGFP
signals, the saved eGFP coordinate pairs were loaded to be compared with the image file
containing EEA1 signal intensities. In more detail, within a radius of 250 nm (based on an

122



Toxins 2022, 14, 711

estimated endosome diameter of 500 nm) from the previously found eGFP coordinate pair,
the algorithm searched for EEA1 signals, indicating an EEA1-associated eGFP signal. Such
co-localizing signals were successively counted. EEA1 signals above a radius of 250 nm
were cut off as non-co-localizing eGFP signals. For each donor, the mean percentage of
co-localizing eGFP signals was calculated (co-localizing eGFP signals divided by the total
number of eGFP signals) and averaged for five individual blood donors (n = 5).

5.11. Immunofluorescence Staining for Confocal or Epifluorescence Microscopy

Cells were incubated as indicated at 37 ◦C in 5% CO2. Afterwards, cells were washed
twice and fixed (4% PFA, Sigma-Aldrich, St. Louis, MO, USA). For MHC class II staining,
cells were incubated with 2% BSA in PBS and labeled with anti-HLA-DR antibody (1:200,
L243, Leinco, St. Louis, MO, USA) for 30 min at RT. After three washing steps with PBS,
MHC class II was detected by Cy5-conjugated goat anti-mouse antibody (1:250, Dianova,
Hamburg, Germany). If indicated, cell nuclei were stained either with DAPI (1:200, Sigma-
Aldrich, St. Louis, MO, USA) diluted in 1% BSA and 0.1% Triton X-100 in PBS, or with
5 μg/mL Hoechst33342 in PBS for 10 min at RT. Confocal images were acquired by using
the inverted laser scanning confocal microscope LSM 710 (Zeiss, Oberkochen, Germany).
Epifluorescence microscopic images were recorded using the iMIC digital microscope
(FEI, Munich, Germany). Images were processed using ImageJ software (v1.51n, National
Institute of Health, Bethesda, MD, USA).

5.12. SDS-PAGE and Western Blotting

For protein separation depending on molecular weight, SDS-PAGE was used with
12.5% acrylamide gels. Subsequently to electrophoresis, the proteins were transferred onto
a nitrocellulose membrane by using semi-dry blotting, which was controlled by Ponceau S
(AppliChem GmbH, Darmstadt, Germany) staining. Unspecific binding to the membrane
was blocked by incubation in 5% skim milk powder diluted in PBS-T (137 mM NaCl, 2.7 mM
KCl, 8 mM Na2HPO4, 1.8 mM KH2PO4, 0.1% Tween20; pH 7.4) for 1 h at RT. After washing
with PBS-T, the membrane was incubated with the indicated antibody or streptavidin–
peroxidase conjugate (1:5000; Sigma-Aldrich, St. Louis, MO, USA) diluted in PBS-T for 1 h
at RT. For eGFP detection, 1:10,000 diluted anti-GFP antibody (ab290, Abcam, Cambridge,
GBR) was used. HSP90 was detected with 1:500 diluted HSP90 α/β antibody (F-8, Santa
Cruz Biotechnology, Dallas, TX, USA), while for EEA1-detection, 1:1000 diluted rabbit EEA1
polyclonal antibody (PA1-063A, Thermo Fisher Scientific, Waltham, MA, USA) was used.
Unbound antibodies/proteins were removed with three washing steps with PBS-T for
5 min at RT on an orbital shaker. For the detection of eGFP and EEA1, 1:2500 diluted mouse
anti-rabbit IgG-HRP (sc-2357, Santa Cruz Biotechnology, Dallas, TX, USA) was used. For
detection of HSP90, 1:2500 diluted m-IgGκ BP-HRP (sc-516102, Santa Cruz Biotechnology,
Dallas, TX, USA) was used. The peroxidase-labeled antibodies/proteins were detected
with Pierce ECL Western blotting substrate (Thermo Fisher Scientific, Waltham, MA, USA)
and X-ray films (AGFA Health Care, Mortsel, BEL).

5.13. Sequential ADP-Ribosylation Assay

Cells were seeded in 24-well microtiter plates and treated as indicated at 37 ◦C and
5% CO2. Extracellular toxins were removed by washing the cells two times with PBS.
The medium was removed, and the samples were frozen at −20 ◦C and thawed in ADP-
ribosylation buffer (20 mM Tris-HCl, 1 mM EDTA, 1 mM DTT, 5 mM MgCl2, cOmplete (1:50,
freshly added); pH 7.5) to lyse the cells. The samples were collected, and 5 pmol fresh C3bot
and 6-biotin-17-NAD+ (10 μM) were added in excess. The sequential ADP-ribosylation
reactions at 37 ◦C were started and stopped at the same time (after 30 min). Laemmli buffer
(0.3 M Tris-HCl, 10% SDS, 37.5% glycerol, 0.4 mM bromophenol blue) was added, and
the samples were heat denatured. Notably, in this sequential ADP-ribosylation reaction,
only the non-ADP-ribosylated Rho can be biotin-labeled from 6-biotin-17-NAD+. Hence, in
SDS-PAGE and Western blotting (see Section 5.12), the non-ADP-ribosylated Rho in intact
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cells is detected with streptavidin–peroxidase conjugate. For densitometric analysis of the
detected protein bands, ImageJ software (v1.51n, National Institute of Health, Bethesda,
MD, USA) was used. Importantly, weak signals detected in this assay indicate strong toxin
activity in intact cells.

5.14. Digitonin-Based Cell Fractionation Assay

A total of 106 U-DCS cells were seeded on a 24-well microtiter plate. After two days, the
cells were incubated with the respective proteins (His_eGFP_C3bot, His_eGFP_C3botE174Q,
and His_eGFP) with indicated concentrations and time points at 37 ◦C. Subsequently, the
cells were carefully washed twice with PBS and then incubated with digitonin (20 μg/mL
in PBS) for 5 min at RT. Thereby, the cell membrane was permeabilized, and the cytosol
left the cells through the previously formed pores during incubation for 25 min at 4 ◦C on
ice. In this process, the cells were divided into two fractions: the supernatant (cytosol-only
fraction) and the solid cellular portion (membrane fraction) containing cellular organelles,
vesicles, cell membranes, and the remaining cytosolic proteins that did not flow out through
the pores. The fluorescence of eGFP was analyzed in both fractions using a microplate
reader at 488 nm excitation and 510 nm emission. SDS-PAGE and Western blot analysis
(see Section 5.12) were performed to ensure clean separation of both fractions. The early
endosomal marker EEA1 was only detectable in the membrane fraction. Cytosolic HSP90
can be detected in both fractions since it is not possible to force complete outflow of all
cytosolic proteins. The presence of His_eGFP and His_eGFP-labeled proteins was analyzed
in the respective cell fractions with the GFP antibody.

5.15. Data Analysis and Visualization

The depicted data points are provided as mean ± standard deviation (± SD) with
corresponding sample size (n). A two-tailed unpaired Student’s t-test was used to compare
the two treatment groups. The following significance levels were defined: not significant
(ns) p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Diagrams were generated by
using GraphPad Prism (version 9.1.2 GraphPad Software, San Diego, CA, USA). Figures
were assembled in Inkscape (version 0.92, Free Software Foundation, Boston, MA, USA).

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/toxins14100711/s1, Table S1. Quantification of the mean eGFP signals per
image given for the individual human blood donors. Table S2. Co-localization analysis of eGFP and
EEA1. Table S3. Quantification of the cytosol fraction from the digitonin-based cell-fractionation assay.
Table S4. Quantification of the membrane fraction from the digitonin-based cell-fractionation assay.
Figure S1. Cell-type selective uptake of His_eGFP_C3botE174Q into primary human macrophages
compared to lymphocytes ex vivo. Figure S2. Quantification of eGFP-positive macrophages from
Figure 2b. Figure S3. Detection of the eGFP-labeled C3bot variants in SDS-PAGE and Western
blotting. Figure S4. The modular thiol–maleimide system enabled attachment of cargo molecules to
Cys_C3botE174Q. Figure S5. Internalization of mPEG_FITC into macrophages and DCs was strongly
enhanced by coupling to Cys_C3botE174Q. Figure S6. The cell viability/proliferation of U-DCS cells
was not or only minimally effected by the transported mC2I.
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Abstract: The killer strains of Debaryomyces hansenii and Wickerhamomyces anomalus species secrete
antimicrobial proteins called killer toxins which are active against selected fungal phytopathogens.
In our research, we attempted to investigate the role of plasma membrane pleiotropic drug resistance
(PDR) transporters (Pdr5p and Snq2p) in the mechanism of defense against killer toxins. Saccharomyces
cerevisiae mutant strains with strengthened or weakened pleiotropic drug resistance due to increased
or reduced number of mentioned PDR efflux pumps were tested for killer toxin susceptibility. The
present study demonstrates the influence of the Snq2p efflux pump in immunity to W. anomalus BS91
killer toxin. It was also shown that the activity of killer toxins of D. hansenii AII4b, KI2a, MI1a and
CBS767 strains is regulated by other transporters than those influencing W. anomalus killer toxin
activity. In turn, this might be related to the functioning of the Pdr5p transporter and a complex
cross-talk between several regulatory multidrug resistance networks. To the best of our knowledge,
this is the first study that reports the involvement of PDR transporters in the cell membrane of
susceptible microorganisms in resistance to killer yeasts’ toxins.

Keywords: Debaryomyces hansenii; Wickerhamomyces anomalus; Saccharomyces cerevisiae; PDR transporters;
killer toxin

Key Contribution: This study reveals that PDR transporters in S. cerevisiae play a role in resistance to
the activity of D. hansenii and W. anomalus killer toxin, wherein the pdr1-3 S. cerevisiae mutant was
resistant to W. anomalus toxin and the Δpdr1Δpdr3 S. cerevisiae mutant was susceptible to it. Killer toxin
activity of W. anomalus and D. hansenii was affected by Snq2p and Pdr5p transporters, respectively.

1. Introduction

Killer strains of the species Debaryomyces hansenii and Wickerhamomyces anomalus ex-
hibit antagonistic activity against several yeast species and fungal phytopathogens. Thus,
they are considered promising biocontrol agents in plant protection [1–12]. Antagonistic
activity of D. hansenii and W. anomalus killer strains can be manifested through various mech-
anisms, including competition for nutrients and space, mycoparasitism, biofilm formation,
induction of plants’ immune response to pathogens, and the secretion of antifungal sub-
stances, such as volatile organic compounds (VOCs), β-glucanases, and killer toxins [13–18].
The production of killer toxins, exhibiting antimicrobial activity, is a relatively common
phenomenon in yeast. Strains with killer phenotypes produce killer toxins and are immune
to their toxin. However, they may be susceptible to killer toxins produced by other killer
yeasts [19,20]. The protein structure, specific receptors, and mode of action of killer toxins
may differ significantly among yeast genera, species, and even strains. Most killer toxins
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exhibit a two-step killing mechanism. First, they bind to their specific receptors in the cell
wall of susceptible microorganisms. Subsequently, toxins may exhibit killer mechanisms
such as: blockage of DNA synthesis in the cell nucleus, cleavage of selected tRNAs, inhibi-
tion of β-1,3-glucan synthesis, disruption of electrochemical ion gradient across the plasma
membrane, or enzymatic activity, leading to increased plasma membrane permeability
with an eventual lethal effect [21–24].

The plasma membrane is essential for maintaining proper cell metabolism and osmotic
pressure, for the exchange of genetic information and translocation of molecules across
the plasma membrane. Compounds excreted from the cell are cellular metabolites, and
xenobiotics, including antibiotics and antimicrobial substances. The main cellular elements
responsible for the extrusion of numerous structurally unrelated molecules are the ATP-
binding cassette (ABC) transporters, located in the cell membrane. These work as one-
way pumps, thereby creating a multi-drug resistance (MDR) network. One of the main
components of such a network in S. cerevisiae is the pleiotropic drug resistance (PDR)
transporters system. PDR genes of S. cerevisiae share homology with mammalian MDR
genes and some genes in other yeasts and fungi [25]. These homologies, with their ease
of genome manipulation and simplicity of breeding, made S. cerevisiae a convenient and
valuable tool for multidrug resistance research in medicine and agronomy [26].

There are three main regulatory networks involved in controlling the expression of
multidrug resistance genes in S. cerevisiae, represented by different transcription factors:
PDR1 and PDR3, YAP1 (yeast activator protein) and YRR1 (yeast reveromycin resistance),
from which PDR1 and PDR3 are the most characterized and studied [27]. PDR5, SNQ2
(sensitivity to 4-Nitroquinoline N-oxide) and YOR1 (yeast oligomycin resistance) genes
encoding Pdr5p, Snq2p, and Yor1p efflux pumps in the plasma membrane, are positively
regulated mainly by PDR1 and PDR3 transcription factors. However, they may be also
activated by YAP1 or YRR1 (Figure 1). These pumps are responsible for resistance to a wide
spectrum of substrates, including molecules commonly used in the chemical treatment of
fungal and bacterial infections [25,28,29]. PDR1 and PDR3 are homologous genes, at which
point mutations lead to the overexpression of downstream target genes [30]. Single point
mutations in the PDR1 locus (pdr1-2, pdr1-3, pdr1-6, pdr1-7, pdr1-8) increase the expression of
PDR5, SNQ2, YOR1, PDR10, PDR15, and PDR16 genes, whereas mutations in PDR3 (pdr3-2
to pdr3-10) activate the expression of PDR5, SNQ2, PDR15, and PDR3 genes, encoding
efflux pumps in the cell membrane. Therefore, these point mutations enhance multidrug
resistance in microorganisms. In turn, disruption, or deletion of PDR1 and/or PDR3 genes
cause hypersensitivity, which is more pronounced in PDR1 mutants [31–35]. The regulation
of the PDR genes expression in microorganisms and plants may be also triggered by the
exposure of cells to PDR-specific substrates [36–39].

So far, it has been established that β-glucans in the cell wall of sensitive microorgan-
isms are the primary receptors for killer toxins of D. hansenii and W. anomalus [6,14,16,40–43].
However, little is known about the further effect of the killer toxins on the plasma mem-
brane of sensitive microorganisms and potential defence systems. In this research, we
attempt to establish whether plasma membrane components, such as PDR transporters,
play a role in resistance to D. hansenii and W. anomalus killer toxins. In comparative studies,
we analyzed the sensitivity of S. cerevisiae wild type strains and their isogenic mutants with
increased or reduced pleiotropic drug resistance to D. hansenii and W. anomalus killer toxins.
To the best of our knowledge, this is the first report considering the correlation between
killer toxins activity and the function of plasma membrane transporters which contributes
to the overall research on killer toxins and killer yeast antagonistic activity in biocontrol of
pathogenic fungi.
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Figure 1. Positive regulation of PDR5, SNQ2, and YOR1 genes encoding Pdr5p, Snq2p, and Yor1p
efflux pumps, by prevailing transcription factors of PDR family: PDR1 and PDR3 and by YAP1 and
YRR1- transcription factors of interconnected with PDR drug resistance networks in S. cerevisiae.

2. Results

PDR pumps are responsible for the translocation of small molecule compounds. How-
ever, in the present study, only crude killer toxins preparations exhibited the inhibitory
effect on tested S. cerevisiae strains, whereas the small-molecule fractions (below 10 kDa),
obtained from killer yeast cultures did not. Also, the post-culture fluids obtained from the
culture of non-killer control strain D. hansenii CLIB 545 did not inhibit the growth of S.
cerevisiae, thus confirming that the differences in the susceptibility of tested S. cerevisiae
strains are toxin-dependent since CLIB 545 strain was grown under the same conditions as
killer strains but the post culture medium did not contain killer toxins (Figures 2–4).

 

Figure 2. Growth inhibition zones of S. cerevisiae YPH500 wild type strain and its isogenic Δpdr5;
Δsnq2 and Δpdr5Δsnq2 mutants in the presence of crude killer toxin preparations of W. anomalus BS91
and D. hansenii killer strains: KI2a, MI1a, AII4b, and CBS 767. Means and standard deviations of
means are presented. The statistical significance of the differences between the means was tested
separately for each killer toxin preparation (BS91, KI2a, MI1a, AII4b, and CBS 767) and marked with
different letters. The study was performed with a Kruskal-Wallis one-way analysis of variance by
ranks at p = 0.05. Means followed by different letters (a,b) are significantly different, while means
marked by ab are not significantly different from groups a and b.
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Figure 3. Growth inhibition zones of S. cerevisiae FY1679-28 wild type strain and its isogenic
Δpdr1Δpdr3 and Δpdr5 mutants in the presence of crude killer toxin preparations of W. anomalus BS91
and D. hansenii killer strains: KI2a, MI1a, AII4b, and CBS 767. Means and standard deviations of
means are presented. The statistical significance of the differences between the means was tested
separately for each killer toxin preparation (BS91, KI2a, MI1a, AII4b, and CBS 767) and marked with
different letters. The study was performed with a Kruskal-Wallis one-way analysis of variance by
ranks at p = 0.05. Means followed by different letters (a,b) are significantly different, while means
marked by ab are not significantly different from groups a and b.

 

Figure 4. Growth inhibition zones of S. cerevisiae YALA-B1 wild type strain and its isogenic pdr1-3
and pdr1-3Δpdr5 mutants in the presence of crude killer toxin preparations of W. anomalus BS9 and
D. hansenii: KI2a, MI1a, AII4b, and CBS 767. Means and standard deviations of means are presented.
The statistical significance of the differences between the means was tested separately for each killer
toxin preparation (BS91, KI2a, MI1a, AII4b, and CBS 767) and marked with different letters. The
study was performed with a Kruskal-Wallis one-way analysis of variance by ranks at p = 0.05. Means
followed by different letters (a,b) are significantly different, while means marked by ab are not
significantly different from groups a and b.
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The growth of S. cerevisiae wild type strain YPH 500 and its isogenic mutants with
deleted transporter genes PDR5, SNQ2, and PDR5 together with SNQ2 was inhibited
by crude killer toxins of all tested killer yeast strains (AII4b, KI2a, MI1a, CBS 767, and
BS91 at varying levels (Figure 2)). In general, the double deletant (Δpdr5Δsnq2) was more
susceptible to killer toxins than the parental YPH 500 strain or the single knock-outs Δpdr5
and Δsnq2 (Figure 2). Deletion of PDR5 resulted in higher sensitivity to killer toxins of
D. hansenii AII4b, KI2a, and MI1a strains, and not to the toxin of D. hansenii CBS 767 and
W. anomalus BS91 (Figure 2). Interestingly, Δsnq2 mutant was less sensitive to KI2a, MI1a,
and CBS 767 in relation to isogenic wild type strain YPH 500, whereas in the presence of W.
anomalus BS91 killer toxin, this strain was more sensitive than the wild type isogenic YPH
500 strain (Figure 2).

Double deletion of genes encoding two main transcription factors PDR1 and PDR3
in S. cerevisiae FY1679-28 mutant resulted in significantly higher sensitivity to crude killer
toxins of all tested killer D. hansenii yeast strains: AII4b, KI2a, MI1a, CBS 767, as compared
to the wild type strain (Figure 3). Interestingly, the growth of wild-type FY 1679-28 strain
and its isogenic Δpdr5 mutant strain was not inhibited in the presence of W. anomalus BS9
killer toxin preparation, whereas double knock-out mutant (Δpdr1Δpdr3) appeared to be
sensitive (Figure 3).

Unexpectedly, the sensitivity of S. cerevisiae hyper-resistant pdr1-3 mutant to all toxins
of D. hansenii, was significantly higher, as compared to that of the wild type strain YALA-B1
(Figure 4). However, deletion of the PDR5 transporter gene in a mutant strain with retained
pdr1-3 gain-of-function mutation resulted in a phenotype that was less sensitive to all killer
toxins of D. hansenii, still more sensitive than wild-type strain YALA-B1. On the contrary,
the pdr1-3 mutant strain was completely resistant to the killer toxin of W. anomalus BS91.
Also, there were no growth inhibition zones observed for pdr1-3Δpdr5 isogenic mutant in
the presence of BS91 toxin, whereas the growth of the control wild type YALA-B1 strain
was inhibited by BS91 killer toxin (Figure 4).

3. Discussion

PDR5, SNQ2, and YOR1 genes, under prevailing control of PDR1 and PDR3 transcrip-
tion factors, encode Pdr5p, Snq2p, and Yor1p efflux pumps in the cell membrane (Figure 1).
These pumps are one of the most characterized transporters in the ABC family and exhibit
extremely broad, sometimes overlapping, substrate specificity. The joint and compensatory
action of these efflux pumps is responsible for the extrusion of various undesired small
molecules and peptides from cells [25,44]. In turn, killer toxins derived from D. hansenii and
W. anomalus are proteins of the molecular mass exceeding 10 kDa, which exhibit antagonis-
tic activity towards sensitive microorganisms upon binding to their cell wall [1,12,14,17,41].
So far, there have been no reports that PDR transporters could transport large proteins
across the cell membrane. In our experiments, only a large molecule fraction containing
killer toxin exhibited an inhibitory effect on tested S. cerevisiae, while the small molecular
fraction containing peptides and other small molecules did not. Therefore, it can be inferred
that PDR pumps may play a role as plasma membrane components that are involved in
resistance to killer toxins. However, these pumps may not necessarily work as a killer toxin
extrusion system, and may instead modulate their activity.

In the present study, the role of PDR pumps in the killer toxin effect was more pro-
nounced for W. anomalus BS91 killer toxin, as compared to D. hansenii killer toxins (Figure 5).
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Figure 5. The schematic representation of the effect of type and quantity of transmembrane efflux
pumps in S. cerevisiae PDR mutants on the sensitivity to W. anomalus (Wa) and D. hansenii (Dh) killer
toxins (KT). The signs “+” and “−” in the black rectangle mean respectively: enhanced and decreased
sensitivity to killer toxins.

The activity of W. anomalus BS91 killer toxin towards S. cerevisiae mutants with a single
deletion of SNQ2 gene as well as deletion of both SNQ2 and PDR5 genes was enhanced
as compared to the wild type strain YPH 500 and its single PDR5 deletant suggesting
the possible role of Snq2p in resistance to BS91 killer toxin. In turn, in S. cerevisiae pdr1-3
hyper-resistant mutant, exhibiting enhanced expression of PDR5, SNQ2 and YOR1, the
activity of BS91 killer toxin was extinguished. The deletion of the PDR5 gene in the pdr1-3
genetic background did not result in regaining of susceptibility of cells to BS91 killer toxin
suggesting that the Pdr5p transporter may not be involved in the inhibition of BS91 killer
toxin activity, since the lack of this protein did not change the resistance of pdr1-3 mutant
to BS91 killer toxin. This was also shown in FY 1679-28 wild type strain and its PDR5
single deletant. None of them was sensitive to BS91 toxin. A double deletant in PDR1
and PDR3 was significantly more sensitive to BS91 killer toxin than the isogenic wild
type S. cerevisiae strain, again indicating the involvement of Snq2p and possibly Yor1p
transporters in resistance to BS91 toxin (Figure 5).

In turn, killer toxins of D. hansenii exhibited varying activity towards S. cerevisiae PDR
mutants and the tendency in their performance differed from that of W. anomalus BS91
killer toxin. As was expected, double deletant in both major transcription factors PDR1
and PDR3 was significantly more susceptible to all killer toxins of D. hansenii. Also, the
single deletion of PDR5 and the double deletion of PDR5 and SNQ2 affected the activity of
most D. hansenii killer toxins as compared to the wild type YPH 500 strain. Whereas, single
deletion of SNQ2 did not, suggesting the role of Pdr5p in resistance to D. hansenii killer
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toxins in susceptible cells. However, the gain-of-function pdr1-3 mutant, bearing an armour
of PDR efflux pumps including Pdr5p, Snq2p, and Yor1p in the plasma membrane, was
unexpectedly more sensitive to all D. hansenii killer toxins than the wild type isogenic strain.
Single deletion of the PDR5 gene in the pdr1-3 background resulted in a phenotype that
was more sensitive to D. hansenii killer toxins than the wild type strain. However, it was
still significantly less sensitive than the hyper-resistant pdr1-3 mutant (Figure 5). It could be
therefore inferred that the D. hansenii killer toxin may be either recognized and affected by
Pdr5p transporter in the cell membrane with a regular density of PDR transporters, and not
with an excess of efflux pumps as it is in the pdr1-3 mutant, or that killer toxin activity may
be influenced by other than tested efflux pumps in the cell membrane (possibly under the
control of YAP1 or YRR1 transcription factors). Also, according to Kolaczkowska et al. [44],
there exists a compensatory activation of one multidrug transporter upon disruption of
genes encoding different multidrug transporters, which is accompanied by increased efflux
of substrates specific for the activated ones. According to their studies, upon the disruption
of the PDR5 gene, the resistance to Yor1p- and Snq2p-specific substrates increases. Since
D. hansenii killer toxin activity did not seem to depend on Snq2p in YPH 500 background,
the role of Yor1p should be considered. Yor1p is, among others, the most important
pump in the extrusion of Aureobasidin A– a cyclic depsipeptide produced by killer yeast
Aurobasidium pullulans, toxic to several yeast species and filamentous fungi, such as Botrytis
cinerea, Monilinia sp. and Penicillium sp. [45,46], towards which D. hansenii also exhibits
antagonistic activity [16,47,48].

4. Conclusions

The present research, with the use of S. cerevisiae mutants in terms of PDR transporters
responsible for the extrusion of substances of low molecular mass from cells, demon-
strated that the killer effect may depend on the presence and density of PDR pumps in
the plasma membrane of sensitive to killer toxin microorganisms, including Pdr5p and
Snq2p (Figure 5). It also pointed out a new difference in killer phenomenon between
killer strains of D. hansenii and W. anomalus species, where W. anomalus killer toxin was
inhibited by the PDR transporters under the control of PDR1 and PDR3 transcription
factors, whereas D. hansenii killer toxins activity was dependent on different transporters
in plasma membrane than BS91 killer toxin, which could not be unambiguously defined.
In previous studies, it was already proven that killer toxins derived from D. hansenii and
W. anomalus exhibited varying antagonistic activity against several fungal plant pathogens
through different mechanisms of action [15,16,18]. A comparative study of killer yeast
strains of D. hansenii and W. anomalus species revealed their common feature, which is the
recognition of β-glucans in the cell wall of the attacked microorganisms. It also pointed
out a differentiating feature, which is the formation and release of antimicrobial volatile
organic compounds, that was observed only in W. anomalus, and not in D. hansenii killer
strains in combating pathogenic filamentous fungi [9,16]. This biocontrol mechanism of
W. anomalus might be in turn attributed to the production of ethyl acetate [13,49] and
2-phenylethanol [50], from which the latter one may be ejected from S. cerevisiae cells by
Pdr12p efflux pump, whose PDR12 gene stays under the control of WAR1 transcription
factor [51,52]. In relation to biocontrol of phytopathogenic fungi, that contain MDR pumps
in plasma membrane responsible for acquired resistance to chemical treatment of crops
with azoles, strobilurins and succinate dehydrogenase inhibitors [53–55], this may elucidate
the varying susceptibility of fungal pathogenic strains to killer toxins of W. anomalus and
D. hansenii. As was shown in this study the inhibition of killer toxin produced by these
yeast species relies on different PDR transporters. These findings shed new light on the
perception of the mechanisms of the killer effect, understood as the antagonistic effect of
killer yeasts against sensitive, often pathogenic yeast and microscopic fungi. Our novel
findings constitute the foundations for research on the involvement of pleiotropic drug
resistance efflux pumps of different families in the antagonistic effect of killer yeasts on
sensitive microorganisms.
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5. Materials and Methods

5.1. Yeast Strains

Killer strains of D. hansenii KI2a, MI1a and AII4b were isolated from blue-veined
Rokpol cheese [56] and belong to the Culture Collection of the Department of Biotechnology
and Food Microbiology at the Wroclaw University of Environmental and Life Sciences
(Wroclaw, Poland). Another killer strain of D. hansenii, CBS 767 was obtained from CBS-
KNAW Culture Collection. W. anomalus BS91 killer yeast was isolated from naturally
fermented olive brine [57] and belongs to the Di3A Culture Collection (University of
Catania, Italy). Killer phenotypes of these strains are presented in Table 1. D. hansenii
CLIB 545, obtained from Centre International de Ressources Microbiennes (CIRM-Levures,
http://www.inra.fr/cirmlevures, 16 August 2021), was used as a control non-killer, non-
resistant to killer toxins strain (Table 1). S. cerevisiae yeast strains were chosen based on
the characteristics of drug resistance associated with PDR transporters in their plasma
membrane and their genotypes are presented in Table 2. YPH500 is an isogenic wild type
strain to YKKB-13 strain with a single PDR5 knock-out, YYM5 strain with a single SNQ2
knock-out, and YYM3—with a double PDR5 and SNQ2 knock-outs. FY-1679-28C is an
isogenic wild type strain to hyper-sensitive FY Δpdr1Δpdr3 double knock-out strain and a
single PDR5 knock-out strain FY-WT/Δpdr5-2. YALA-B1 is an isogenic strain to YALA-G4
hyper-resistant mutant (pdr1-3) and YZGA 278 hyper-resistant mutant (pdr1-3) with a single
PDR5 knock-out.

Table 1. Killer phenotypes of D. hansenii, W. anomalus, and S. cerevisiae isogenic yeast strains used in
this study.

Yeast Strain Killer Phenotype

D. hansenii KI2a K+R+

D. hansenii MI1a K+R+

D. hansenii AII4b K+R+

D. hansenii CBS 767 K+R−

D. hansenii CLIB 545 K−R−

W. anomalus BS91 K+R+

S. cerevisiae YPH 500 K−R−D,−W

S. cerevisiae FY 1679-28 K−R−D,+W

S. cerevisiae YALA-B1 K−R−D,−W

“K”—Killer; “R”—Resistant; “D”—D. hansenii killer toxins; “W”—W. anomalus killer toxin. K+R+—produces a
killer toxin and is resistant to killer toxins; K+R−—produces a killer toxin and is sensitive to killer toxins produced
by other killer strains; K−R−—does not produce a killer toxin and is sensitive to killer toxins.

Table 2. Genotype characterization of S. cerevisiae strains used in this study.

Strain * Genotype Reference

YPH 500
MATα ura3-52 his3-Δ200 leu2-Δ1 trp1-Δ63
lys2-801amber ade2-101ochre [34]

YKKB-13 MATα ura3-52 his3-Δ200 leu2-Δ1 trp1-Δ63
lys2-801 ade2-101 pdr5Δ::TRP1 [58]

YYM 5 MATα ura3-52 his3-Δ200 leu2-Δ1 trp1-Δ63
lys2-801 ade2-101 snq2Δ::hisG [34]

YYM 3 MATα ura3-52 his3-Δ200 leu2-Δ1 trp1-Δ63
lys2-801 ade2-101 pdr5Δ::TRP1 snq2Δ::hisG [35]
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Table 2. Cont.

Strain * Genotype Reference

FY-1679-28C
MATa ura3-53, leu2-Δ1, trp1-Δ63, his3Δ200,
GAL2+ [30]

FY Δpdr1Δpdr3 MATa ura3-53, leu2-Δ1, trp1-Δ63, his3Δ200,
GAL2+ pdr1-Δ2::TRP1 pdr3-1Δ::HIS3 [30]

FY-WT/Δpdr5-2 MATa ura3-53, leu2-Δ1, trp1-Δ63, his3Δ200,
GAL2+ pdr5Δ::URA3 [59]

YALA-B1 MATa ura3-52 leu2-3,112 his3-11,115 trp1-1 [35]
YALA-G4 MATa ura3-52 leu2-3,112 his3-11,115 trp1-1 pdr1-3 [35]

YZGA 278 MATa ura3-52, leu2-3,112 his3-11,115 trp1-1 pdr1-3
pdr5Δ::hisG [59]

* The strains in bold are parental strains to the mutants listed below them in the table.

5.2. Killer Toxin Production

Yeasts were cultured on yeast peptone dextrose agar plates (YPDA; yeast extract, 10 g;
peptone, 10 g; dextrose, 20 g; agar, 20 g per litre of distilled water) at 25 ◦C for 48 h. Then,
the single colony biomass of each yeast strain was inoculated to 50 mL of YPD broth of pH
adjusted to 4.5 with McIlvaine buffer and incubated either at 14 ◦C for 48 h (D. hansenii
strains) or 25 ◦C (W. anomalus) for 24 h on a rotary shaker at 160 rpm to provide favourable
conditions for killer toxin production. Yeast cells from liquid cultures were pelleted at
8000 g for 10 min. The supernatant was filtrated using a sterile syringe filter with a 0.22 μm
pore size (Merck Millipore, Burlington, MA, USA, Milex-GP 33 mm, PES membrane). The
obtained post-culture media served as crude toxin preparations. In addition, the small-
molecule fractions (<10 kDa) were separated from the post-culture media using a filter
with an appropriate cut-off point (Merck Millipore, Amicon® Ultra-15, 10 kDa). Both crude
killer toxin preparations and small-molecule fractions were used in the diffusion assay.

5.3. Killer Toxin Diffusion Assay

The killer activity of D. hansenii and W. anomalus toxins was tested in agar diffusion
bioassay according to the method described by Żarowska [12]. Twenty-five mL of YPDA
medium, supplemented with 0.03% (w/v) methylene blue and 4% (w/v) of NaCl, was
adjusted to pH 4.5 with McIlvaine buffer and used in the assay for the evaluation of killer
toxin activity. Fifty μL of each tested sample (i) crude killer toxin preparation, (ii) small-
molecule fraction (<10 kDa), was added into wells, sterilely cut in YPDA plates containing
S. cerevisiae cells at a final concentration of 5 × 105 per mL of the assay medium (Table 2).
The zones of S. cerevisiae growth inhibition [cm] around wells were measured after 48 h of
incubation at 20 ◦C. The experiment was repeated three times with three replicates for each
tested sample.

5.4. Statistical Analysis

In all repeated experiments, the arithmetic means were calculated and analyzed using
Kruskal-Wallis one-way analysis of variance by ranks at p = 0.05. Post-culture media derived
from the cultures of D. hansenii and W. anomalus were treated as individual preparations,
the activity of which was tested against S. cerevisiae strains. The significant differences in
growth inhibition zones between each S. cerevisiae wild type strain (YPH 500; FY-1679-28C
and YALA-B1) and its isogenic PDR-mutants (YKKB-13, YYM 5, YMM3; FYΔpdr1Δpdr3,
FY-WT/Δpdr5-2 and YALA-G4, YALA 278) were analyzed separately for each killer toxin
preparation to demonstrate the role of PDR pumps on the toxic effect of all tested killer
toxin preparations. The strength of the killer effect was not compared among killer strains.
The results of mean killer activity of each preparation in relation to the tested S. cerevisiae
strains, significantly different from each other, were grouped into homogenous groups a
and b, while the results without statistically significant differences were assigned to the ab
group, which was not significantly different from groups a or b. Data from experiments
were analyzed using Statistica package software (Version 12; Statsoft Inc., Tulsa, OK, USA).
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Abstract: Gambierol inhibits voltage-gated K+ (KV) channels in various excitable and non-excitable
cells. The purpose of this work was to study the effects of gambierol on single rat fetal (F19–F20)
adrenomedullary cultured chromaffin cells. These excitable cells have different types of KV channels
and release catecholamines. Perforated whole-cell voltage-clamp recordings revealed that gambierol
(100 nM) blocked only a fraction of the total outward K+ current and slowed the kinetics of K+ current
activation. The use of selective channel blockers disclosed that gambierol did not affect calcium-
activated K+ (KCa) and ATP-sensitive K+ (KATP) channels. The gambierol concentration necessary to
inhibit 50% of the K+ current-component sensitive to the polyether (IC50) was 5.8 nM. Simultaneous
whole-cell current-clamp and single-cell amperometry recordings revealed that gambierol did not
modify the membrane potential following 11s depolarizing current-steps, in both quiescent and active
cells displaying repetitive firing of action potentials, and it did not increase the number of exocytotic
catecholamine release events, with respect to controls. The subsequent addition of apamin and
iberiotoxin, which selectively block the KCa channels, both depolarized the membrane and enhanced
by 2.7 and 3.5-fold the exocytotic event frequency in quiescent and active cells, respectively. These
results highlight the important modulatory role played by KCa channels in the control of exocytosis
from fetal (F19–F20) adrenomedullary chromaffin cells.

Keywords: fetal adrenomedullary chromaffin cell; gambierol; potassium currents; calcium-activated
K+ channels; ATP-sensitive K+ channels; catecholamine release

Key Contribution: The study enhances the knowledge we have on the several types of K+ channels
contributing to the total outward current of rat fetal (F19–F20) chromaffin cells lacking splanchnic
innervation, and shows that gambierol, a dinoflagellate polyether toxin, affects only a K+ current
fraction, distinct to the KCa and KATP currents, and has no action on Ca2+-dependent catecholamine
secretion. The results further highlight the key modulatory role played by KCa currents in the control
of exocytosis at this fetal stage.

1. Introduction

Marine dinoflagellates are the source of a well-documented and distinctive group
of bioactive polycyclic ether natural products, showing numerous associated ether rings
in a ladder shape. These ladder-shaped polyethers are mainly found in marine microor-
ganisms and are considered as secondary dinoflagellate metabolites constituting a rich
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source of complex compounds (for reviews see [1–3]). The demanding steps for their
isolation and purification, and the small quantities obtained, have severely limited their
structural and bioactivity characterization. Fortunately, some of these complex polyether
molecules have been amenable to total organic chemical synthesis (for reviews see [4–6]).
Among these marine polyethers, gambierol and analogs have been synthesized by means
of diverse syntheses strategies [7–10], allowing detailed studies of their actions in a number
of biology models.

Gambierol, distinguished by a transfused octacyclic polyether core (Figure 1), was the
first toxin isolated and characterized from cultured Gambierdiscus toxicus dinoflagellates
gathered from the Rangiroa peninsula in French Polynesia [11,12]. The genus’ Gambierdiscus
and Fukuyoa produce numerous ladder polycyclic ether compounds, including the well-
identified ciguatoxins. This family of toxins is responsible for ciguatera poisoning, a
seafood-borne disease resulting from the consumption of fish from tropical or temperate
waters, or marine invertebrates that have bioaccumulated ciguatoxins (reviewed in [13–16]).
It has been suggested that gambierol participates in ciguatera fish poisoning, but direct
proof for this assumption has not yet been given, and to the best of our knowledge, the
polyether toxin has not yet been identified in ciguateric fish, maybe because it is present at
very low concentrations.

Figure 1. Chemical structure of gambierol.

Nanomolar concentrations of gambierol and analogs inhibit voltage-gated K+ (KV)
channels in various excitable cells [17–19], including cells expressing KV1.1–KV1.5 chan-
nels [20–22] or KV3.1 channels [23], and in frog and mouse motor nerve terminals [24,25].

Adrenomedullary chromaffin cells are known to generate action potentials [26], and
to display voltage-gated Na+ (NaV) channels that are sensitive to tetrodotoxin (TTX) [27],
and they are also involved in regulating the firing rate of action potentials [28]. The
abundant diversity of KV channels in chromaffin cells highlights their fundamental role in
the control of the electrical properties of these cells, including the speed of action potential
repolarization, the duration of the after-hyperpolarization, the firing rate, and the resting
membrane potential (reviewed in [29]). In addition, individual chromaffin cells, depending
on the animal species and stage of development, express distinct subtypes of voltage-gated
Ca2+ (CaV) channels, including low-voltage-activated T-type (CaV3) channels [30], high-
voltage-activated channels comprising L-type (CaV1.2 and CaV1.3), P/Q-type (Cav2.1),
N-type (CaV2.2) [31] and R-type (CaV2.3) channels (for reviews see [29,32,33]).

The adrenomedullary chromaffin cells secrete catecholamines in response to various
stressors, including acute hypoxia [34]. In adult mammals, the catecholamine secretion
is triggered by the sympathetic nervous system that supplies, via the splanchnic nerve,
the cholinergic innervation to the cells. In the perinatal period, the splanchnic innervation
in the adrenal gland is either immature or absent and remains non-functional until the
first postnatal week. At birth, hypoxia triggers adrenal catecholamine secretion by a non-
neurogenic mechanism that is vital for adapting to the extra-uterine life. The replacement of
the non-neurogenic adrenomedullary responses by the neurogenic mechanism is accurately
connected to the beginning of the splanchnic secretory-induced nerve function and occurs at
the postnatal period [34–36]. Interestingly, in rat fetal cells, hypoxia-induced catecholamine
release was reported to be shaped by modulating the functioning of calcium-activated
potassium (KCa) channels, and ATP-sensitive potassium (KATP) channels [37,38].
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The aims of the present study, on cultured rat fetal adrenal medulla chromaffin (AMC)
cells, were firstly, to determine the action of gambierol on outward K+ currents, using
perforated whole-cell voltage-clamp recordings, and secondly, to investigate whether
gambierol by itself affects the release of catecholamines using simultaneous current-clamp
and single-cell amperometry recordings.

2. Results

2.1. Effects of Gambierol on Outward K+ Current in Rat Fetal Adrenomedullary Chromaffin Cells

In cultured AMC cells, the action of gambierol on K+ currents was studied using the
perforated whole-cell voltage-clamp configuration. Cells were continuously bathed in
a standard physiological solution containing 1 μM tetrodotoxin (TTX) to block the NaV
channels, and depolarizing steps (90-ms duration) from a holding potential of −70 mV
were delivered to specified membrane potentials. To study the involvement of different
K+ current components in the total outward K+ current, we used the peptide neurotoxins
apamin and iberiotoxin which selectively block the small-conductance Ca2+-activated K+

(SKCa) channels (KCa2.1–2.3, SK1-3 isoforms) [39] and the large-conductance Ca2+-activated
K+ (BKCa) channels (KCa1.1, Slo1) [40], respectively. In addition, glibenclamide was used to
target the ATP-sensitive K+ (KATP) channel isoforms in neonatal AMC cells [37,41].

As shown on the superimposed recordings of Figure 2(Aa), the addition of apamin
(400 nM), iberiotoxin (100 nM) and glibenclamide (200 μM) to the extracellular medium
consistently reduced the total outward K+ current. Under these conditions, the remaining
K+ current was further reduced by adding gambierol (100 nM) and was completely inhib-
ited by further addition of the voltage-gated K+ channel inhibitors tetraethylammonium
chloride (TEA, 10 mM) and 3,4-diaminopyridine (3,4-DAP, 500 μM) to the external solution
(Figure 2(Aa)). As depicted in Figure 2(Ba), gambierol (100 nM) only partly inhibited the
total K+ current when added before the KCa and KATP blockers and TEA and 3,4-DAP.

The normalized current-voltage relationships of steady-state K+ current amplitudes
in the presence of the various agents studied are shown in Figure 2(Ab,Bb). The columns
relating the percentage of K+ current block induced by the pharmacological agents used,
are represented in Figure 2(Ac,Bc). Interestingly, the percentage of K+ current inhibition
by apamin, iberiotoxin and glibenclamide did not differ significantly in the presence
(Δ2 = 58.32 ± 2.82%; n = 4), and in the absence (Δ1 = 57.14 ± 4.25%; n = 4) of 100 nM
gambierol (p = 0.8481) (Figure 2(Ac,Bc)).

Taken as a whole, these results indicate that (i) AMC cells are endowed with several
types of K+ channels contributing to the total outward current, and (ii) gambierol only
partly inhibited the total K+ current when added after or before the KCa and KATP blockers.
Therefore, these results strongly suggest that the polyether toxin affects neither the KCa nor
KATP channels.

Because before the addition of KCa and KATP blockers the fraction of the total current
blocked by gambierol is too low (approximatively 10%) to allow a proper detection of
change in the voltage- and time-dependence of the K+ current activation, additional studies,
using the perforated whole-cell voltage-clamp configuration, were performed in AMC
cells bathed with an external solution containing 1 μM TTX to block the NaV channels,
200 μM glibenclamide to block the KATP channels, and 1 mM Cd2+ to inhibit the KCa
channel activation via Ca2+ influx through the CaV channels. Under these conditions, the
voltage-dependence of K+ current activation was determined in the absence and presence of
gambierol. As shown in Figure 3, the gambierol (100 nM) induced a slight (approximately
5 mV), but significant (p = 0.028), negative shift of the voltage-dependence of the K+ current
activation. Hence, the voltages corresponding to 50% maximal current (V50%), before and
after gambierol action, were 14.25 ± 0.83 mV (n = 4) and 8.93 ± 0.76 mV (n = 4), respectively.
In addition, the curve slope factor (k) was also slightly, but significantly (p = 0.004), higher
in the presence than in the absence of the polyether, i.e., 10.17 ± 0.49 mV−1 (n = 4) and
8.07 ± 0.57 mV−1 (n = 4), respectively.
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Figure 2. The contribution of various current components (KCa, KATP) and the action of gambierol
(100 nM) on total K+ current of rat fetal AMC cells. The K+ current was recorded using the perforated
whole-cell voltage-clamp technique, during 90 ms depolarizing steps from a holding potential of
−70 mV, under the conditions indicated in the figure (A,B). Note in (A,B) the different sequences
of gambierol addition to the external medium. (a) Superimposed traces of outward K+ currents
recorded under control conditions and after the perfusion of the different pharmacological agents
indicated. AGI denotes the simultaneous perfusion of 400 nM apamin, 200 μM glibenclamide and
100 nM iberiotoxin. (b) Current-voltage relationships. The current was measured at the end of
the depolarizing steps and expressed as a percentage of control values for the indicated agents.
(c) Relative outward K+ current contribution (expressed as a percentage of the total current) for the
pharmacological treatments indicated. The K+ current was measured at the end of the depolarizing
steps to +40 mV and expressed as a percentage of control values. Note that the percentage of blocked
KCa and KATP current components were not significantly different whatever the order of gambierol-
induced channel inhibition was. In (b,c), data represent the mean ± SEM of 4 different experiments.

The K+ current evoked by depolarizing pulses to +40 mV (90 ms duration, from a
holding potential of −70 mV) reached a steady-state level (about 40% of control values)
within about 4 min after addition of 20 nM gambierol (Figure 4A). Further increase in
the gambierol concentration did not promote a supplementary reduction in the outward
K+-current. When individual K+ current traces, recorded every 10 s pulsing, were analyzed
before and during the gambierol (20 nM) perfusion, it was clear that gambierol not only re-
duced the amplitude of the K+-current, but also slowed the kinetics of K+ current activation
by 75.4 ± 10.1% (n = 4), with respect to the control (p = 0.031) (Figure 4B,C). Hence, before
and after gambierol action, the activation time constants of K+ current were 3.82 ± 0.39 ms
(n = 4) and 6.80 ± 1.02 ms (n = 4), respectively.
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Figure 3. Action of gambierol on the voltage-dependence of K+ current activation in rat fetal AMC
cells. The current was measured at the end of 90 ms depolarizing steps from a holding potential
of −70 mV, expressed as a percentage of its maximal value at +40 mV, and plotted as a function of
membrane potential during depolarizing pulses, in the absence (AGI, in blue) and presence (in red)
of 100 nM of gambierol. Data represent the mean ± SEM of 4 different experiments. The theoretical
curves correspond to data point fits according to the Boltzmann equation, as described in Materials
and Methods, with V50% and k values of 14.25 mV and 8.07 mV−1 (R2 = 0.9989), respectively, for AGI,
and 8.93 mV and 10.17 mV−1 (R2 = 0.9997), respectively, in the presence of gambierol. AGI denotes
the simultaneous perfusion of 400 nM apamin, 200 μM glibenclamide and 100 nM iberiotoxin.
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Figure 4. Time-course, kinetics and concentration-dependent action of gambierol on outward K+

current in rat fetal AMC cells. (A) Time course of 20 nM gambierol action on the K+ current measured
at the end of 90 ms depolarizing pulses to +40 mV from a holding potential of −70 mV, applied
every 10 s (see schema in (B)). The red arrow indicates the time of polyether addition to the bath.
(B) Superimposed K+ current recorded every 10-s pulsing, before and after the perfusion of gambierol
(20 nM), during 90 ms depolarizing steps to +40 mV from a holding potential of −70 mV (schema).
(C) Averaged normalized K+ current recorded during 90 ms depolarizing steps to +40 mV from a
holding potential of −70 mV (schema), under control conditions (black tracing), and after 20 nM
gambierol (red tracing), note the slowing of the K+ current activation. Data obtained from the same
cell. The arrows indicate the activation time constants. (D) Concentration-response curve for the effect
of gambierol on the steady-state K+ current, measured after 90 ms depolarization steps to +40 mV
from −70 mV. Each value, determined in the presence of 0.1–100 nM gambierol and normalized to its
control value, represents the mean ± SEM of data obtained from 3–4 experiments. The theoretical
curve was calculated as described in the text, with ISS, IC50 and nH values of 42%, 5.8 nM and 0.89
(r2 = 0.982), respectively. The external medium in A–D contained 1 μM TTX, 200 μM glibenclamide
and 1 mM Cd2+ to block, respectively, the NaV, KATP and CaV channels and prevent, indirectly, the
activation of KCa channels.
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The concentration-response relationship of the gambierol effect on the K+ current
was established by plotting the steady-state current amplitude, measured in the presence
of gambierol (IG) and expressed as a percentage of the value obtained before toxin ap-
plication (IC), as a function of the gambierol concentration ([gambierol]). The theoretical
concentration-response curve was calculated from a typical sigmoid non-linear regression
through data points (correlation coefficient = r2), according to the Hill’s equation (using
GraphPad Prism v.5 software): IG/IC = {(1 − Iss)/[1 + ([gambierol]/IC50) nH]} + Iss, where
Iss is the current fraction remaining at high toxin concentrations (Figure 4D, dotted red line),
IC50 is the toxin concentration necessary to inhibit 50% of the maximal current blocked
by gambierol, and nH is the Hill number. Under these conditions, the Iss, IC50 and nH
values were 41.64 ± 0.21%, 5.81 ± 1.56 nM and 0.89 ± 0.32 (r2 = 0.982, n= 4), respectively
(Figure 4D).

2.2. Effect of Gambierol on Cathecholamine Release

The use of single-cell amperometry is a valuable quantitative electrochemical
method [37,38] to investigate the catecholamine secretion from AMC cells. The simulta-
neous whole-cell current-clamp and single-cell amperometry combination permitted us
to investigate the action of gambierol on catecholamine secretion from fetal AMC cells.
Exocytosis events were distinctly detected by positioning a carbon electrode (polarized
to +650 mV to allow the oxidation of released catecholamine) as close as possible to the
AMC cell, as shown in Figure 5A. Using the current-clamp configuration, the rat fetal
AMC cells studied had a mean membrane resting potential of −51.8 ± 3.1 mV (n = 32)
with a mean coefficient of variation of 0.32 (standard deviation/mean). Eleven of these
cells were quiescent and no spontaneous action potential firing was observed while in
twenty-one of the cells, spontaneous spike activity was present. In quiescent cells, the
gambierol (50 nM) did not change significantly the number of amperometric spikes, related
to catecholamine secretion, during 11-s depolarizing current-steps, as illustrated by a repre-
sentative recording in Figure 5B. It is worth noting that in amperometric recordings, there
was a delay between the pulse delivery and the first amperometric spike signal (Figure 5B,
lower tracings). Furthermore, there was no correspondence between the recorded action
potential (phasic with the current pulse, middle tracings, Figure 5B) and the amperometric
signals, in good agreement with previously published data in which single action potentials
were ineffective in triggering phasic secretion [42].

It has been previously reported that apamin and iberiotoxin induce catecholamine
release in cultured rat fetal AMC cells from F19–F20 fetuses [37]. Therefore, it was of interest
to test whether the subsequent addition of apamin (400 nM) and iberiotoxin (100 nM) to the
extracellular medium containing the gambierol enhanced the catecholamine secretion. As
exemplified in Figure 5B (middle and lower right tracing), during the action of the SKCa and
BKCa channel blockers (apamin and iberiotoxin, respectively), a significant increase in the
frequency of recorded amperometric spike events was detected (Figure 6A), concomitant
with a sustained significant membrane depolarization (13.2 ± 0.5 mV, n = 3; p < 0.05).
Further experiments were performed on fetal AMC cells that spontaneously fired action
potentials. In those cells, long duration depolarizing current pulses triggered phasic action
potentials exhibiting an overshoot of about 30 mV (Figure 5C, middle traces). Under control
conditions, such phasic action potentials were followed by repetitive action potentials
devoid of overshoot, whose frequency declined (accommodation) during the sustained
depolarizing current, as shown in typical recordings (Figure 5C, middle left trace). Under
control conditions, the mean action potential frequency during the 11-s current pulse was
2.50 ± 0.62 Hz with a mean coefficient of variation of 0.43 (n = 3). The addition of 50 nM
gambierol to the medium increased significantly the frequency of action potentials, during
the 11-s current pulse, to 4.5 ± 0.22 Hz (p = 0.002; n = 3) (Figure 5C, middle center trace),
when compared to the control, but did not change significantly the amperometric spike
events (Figure 5C, lower blue center trace; Figure 6B).
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Figure 5. Combined whole-cell current-clamp and amperometric recordings in single rat fe-
tal AMC cells under control conditions, and during the action of gambierol and KCa blockers.
(A) Microphotograph of a typical recording configuration for single-cell amperometry, using a po-
larized carbon fiber electrode to detect exocytotic events, related to catecholamine release, and a
whole-cell current-clamp pipette to control the level of membrane depolarization imposed to the cell
membrane. (B,C) Whole-cell current-clamp recordings showing in the upper tracing the current
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pulse depolarization used to trigger the changes in membrane potential (middle tracings), and the
amperometric recording (lower tracings in blue), under control conditions (left), during gambierol
action (center), and during the action of gambierol and the KCa channel blockers indicated (right).
(B) Example taken from the same quiescent AMC cell (that had no spontaneous action potentials),
while the addition of KCa channel blockers (in the continuous presence of gambierol) enhanced
membrane depolarization during the current pulse, by about 14 mV (dotted blue line), and the
frequency of exocytotic spikes related to catecholamine secretion events. (C) Example taken from
an active AMC cell (that had spontaneous action potentials). Note that gambierol, as well as the
addition of KCa channel blockers (in the continuous presence of gambierol), enhanced the frequency
of repetitive action potentials during the current pulse depolarization, with respect to the control.
Note also, that the frequency of exocytotic spikes, related to catecholamine secretion events, was only
increased after the addition of KCa channel blockers.

 
Figure 6. Number of amperometric spikes related to catecholamine release under control conditions,
and during gambierol (50 nM), apamin (400 nM) and iberiotoxin (100 nM) applied cumulatively to
the external medium by perfusion. Data obtained from fetal AMC cells showing initially either no
action potential firing (A) or spontaneous spike activity (B), during stimulation with depolarizing
current pulses of 11-s duration. Each column represents the mean ± SEM of 3 different experiments.
Note that gambierol did not modify the number of release events, while a significant 2.7-fold (A) and
3.5-fold (B) increase occurred after the addition of KCa blockers. *: p ≤ 0.005 versus gambierol.

In cells exhibiting repetitive action potentials, blockade of the SKCa and BKCa channels
by apamin and iberiotoxin, respectively, further enhanced the action potential frequency by
about 20% (5.38 ± 0.22 Hz, p = 0.023; n = 3), and significantly enhanced the amperometric
spike events related to catecholamine release (Figure 5C, lower blue right trace; Figure 6B),
in a similar manner as in quiescent cells.

On the whole, these results indicate that the specific inhibition of KV channels induced
by gambierol does not affect catecholamine release from quiescent or active rat fetal AMC
cells. The increased amperometric spike number following the addition of KCa channel
blockers may be the consequence of the increased depolarization induced by the SKCa and
BKCa channel blockers. Furthermore, the recordings in Figure 5B (lower tracings) clearly
show that the release of catecholamines by fetal AMC cells was not dependent on the action
potential triggered by the current pulse of long duration but was controlled by the level
of membrane depolarization. The frequency of the amperometric events increased when
the depolarization of the membrane was larger, probably because more CaV channels were
recruited. In active AMC cells (exhibiting spontaneous action potentials), it is likely that
the K+ current blocked by gambierol is involved in the control of the action potential firing
(Figure 5C, middle center trace).

3. Discussion

K+ channels constitute an important family of ion channels in excitable neuroen-
docrine cells and are involved in a number of physiological functions. To the best of our
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knowledge, this is the first time that the octacyclic polyether toxin gambierol, at nanomolar
concentrations, is reported as blocking the KV channels in rat fetal AMC cells. These cells
express several types of K+ channels contributing to the total outward current, as revealed
by using the selective KCa channel blockers apamin [39] and iberiotoxin [40], and the KATP
channel blocker glibenclamide [41]. Gambierol only partly inhibited the total K+ current
when added after, or before these channel blockers, suggesting that the polyether affects
neither the KCa nor KATP channels (Figure 2).

In addition, gambierol slowed the kinetics of K+ current activation in fetal AMC cells,
implying a delayed opening of the KV channels upon membrane depolarization (Figure 4C).
In agreement with previous reports of such an effect [17,43,44], this strongly suggests that
the polyether has a greater affinity for the channel resting state [45]. This particularity
distinguishes the gambierol action from that of other lipophilic polyether toxins, such as
Pacific ciguatoxin-1 (P-CTX-1) which also blocks KV channels in rat myotubes and sensory
neurons [46,47]. Interestingly, gambierol action on the KV channels also differs from that
of P-CTX-4B (the dinoflagellate-derived precursor of P-CTX-1), which is produced by the
same dinoflagellate (Gambierdiscus toxicus), and blocks KV channels in myelinated axons,
without altering K+ current activation [48].

Gambierol and synthetic analogues were previously reported to inhibit KV chan-
nels in various cells and tissues, including neurosensory mouse taste cells [17], Xenopus
skeletal myocytes [18], murine cerebellar neurons [19], human KV1.3 channels from T-
lymphocytes [22], mammalian KV1.1–KV1.5 channels expressed in Xenopus oocytes [20],
and KV3.1 channels expressed in both mouse fibroblasts [45] and Chinese hamster ovary
(CHO) cells [21]. Gambierol was suggested to affect KV channels by a new mechanism,
interacting through a lipid-uncovered binding region of the channel [45]. Electrophysio-
logical work, together with the use of expressed chimeric channels (between KV3.1 and
KV2.1 channels) and homology modelling, revealed that gambierol high-affinity binding
occurred in the resting state (when the channel is closed), by disturbing the gate opening
and movements of the voltage-sensing domain [23,45,49]. The channel transitions between
the resting and the open state require, initially, the dissociation of gambierol that is possible
because the polyether has a considerably lower affinity for the open state. In the present
work, an approximately 5 mV negative shift of the voltage-dependence of the K+ current ac-
tivation, associated with an increase in the curve slope factor, was detected in the presence
of gambierol (Figure 3). These slight modifications in the voltage-dependence of K+ current
activation are in agreement with the assumption that the polyether is a gating modifier
having a putative binding site on KV channels equivalent to that of ciguatoxins, i.e., a cleft
between the S5 and S6 segments [23,45,49]. It is worth noting that, in quiescent and active
fetal AMC cells, gambierol, in the range of concentrations studied (0.1–100 nM), had no
detectable activity on NaV channels, as revealed by action potential recordings, which is in
good agreement with previous reports on native [17,18,43] and expressed [20] channels.

The use of simultaneous whole-cell current-clamp and single-cell amperometry allowed
for controlling the membrane potential and detecting exocytosis events. Catecholamine
secretion in rat fetal AMC cells, lacking splanchnic innervation, is Ca2+-dependent [37].
Gambierol did not modify significantly the number of amperometric spike-events triggered
by current pulses of long-duration (11 s), causing measurable membrane depolarization that
was not significantly different from that of controls (Figure 5B, middle and lower tracings,
left and center). The fact that gambierol did not increase catecholamine release in quiescent
fetal AMC cells can be explained by the following points: (i) the membrane potential
was little affected by the polyether toxin; (ii) during the depolarizing current pulse, the
membrane potential was unable to reach the threshold for activating the opening of voltage-
gated calcium channels; (iii) other KV channel subtypes remaining unaffected by gambierol,
in particular the large-conductance (BK) and small conductance (SK) Ca2+-activated KV
channel subtypes, curtailed membrane depolarization and voltage-gated Ca2+ entry, and
therefore catecholamine secretion. Interestingly, block of the KCa channels, in the continuous
presence of gambierol, enhanced membrane depolarization by about 13 mV (Figure 5B,
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during the 11 s current step), and at the same time, increased significantly the number of
exocytotic events related to catecholamine secretion. Such enhanced depolarization is likely
to bring the membrane potential above the activation threshold of high-voltage activated
CaV channels, triggering both Ca2+ influx and subsequent catecholamine secretion.

In active cells, displaying spontaneous action potentials, gambierol was found to
enhance the frequency of action potentials during the 11 s current pulse (Figure 5C) sug-
gesting that the K+ current blocked by the polyether may play a role in the control of the
action potential firing in fetal AMC cells; however, despite this increase in action potential
frequency by the gambierol, no enhancement of the amperometric events was detected,
probably because of functional KCa channels’ activity. The block of the KCa channels
markedly increased the amperometric events, related to catecholamine secretion.

It was surprising to discover that gambierol did not increase catecholamine secretion
from rat fetal AMC cells. The action of gambierol at the cellular level depends on the
subtype of KV channels that are expressed in a particular cell, their relative proportion, and
finally their sensitivity to the polyether toxins. In neurosecretory fetal chromaffin cells, the
proportion of KATP and KCa channels varied depending on the fetal development stage (F15
or F19–F20) [37,38], and present results. The results obtained in the fetal AMC cells, were
quite distinct from previous ones in which gambierol was reported to block a fast K+ current
in motor nerve terminals, which lengthened the presynaptic action potential duration and
thereby increased the amount of Ca2+ entry into the terminals and consequently the amount
of acetylcholine quanta released upon nerve stimulation [24,25].

Overall, the pharmacological dissection of the several types of K+ channels contribut-
ing to the total outward current of rat fetal chromaffin cells enhances the knowledge we
have on gambierol action, showing that this phycotoxin affects only a fraction of the total
K+-current component distinct to the KCa and KATP currents. Some specific questions
related to the type of K+ current blocked in fetal AMC cells by gambierol remain unan-
swered and could motivate forthcoming studies. In addition, our results may help in
understanding fetal viability, since gambierol, like other polyether toxins (e.g., brevetoxin-3
and ciguatoxin-1), likely crosses over the mammalian maternofetal barrier. Furthermore,
our results show that the K+-current block by gambierol in fetal AMC cells lacking splanch-
nic innervation has no effect on catecholamine secretion, emphasizing the key modulatory
role of KCa currents in controlling exocytosis at this fetal stage (F19–F20).

4. Conclusions

In conclusion, (i) several types of K+ channels contribute to the total outward cur-
rent of rat fetal AMC cells; (ii) gambierol only partly inhibits the total K+ current when
added after or before KCa and KATP blockers, and affects neither the KCa nor KATP chan-
nels; (iii) after blocking the Nav and KATP channels, and preventing activation of the KCa
channels, gambierol blocks K+ currents with a mean IC50 of 5.8 nM; (iv) in contrast to
ciguatoxins, gambierol slows the kinetics of K+-current activation; (v) gambierol does not
modify the number of secretory events, related to catecholamine secretion and caused by
long-lasting depolarizing pulses; (vi) gambierol increases the frequency of action potentials
during a long-lasting current stimulation in cells exhibiting spontaneous action potentials;
(vii) surprisingly the Ca2+-dependent electrically-elicited catecholamine secretion is not
affected by gambierol, but the subsequent block of KCa channels enhances membrane depo-
larization, the frequency of action potentials and increases the exocytotic event frequency,
highlighting the modulatory role played by KCa channels in the control of exocytosis from
rat fetal AMC cells.

The detailed mechanism of action of gambierol on the various types of transmembrane
ion channels, the complexity of ion conductances, and firing activities in excitable rat fetal
AMC cells still remain to be further explored.
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5. Materials and Methods

5.1. Chemicals and Toxins

Gambierol was synthesized as described by Fuwa et al. in 2002 [7] and had a purity
>97%. The synthetic gambierol was spectroscopically (NMR 13C and 1H, MS, IR) identical to
natural gambierol. Due to the lipophilic nature of gambierol, stock solutions were prepared
in dimethyl sulfoxide (DMSO) and diluted with the external physiological solution. The
total DMSO concentration in the test solution did not exceed 0.1%. Tetrodotoxin, apamin,
iberiotoxin, and glibenclamide were purchased from Alomone Labs (Jerusalem, Israel),
and Latoxan (Portes-lès-Valence, France). All other chemicals, including cell culture media,
reagents, tetraethylammonium chloride and 3,4-diaminopyridine, were purchased from
Sigma-Aldrich (Saint-Quentin-Fallavier, France).

5.2. Animals

Adult pregnant Wistar rats were obtained from Elevage Janvier (Le Genest-Saint-Isle,
France) and were acclimatized at the animal house for at least 48 h before experiments.
Live animals were treated according to the European Community guidelines for laboratory
animal handling, and to the guidelines established by the French Council on animal care
“Guide for the Care and Use of Laboratory Animals” (EEC86/609 Council Directive; Decree
2001-131). All efforts were made to minimalize animal suffering and to reduce the number
of animals used.

Animal care and surgical procedures were performed according to the Directive
2010/63/EU of the European Parliament, which had been approved by the French Ministry
of Agriculture. The project was submitted to the French Ethics Committee CEEA (Comité
d’Ethique en Expérimentation Animale) and obtained the authorization APAFIS#4111-
2016021613253432 v5.

All experiments were performed in accordance with relevant named guidelines and
regulations. Pregnant rats were housed in individual cages at constant temperature and
a standard light cycle (12 h light/12 h darkness) and had food and water ad libitum.
On the morning after an overnight breeding, the fetuses were considered to be at day
0.5 of gestation. At day 19 or 20 (F19 or F20), timed-pregnant rats were euthanized
by carbon dioxide gas inhalation, and fetuses were rapidly collected and decapitated
with scissors according to the guidance of the European Committee DGXI concerning
animal experimentation.

5.3. Rat Fetal Adrenomedullary Chromaffin Cell Cultures

Fetal adrenomedullary chromaffin cells were obtained from adrenal glands, removed
from fetuses collected at F19–F20. The method for chromaffin cell culture is detailed
elsewhere [30]. Briefly, the adrenal glands removed from eight to ten rat fetuses were
placed in an ice-cold phosphate buffer solution (PBS) to dissect with forceps the capsule
and cortex of the adrenal glands under a binocular dissecting microscope.

The isolated medulla was cut into small pieces and treated at 37 ◦C with 5 mL Ca2+-
free digestion solution containing collagenase (0.2%, type IA), 0.1% hyaluronidase (type
I–S) and 0.02% deoxyribonuclease (type I), to obtain dissociated chromaffin cells. After
30 min of tissue digestion, the enzymatic activity was stopped by adding 400 μL fetal
bovine serum.

The digested tissue was rinsed with PBS, three times, and gently grinded with a Pasteur
pipette. The cells were re-suspended in 5 mL Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 7.5% fetal bovine serum, 50 IU/mL penicillin and 50 μg/mL strepto-
mycin. Cells were plated onto 35 mm poly-L-lysine-coated dishes (2 mL volume) and kept
at 37 ◦C in a controlled atmosphere (95% CO2) for up to 2–4 days before the experiments.

5.4. Whole-Cell Voltage- and Current-Clamp Recordings

Membrane currents (under voltage-clamp conditions) and action potentials (under
current-clamp conditions in the zero current mode) were recorded from fetal chromaffin
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cells using the perforated whole-cell technique [50], as previously described [30]. Briefly,
recording microelectrodes were pulled from micro-hematocrit capillary tubes with a vertical
microelectrode puller (PB-7-Narishige, Tokyo, Japan). Microelectrodes were coated with
sticky wax (S.S. White, Gloucester, UK). Pipette resistance had typically 2–5 MΩ when
filled with the internal solution. The seal resistance was typically 2–10 GΩ, and about
75–80% of the series resistance (ranging from 12 to 50 MΩ) was compensated electronically,
under voltage-clamp conditions. Membrane currents and potentials were monitored with
an RK-400 amplifier (Biologic, Claix, France), were filtered at 1–3 kHz (Frequency device,
Haverhill, MA, USA), digitized with a DigiData-1200 interface (Axon Instruments, Union
city, CA, USA), and stored on the hard disk of a PC computer.

Data acquisition and analyses were performed using the pCLAMP-v.8.0 software
(Axon Instruments). The kinetic of K+ current activation was determined by measuring
the time constant (τ) of the exponential increase, both under control conditions (τC) and in
the presence of 20 nM of gambierol (τG). Then, the percentage of change was calculated as
[(τG/τC) − 1] × 100. The voltage-dependence of the K+ current activation was established
by plotting the current (IK), expressed as a percentage of its maximal value at +40 mV
(IKmax), as a function of membrane potential (V) during 90 ms depolarizing pulses, in the
absence and presence of 100 nM of gambierol, as elaborated previously by Hsu et al. in
2017 [44]. The theoretical curve corresponded to data point fits, according to the Boltzmann
equation (GraphPad Prism v.5 software): IK/IKmax = 1 − [1/(1 + exp ((V − V50%)/k))], where
V50% is the voltage corresponding to 50% maximal current, and k is the curve slope factor.

The standard external solution contained (in mM): 135 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2,
10 glucose, and 10 HEPES (adjusted to pH 7.4 and an osmolarity of 300 mOsm). When
necessary, 1 μM tetrodotoxin (TTX) was added to the external solution. The micropipette
solution contained (in mM): 105 K+ gluconate, 30 KCl, 0.1 CaCl2 and 10 HEPES (adjusted to
pH 7.2 and an osmolarity of 280 mOsm) and was added with amphotericin-B (24 μg/mL).
Neither ATP nor EGTA were added in the internal solution to avoid the catecholamine
release being affected, and thus the interpretation of results being complicated, since cate-
cholamine release is calcium-dependent in fetal chromaffin cells. TTX, apamin, iberiotoxin
and glibenclamide were added to the external solution. The solutions containing these
drugs were freshly made from stock solutions, just before each experiment, and were
applied by a custom-made gravity-fed micro-flow perfusion system, positioned as close as
possible to the recorded cell. It is worth noting that glibenclamide was reported to have
no significant effect on outward K+ current under normoxia conditions in neonatal AMCs
from P0 rat pups [51]. All experiments were performed at a constant room temperature
(21 ◦C).

5.5. Amperometric Recordings from Single Cells

Electrochemical recordings of exocytotic events from single rat fetal AMC cells were
performed, as described previously [37]. Cells were visualized with an inverted Olympus
microscope. Catecholamine secretion was detected employing 5-μm diameter carbon fiber
microelectrodes (purchased from ALA Scientific Instruments, Westbury, NY, USA), and
prepared as previously described [49,52].

For the amperometry, a DC potential was applied to the carbon-fiber microelectrode,
which appears at the interface between the carbon-fiber and the external solution bathing
the cell. If the potential is much greater than the redox potential for a given transmitter, then
catecholamines molecules diffuse to the carbon surface and are rapidly oxidized, yielding
a current that can be measured. In our experiments, the carbon-fiber microelectrode was
positioned adjacent to the individual cell, with the help of a micromanipulator, and a
holding voltage of +650 mV was applied between the carbon fiber tip and the Ag/AgCl
reference-electrode present in the bath to permit the oxidation of released catecholamines.

Electrochemical currents were filtered at 10 kHz (through a low pass filter) and ampli-
fied with a VA-10 current amplifier-system (NPI Electronic GmbH, Tamm, Germany). For
peak detection, we used a threshold that was around four times the noise level (around
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0.6 pA in our experiments). Amperometric spikes were identified, and carefully inspected
offline on a personal computer, using Mini Analysis 5.1 (Synaptosoft, Leonia, NJ, USA)
software. All spikes identified by the program were visually examined, and coinciding
amperometric events were manually excluded from data sets. Current digitization and
storage, data acquisition, as well as the standard external solution, were as described above.
All experiments were carried out at a controlled room temperature (21 ◦C).

5.6. Statistics and Data Processing

Data are presented as the mean ± SEM. Comparison between data was completed
using a Student’s t test. Differences were considered to be statistically significant at p < 0.05.
The number of experiments (n) refers to data obtained from the cells of different rat donors.
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Abstract: Acid-sensing ion channels (ASICs) are voltage-independent H+-gated cation channels
largely expressed in the nervous system of rodents and humans. At least six isoforms (ASIC1a, 1b,
2a, 2b, 3 and 4) associate into homotrimers or heterotrimers to form functional channels with highly
pH-dependent gating properties. This review provides an update on the pharmacological profiles
of animal peptide toxins targeting ASICs, including PcTx1 from tarantula and related spider toxins,
APETx2 and APETx-like peptides from sea anemone, and mambalgin from snake, as well as the
dimeric protein snake toxin MitTx that have all been instrumental to understanding the structure
and the pH-dependent gating of rodent and human cloned ASICs and to study the physiological
and pathological roles of native ASICs in vitro and in vivo. ASICs are expressed all along the pain
pathways and the pharmacological data clearly support a role for these channels in pain. ASIC-
targeting peptide toxins interfere with ASIC gating by complex and pH-dependent mechanisms
sometimes leading to opposite effects. However, these dual pH-dependent effects of ASIC-inhibiting
toxins (PcTx1, mambalgin and APETx2) are fully compatible with, and even support, their analgesic
effects in vivo, both in the central and the peripheral nervous system, as well as potential effects
in humans.

Keywords: ASIC; sodium channels; toxins; peptide; PcTx1; APETx2; MitTx; mambalgin; pain;
nociception

Key Contribution: This review updates the pharmacological and molecular mechanisms of ASIC-
targeting animal toxins on pain-related ASICs as well as the data supporting the analgesic effect of
ASIC inhibition in vivo in rodents and humans.

Early work by Krishtal et al. in 1980 demonstrated for the first time that application of
extracellular acid could evoke inward currents in sensory neurons [1]. Later on, they were
attributed to Acid-Sensing Ion Channels (ASICs) [2,3], which are members of the epithelial
Na+ channel (ENaC) and Degenerin (DEG) ion channel superfamily [4]. Understanding the
proton-dependent activation and modulation of ASICs as well as their pathophysiological
roles was the subject of active research since their molecular identification and cloning
in the late 1990s. Significant efforts were made to discover pharmacological tools to help
decipher their function, and peptides isolated from venoms turned out to be a powerful
resource for it. Tissue acidosis is associated with pain and ASICs emerged as major pH
sensors in sensory neurons where protons also directly affect other receptors such as the
Transient Receptor Potential (TRP) vanilloid 1 TRPV1 [5–7], some members of the two-pore
domain potassium channel family [8], cyclic nucleotide gated (CGN) channels [9,10] and
G-protein coupled receptors [11].

Toxins 2022, 14, 709. https://doi.org/10.3390/toxins14100709 https://www.mdpi.com/journal/toxins157



Toxins 2022, 14, 709

Here, we discuss recent advances in our understanding of ASIC mechanisms of
activation by acidic pH and how peptide toxins exert their complex molecular effects on
them, with a special emphasis on the in vivo consequences on pain and their use both as
pharmacological tools and potential analgesic compounds.

1. Molecular and Functional Properties of ASICs

1.1. Subunits Diversity and Structure

Functional ASICs are formed by the homo- or heterotrimeric association of identical or
homologous subunits [12–14] (Figure 1A), each subunit comprising more than 500 amino
acids and two transmembrane domains, a large extracellular loop, and intracellular N- and
C-termini with a re-entrant N-terminus loop (Figure 1B,C).

 

Figure 1. Structure of ASICs. (A) Trimeric organization of ASICs (left panel: side view, right panel:
top view). (B) Tridimensional skeletal model of a single subunit where variable regions between
isoforms “a” and “b” of rat ASIC1 and ASIC2 are highlighted in gold. (C) Structure of a single subunit
of chicken ASIC1 in resting state (the different sub-domains are shown in specific colors; PDB ID:
6vtl). (D) Skeletal 3D representation of a functional channel formed by the assembly of three subunits.
A transparent grey surface was added to one subunit to delineate the interface between two adjacent
subunits. Same colors as in (C) for the different sub-domains, and key structural domains mentioned
on the right. Cytoplasmic N- and C-termini, whose structures are unknown, are not shown. Designed
with PyMOL software.

Four genes (ACCN1 to ACCN4) encode at least six different ASIC subunits (Table 1)
sharing more than 50% amino acid identity: ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3,
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ASIC4 (ASIC5, also named BLINaC/BASIC and coded by the ACCN5 gene, only shares 30%
amino acid identity and cannot be considered as a genuine ASIC subunit). The difference
between the a and b variants of ASIC1 and ASIC2 relies on the first N-terminal third
of the subunit (Figure 1B), including the cytoplasmic N-terminal domain, the re-entrant
loop (forming part of the pore with the HG motif), the first transmembrane domain TM1
(forearm and wrist domains), and part of the extracellular loop (the palm β1 and β3 sheets,
the β-ball β2 sheet and the entire finger domain).

Table 1. Protein sequence comparison of rat and human ASIC subunits.

Isoform Species % Identity Size (aa) Name in Genbank Sequence ID

ASIC1a
Rattus norvegicus

98.11%
526 ASIC1 NP_077068.1

Homo sapiens 528 ASIC1 isoform b NP_001086.2

ASIC1b
Rattus norvegicus

93.24%
559 ASIC1 isoform X5 XP_006257440.1

Homo sapiens 562 ASIC1 isoform c NP_001243759.1

ASIC2a
Rattus norvegicus

99.02%
512 ASIC2 isoform MDEG1 NP_001029186.1

Homo sapiens 512 ASIC2 isoform MDEG1 NP_001085.2

ASIC2b
Rattus norvegicus

98.83%
563 ASIC2 isoform MDEG2 NP_037024.2

Homo sapiens 563 ASIC2 isoform MDEG2 NP_899233.1

ASIC3
Rattus norvegicus

83.68%
533 ASIC3 NP_775158.1

Homo sapiens 531 ASIC3 isoform a NP_004760.1

ASIC4
Rattus norvegicus

97.22%
539 ASIC4 NP_071570.2

Homo sapiens 539 ASIC4 isoform 1 NP_061144.4
Percentages of amino acid (aa) identity were calculated using BLAST.

The first crystal structure of an ASIC was solved in 2007 by the group of E. Gouaux
from cASIC1 (chicken ASIC1), the chicken ortholog of rat ASIC1a (rASIC1a) [12]. Each
subunit was represented as a hand holding a ball and divided into finger, thumb, palm,
knuckle, β-ball, wrist, and forearm (transmembrane domains) domains (Figure 1C). An
“acidic pocket” containing several pairs of acidic amino acids is present at the interface of
each subunit and was proposed to be one of the pH sensors of the channel, whereas cations
may access the ion channel by lateral fenestrations, then moving into a broad extracellular
vestibule just above the inactivation gate and the selectivity filter (i.e., the structural element
in the narrowest part of the pore that determines ionic selectivity) (Figure 1D) [12,15]. The
most noticeable structural difference between human (h) ASIC1a (hASIC1a) and cASIC1 is
a longer loop that extends down from the α4-helix to the tip of the thumb, due to two extra
amino acids (D298 and L299) absent in all other ASIC isoforms [16].

The lowest amino acid identity is 52% between cASIC1 and rASIC3, while rat and
human ASIC orthologs show amino acid identities between 83.68% (for ASIC3) and 99.02%
(for ASIC2a) (Table 1). Interestingly, hASIC3, but not rASIC3, has three splice variants
(a, b, c), resulting in differences in the C-terminal domain, hASIC3a mRNA being the
main isoform expressed in human neuronal tissues, although hASIC3c was also signifi-
cantly detected. A higher level of sequence variability for the same isoform is observed
between hASIC3a and rASIC3 or mouse ASIC3 (mASIC3) orthologs. While experimentally
determined structures are still lacking for ASIC2 and ASIC3, recent major advances in struc-
ture prediction using machine learning have allowed the generation of models for those
ASICs, shedding a new light on potential structural variations underlying the functional
differences between ASICs [17].

1.2. pH-Dependency

Homo- or heterotrimeric cloned ASICs were found to be voltage-insensitive but highly
pH-sensitive upon heterologous expression in Xenopus oocytes or in mammalian cell lines.
They are sodium selective, with additional low calcium permeability for ASIC1a and
hASIC1b [3,18,19]. They are activated by a fast-extracellular acidosis from conditioning
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physiological pH to acidic test pH and inactivated by sustained extracellular acidosis.
Interestingly, rat and human ASIC3 channels can be also activated at neutral (7.4) pH by
lipids (arachidonic acid and lysophosphatidylcholine) [20,21] and hASIC3a channels have
been shown to be sensitive to both acidic and alkaline pH [22].

The ASIC2b and ASIC4 subunits do not form functional proton-gated channels by
themselves, but ASIC2b can associate with other ASIC subunits to confer new properties
and regulations to heterotrimeric channels [13,23,24]. ASIC currents are generally transient
even if the acidification is maintained, but a sustained phase is associated with expression of
ASIC3 or with the presence of the ASIC2b subunit in heterotrimers (Figure 2). A sustained
plateau phase is also associated with hASIC1b current, but not with rASIC1b [19]. Two types
of sustained currents have been described for ASIC3: a window current at pH around 7.0
(Figure 2) resulting from the overlap of pH-dependent activation and desensitization curves,
and a sustained current induced by more acidic test pHs. The TM1 domain modulates the
pH-dependent activation, thus contributing to the window current near physiological pH
and, combined with the N-terminal domain, the TM1 domain is also the key structural
element generating the low pH-evoked sustained current [25].

Figure 2. Diversity of currents flowing through homo- and heterotrimeric cloned ASICs. Original
current traces of rat heterologously expressed ASIC currents recorded from HEK293 cells depending
on the composition in ASIC subunits, activated from pH 7.4 to the indicated test pH, at −60 mV.
Homotrimeric channels result from the expression of only one type of ASIC subunit (indicated above
each current), whereas heterotrimeric channels result from the co-expression of two different subunits
(1:1 ratio in transfection). The corresponding current noted rASIC1b/1a, for example, results from
the co-expression of rASIC1b and rASIC1a subunits.

ASICs differ in their biophysical properties depending on their subunit composition,
notably in their desensitization time constants. rASIC3, rASIC1a and rASIC1b show signifi-
cantly faster desensitization kinetics than rASIC2a (Figure 2). Experiments were conducted
on heterologously expressed cloned channels by co-expressing two, or more rarely three (or
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concatemers), different subunits. The stochiometry of association in heterotrimers (i.e., the
relative number of each subunit in the channel) is therefore hard to precisely determine in
these conditions. The ASIC1a and ASIC2a stoichiometry was at least investigated, showing
no preferential association [26].

ASICs differ in their pH sensitivity, and the functional diversity obtained by combining
the different subunits in homo- or heterotrimers (Table 2, with references in legend) allows
these channels to detect a wide range of pH changes between pH 7.2 and pH 4.0. Sigmoidal
curve fit of pH-dependent activation is used to determine the test pH0.5, inducing the half-
maximal activation that can vary between 6.8–6.3 (rASIC3) and 5.0–3.8 (rASIC2a). ASICs are
desensitized depending on the conditioning pH, which is represented by the pH-dependent
sigmoidal curve of steady-state desensitization (SSD) and by the conditioning pH0.5 of
half-maximal SSD that can vary between 7.4–6.8 for rASIC1a and rASIC3 and 6.0–4.7 for
hASIC2a (Table 2). These values are generally less acidic than the ones for activation, which
means that the SSD mechanism in the presence of a sustained extracellular pH acidification
will highly influence the amplitude of an ASIC current triggered by a subsequent rapid drop
in pH. The sustained ASIC3 current results from incomplete inactivation and is activated at
test pH 6.0 and below for hASIC3a and at pH 6.5 and below for rASIC3.

Table 2. Functional pH ranges of currents flowing through cloned rodent and human ASICs.

Cloned Channel

ACTIVATION SSD

Test pH
Threshold/max

pH0.5
Conditioning pH
Threshold/max

pH0.5

rASIC1a 7.0/5.5 6.4–5.8 chimnqtwxyz 7.4/6.8 7.3–7.1 cehimtyz

rASIC1b 6.4/5.6 6.3–5.7 fitwxy# 7.3/6.6 7.0–6.5 fit#

m/rASIC2a 6.0/3.0 5.0–3.8 bnqwxz 7.0/4.5 6.3–5.6 mz

m/rASIC3 7.2/5.5 6.8–6.3 otwy 7.4/6.8 7.2–7.0 sty

rASIC1a/2a 6.3/4.5 5.6–4.8 nqrw

m/rASIC1a/2b 6.8/6.0 6.4–6.2 pw 7.4/7.1 7.3 p

rASIC1a/1b 6.3–5.8 w

rASIC1a/3 7.0/5.5 6.7–6.3 rtw 7.0/6.8 7.1 t

rASIC1b/3 6.6/5.9 6.7–6.2 tw 6.9/6.6 6.8 t

rASIC1b/2a 4.9 w

rASIC2a/3 7.2/4.5 6.1–5.6 rw

m/rASIC2a/2b 4.8 bw

rASIC2b/3 6.5 w

m/rASIC1a/2a/3 6.4–5.1 rw

rASIC1a/2b/3 6.3 w

rASIC1b/2a/3 4.9 w

hASIC1a 6.8/6.0 6.6–6.3 dgikov 7.0/6.7 7.2–6.9 degiko

hASIC1b 6.5/5.5 5.9–5.7 gi 6.7/6.4 6.5–6.1 gi

hASIC2a 6.8/3.5 5.7 u 6.0/4.7 5.5 u

hASIC3a 7.0/5.5 6.6–6.2 aj 7.0/7.9 7.7–7.5 as

cASIC1 6.8/6.3 6.6 l 7.4/7.1 7.3 l

Representative pH ranges (threshold/max) and pH0.5 values for pH-dependent activation of cellular ASIC currents
activated from conditioning pH 7.4 to variable test pHs, and for pH-dependent steady state desensitization (SSD)
of currents maximally activated from variable conditioning pHs with rat (r), mouse (m), chicken (c) and human (h)
homotrimeric and heterotrimeric ASICs heterologously expressed in Xenopus oocytes or mammalian cell lines. The
corresponding current noted rASIC1a/2a, for example, results from the co-expression of rASIC1a and rASIC2a
subunits. References: a [27], b [28], c [29], d [30], e [31], f [32], g [19], h [33], i [34], j [22], k [35], l [36], m [37], n [38],
o [39], p [40], q [41], r [42], s [43], t [44], u [45], v [46], w [14], x [47], y [48], z [49], # unpublished data.

1.3. pH-Dependent Gating

The molecular mechanism of pH-dependent gating of ASICs was studied through
combined approaches including electrophysiology, mutagenesis, molecular dynamic sim-
ulations, X-ray crystallography and cryo-electron microscopy (cryo-EM), along with the
pharmacological use of ASIC-targeting animal toxins.

The structures of the three conformational states involved in H+-dependent gating of
homotrimeric cASIC1 were solved by X-ray crystallography and Cryo-EM: resting state [50]
(Figure 3A), open state [51] (Figure 3B) and desensitized state [12] (Figure 3C). Cryo-EM
structures of the hASIC1a in its closed state have also been solved, in complex with the toxin
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mambalgin-1 [52], and in complex with a specific nanobody Nb.C1 [16]. At the interface of
each subunit of the trimeric channel, an acidic pocket is formed by intra-subunit contacts
between the thumb, the β-ball and the finger domains, together with residues from the
palm domain on the adjacent subunit (Figures 1A,D and 3) [12,50].

Figure 3. pH-dependent gating mechanisms of ASICs and interaction with toxins. ASIC gating
involves three conformational states. (A), high pH resting state, which is stabilized by the toxin
mambalgin (see Section 2.4) (major domains involved are indicated with the same color code as
in Figure 1). (B), low pH open state, which is stabilized by the toxin MitTx (see Section 2.3) and
also partially by the toxin PcTx1 (see Section 2.2). (C), low pH desensitized state also promoted by
PcTx1. To illustrate the recovery process in (A), the deprotonation mechanism of only one acidic
pocket is presented. Blue (A), green (B) and red (C) arrows show critical conformational changes
during recovery, activation and desensitization processes, respectively. For clarity, only two subunits
are shown.

Upon activation by extracellular acidic pH, protonation of the acidic pocket (Figure 3A,B)
leads to its collapsed conformation, which is stabilized by the formation of three pairs
of carboxyl–carboxylate interactions between the side chains of aspartate and glutamate
residues [12,50]. Cl− ion may play a role in channel gating by stabilizing the collapsed
conformation of the acidic pocket at low pH, which seems state dependent since this
bound Cl− is absent in the resting state at high pH [53]. The motion of thumb helices
α4/α5, resulting from collapse of the acidic pocket, induces a global motion of the thumb
domain, which is directly connected to the transmembrane domain through a non-covalent
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contact forming a part of the wrist region [12,54]. In parallel, anchoring of the α5 helix
against the palm of the adjacent subunit induces bending of the lower palm (β1 and β12
strands) toward the transmembrane domains (TM1 and TM2) to which they are covalently
connected to form the other part of the wrist region. All together, thumb and lower palm
domain motions lead to a rotation of each subunit around the scaffold formed by the
knuckle and upper palm domains [50] that induces a translation of TM1 and TM2 leading
to the expansion of extracellular fenestrations and to an iris-like opening of the channel
gate (Figure 3B).

Ions are then enabled to pass through the selectivity filter of the pore (GAS belt motif,
between TM2a and TM2b and HG motif in N-terminal re-entrant loop; Figure 1C) [15,51,55].
The Lys212 of the palm domain is deeply anchored to the thumb domain of the adjacent
subunit and seems critical to facilitate the cooperativity between subunits during the global
rotation of the extracellular domains of all the subunits [12,15,51,56]. In the lower palm
domain, an inter-subunit hydrogen-bond network, close to the wrist region, seems also
critical for the correct propagation of conformational changes leading to the expansion of
the extracellular fenestration [57,58] (Figure 3B). Several residues at the extracellular side
of the transmembrane domain that form contacts within each subunit in desensitized and
resting state [12,39] are disrupted after the iris-like opening of the pore [50]. It is interesting
to note the arginine in this region that seems also necessary to mediate the potentiation of
ASIC currents by lipids [59]. In addition to acid-induced activation, hASIC3 is also sensitive
to alkalization, and this property is supported by two arginine residues only present in the
human channel and also located close to the boundary between the plasma membrane and
the extracellular medium [22].

During prolonged acidification, the β11-β12 linker that demarcates the upper and
lower palm domains undergoes a substantial conformational change induced by the switch
in sidechain orientations of two residues [60–62]. This plays the role of “molecular clutch”
allowing transmembrane domains to relax back into a “resting-like” conformation to permit
rapid desensitization by uncoupling the conformational change of the upper extracellular
domain from the lower part of the channel leading to the narrowing of the fenestration and
the closing of the inactivation gate (Figure 3C) [50,61–65]. Just under the “molecular clutch”,
a fourth pair of carboxyl–carboxylate interaction between the side chains of glutamate
residues was identified [12] that probably influences its stability [66,67]. Moreover, the
previously mentioned Lys212, in a loop immediately above the β11-β12 linker, binds a Cl−
anion located in the thumb domain of an adjacent subunit [12,50,53] and could explain the
mutations in the thumb domain also influencing desensitization [64,68–70].

Finally, when returning to physiological pH, the channel would return to the resting
state after deprotonation of acidic residues that drive the expansion of the acidic pocket,
allowing the β11-β12 linker to revert back to a non-swapped conformation (Figure 3A) [50,61].

The intra- and inter-subunit network of H-bonds, salt bridges and carboxyl–carboxylate
pairs involving several residues with different pKa values, highlights the complexity of
the pH-dependent gating of ASICs and explains the different pH-dependent activation
and desensitization characteristics of the various homo- or heterotrimeric channels in dif-
ferent species (Table 2), since several domains are directly or indirectly involved in both
mechanisms via their intra- and inter-subunit connections.

Among the channels and receptors that respond to acidic pHs, only the proton-
activated chloride channel (PAC) is, like ASICs, directly activated by protons through
a complex and dedicated mechanism [71,72]. Interestingly, this channel also has a trimeric
structure with a large extracellular domain, comprising fenestrations and acidic pockets,
whose conformation change is transmitted to transmembrane domains after protonation.
This suggests a complex convergent evolutionary process to achieve the pH sensing prop-
erty of these two unrelated channels, albeit with completely different mechanisms at the
molecular level. Very recently, a lysosomal proton (and K+) channel [73] with unrelated
sequence and structure with ASICs was shown to be also activated by protons via a still
unknown molecular mechanism. Proton-mediated gating of the capsaicin receptor TRPV1
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is dependent of one key residue of the pore region (Phe660) [7], the inactivation of CNG
channels is controlled by extracellular protons leading to the collapse of the pore via the
titration of a single glutamate residue within the selectivity filter [10], and the two pore
domain potassium channels (K2P) are modulated by protons through the titration of a key
residue in the pore [8].

1.4. Pathophysiological Roles in Pain Sensing

Relying on their pH-dependent gating properties, ASICs were involved in several func-
tions associated with physiological and/or pathological extracellular pH variations [4,74–81].
We will focus here on pain sensing. Besides metabolic disorders producing systemic pH
changes, there are other pathophysiological conditions that result in local pH variations,
generally associated with increased pain perception. During pathophysiological condi-
tions like inflammation, tissue injury, ischemia or cancer, extracellular pH can drop from
physiological values (generally around 7.4) to values around 6.5 or even below. In rodent
models, local extracellular pH can for instance decrease to 6.8–6.0 in implanted tumor, to
5.8 in carcinoma, to 6.0–4.0 in bone cancer, to 6.8 upon inflammation, to 5.7 in arthritis, to
6.5 in muscle after incision, to 6.9 during heart angina, to 6.9 in joints in osteoarthritis or
rheumatoid arthritis, and to 6.5–6.2 in mouse brain after traumatic injury or stroke [82–85].
In humans, local extracellular pH was found to decrease to 6.0–5.4 in abscess, to 5.7–5.4 in
human malignant tumors, to 7.0–6.0 in joint synovial fluid of osteoarthritis patients, to 6.9
in gout, to 6.4 in melanoma, or to 6.7 intracutaneously after muscle exercise [81,84], and
localized skin tissue acidification (pH ≥ 6.0) causes pain in humans [86,87].

Tissue acidosis occurs therefore in a variety of pathological painful conditions, and
ASIC subtypes expressed in nociceptive neurons have all the hallmarks of pain sensors.
Several reviews have summarized the role of ASICs in the peripheral nervous system in
nociception and also in proprioception [74–76,78–80,88]. ASICs are highly sensitive to mod-
erate acidifications, being for instance 10-fold more sensitive than the heat, capsaicin and
proton-sensitive channel TRPV1 also expressed in peripheral sensory neurons. ASICs can
generate sustained depolarizing currents upon prolonged tissue acidification compatible
with the detection of non-adapting pain. Regulation of their activity by several pain-related
mediators beside protons (inflammatory factors, neuropeptides, lipids, etc.) [21,89,90] led
to the notion of coincidence detectors, especially for ASIC3, associated with pain detection
and peripheral sensitization processes in pathophysiological situations like inflammation
or chronic pain [81,91].

It is important to note that ASICs in the pain pathways are expressed not only in
sensory neurons but also in dorsal horn neurons of the spinal cord involved in pain
processing as well as in the brain, where they could be involved in synaptic transmission
and plasticity, activated by the acidification of the synaptic cleft after the co-release of the
acidic content of neurotransmitter synaptic vesicles, in particular in the case of chronic
pain situations leading to central sensitization processes. Homotrimeric ASIC1a and
heterotrimeric ASIC1a/2a were found to be postsynaptic receptors activated in several
brain structures in glutamatergic and GABAergic neurons, where they could generate
3–10% of the synaptic current, even 20% at GABAergic synapses, and be involved in
diverse forms of synaptic plasticity [77,92]. In the central nervous system, presynaptic or
postsynaptic ASICs have thus been proposed to modulate learning and memory and to
play a role in epilepsy and mood disorders as well as in neuronal damages associated with
stroke and Alzheimer’s disease [77,92,93].
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2. Dual Effects of Animal Toxins Targeting ASICs

Development of the pharmacology of ASICs was very important for studying their
structure, their molecular and cellular functions, and their pathophysiological roles, in
combination with knockout or knockdown animals. The pharmacology of ASICs includes
poorly selective modulators like synthetic amiloride, GMQ (2-guanidine-4-methylquinazoline),
diminazene and non-steroidal anti-inflammatory drugs (NSAIDs), endogenous modu-
lators like lipids, nitric oxide (NO), extracellular cations, polyamines such as agmatine
or spermine, neuropeptides (dynorphin A, big dynorphin, RFamide-related peptides),
natural compounds among which there are vegetal compounds particularly used in tra-
ditional Chinese medicine and finally much more selective animal peptide and protein
toxins [94,95].

Four ASIC-targeting peptide toxins have been extensively characterized to date: the
peptide toxins PcTx1 (psalmotoxin) from spider [96], APETx2 from sea anemone [97],
and mambalgin (Mamb, with isoforms 1, 2 and 3) from mamba snakes [33,98], and the
heterodimeric protein MitTx from coral snake [99].

The mechanisms by which toxins modulate ASIC gating are best described for ASIC1a
and PcTx1 [29,31,32,47,60,100–103], ASIC1a and MitTx [51,99,104] and ASIC1a and
Mamb [33,34,49,52,105–108] through combined approaches including electrophysiology,
mutagenesis, molecular dynamics simulations, X-ray crystallography and cryo-EM, which
allow to propose a mechanism for the pharmacological effects of these gating modifier
toxins, as well as for APETx2 whose binding site on ASIC3 is not yet formally identified,
which helps to understand their complex pH-dependent dual effects.

2.1. Preliminary Remarks on the Models and Data Interpretation

Depending on the subunit composition of ASICs, on the animal species and on extra-
cellular pH variations, three different macroscopic effects could be observed on whole-cell
currents flowing through heterologously expressed cloned ASICs when toxins are applied
at physiological conditioning pH 7.4: inhibition (INH, Table 3 with references included)
of the peak H+-gated current, potentiation (POT, Table 3) of the peak H+-gated current, or
activation (ACT, Table 3) of the current without any change in pH.

These complex and sometimes opposite pH-dependent effects of ASIC-targeting
peptide toxins could question the validity and/or extrapolation to humans of some in vivo
data especially against pain. We will present evidence on how these dual effects of ASIC-
targeting animal toxins on both rodent and human channels are fully compatible with, and
even support, the analgesic effects seen in vivo in rodents and potential effects in humans.

The expression system should also be taken into account in interpreting these effects, as
opposite results were sometimes observed on cloned ASICs whether they were expressed in
Xenopus oocytes ( , Table 3) or in mammalian cells (�, Table 3). For example, potentiating
effects of APETx2 on rASIC1b and rASIC2a, as well as on rASIC1b/3 and rASIC2a/3
currents were reported from Xenopus oocytes, whereas similar concentrations of toxin were
reported to have no effect on the same channels expressed in transfected mammalian cells.
These effects observed in Xenopus oocytes should thus be considered with caution if they
were not confirmed in transfected mammalian cells and/or in native currents recorded
from neurons, particularly to extrapolate in vivo effects in mammals.

Furthermore, in structure-activity studies, the impact of a mutation on ASIC pH-
dependent gating should be carefully controlled since the effect of mutations strongly
affecting the pH-dependent gating can introduce a bias, making it difficult to draw a formal
conclusion concerning the direct involvement of a channel residue into the binding site of
a toxin.
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Table 3. Effects of ASIC-targeting animal toxins on the amplitude of cloned rodent and human

ASIC peak whole-cell currents activated from physiological pH 7.4.

Channel
Mamb (1, 2 or 3)

IC50/EC50

PcTx1
IC50/EC50

APETx2
IC50/EC50

MitTx
EC50

rASIC1a INH �3–55 nM a,p,q,r INH �0.3–3.7 nM b,c,o,u NO � at 10 μM y,e ACT 9 nM i

rASIC1b
INH �

22–192 nM a,p,q,r
POT

25–100 nM d, u
NO� at 3 μM e

POT at 3–10 μM y,#
ACT

23 nM i

rASIC2a NO � at 3 μM a,p NO
at 100 nM b

NO � at 3 μM e,#

POT at 10 μM y
POT

at 75 nM i

rASIC3
NO �

at 3 μM a,p
NO

at 100 nM b
INH �

37–63 nM, test pH 6 e,f,g
ACT

830 nM i

rASIC1a/2a INH �152–252 nM a,p,r NO � at 50 nM b,v,w ACT
at 75 nM i

rASIC1a/2b
INH�

61 nM a
INH 3 nM h

NO� at 300 nM #

rASIC1a/1b INH�72 nM a

rASIC1a/3
NO�

at 2 μM a,p

NO� at 10 nM b

INH�

at 100 nM, test pH 6 x

INH �

2 μM e,#
NO

at 75 nM i

rASIC1b/3

INH�

at 1 μM #

POT�

at 1 μM, test pH 6.6 #

INH�

900 nM, test pH 6 e

POT
at 3 μM, test pH 6 #

rASIC1b/2a INH�at 1 μM #

rASIC1b/2b INH�at 100 nM #

rASIC2a/3
NO� at 3 μM e

POT
at 3 μM, test pH 6 #

NO
at 75 nM i

rASIC2b/3
INH �

117 nM e,#

mASIC1a/2a/3 NO� at 100 nM x

hASIC1a INH �

24–203 nM a,q,s,t

NO � at 25–60 nM m,n,j

INH
3.3 nM, test pH 6 u

POT
at 60 nM, test pH 6.7 n

hASIC1b
INH at 1 μM

POT �

60 nM, test pH6 q,#

POT
at 60 nM n

hASIC2a NO� at 850 nM a NO� at 100 nM j

hASIC3a INH �175–344 nM e,z

hASIC1a/2a
INH�

220 nM a
NO� at 100 nM j

POT at 200 nM h

hASIC1a/1b INH 256 nM q

hASIC1a/3 INH 462 nM q

hASIC1b/3
INH at 1 μM q

POT at 1 μM, test pH 6 q

cASIC1
INH�

124 nM, test pH 6 t

ACT �

189 nM l,k,p

POT �at 20 nM k,m

Rat (r), mouse (m), chicken (c) and human (h) homotrimeric and heterotrimeric ASICs were heterologously
expressed in Xenopus oocytes ( ) or mammalian cell lines (�) and activated from pH 7.4 by an acidic maxi-
mal stimulation to pH 5.0 or below (unless another test pH is mentioned). The corresponding current noted
rASIC1a/2a, for example, results from the co-expression of rASIC1a and rASIC2a subunits. Inhibition (INH) or
potentiation (POT) of the H+-activated ASIC peak current, or activation (ACT) in the absence of acid stimulation
is shown in red, blue and purple, respectively. The IC50 or EC50 values are indicated when available. If not,
the highest dose tested is noted; NO: no effect (with the highest dose tested indicated). Toxins were applied at
physiological conditioning pH 7.4. References: a [33], b [96], c [29], d [32], e [97], f [109], g [110], h [40], i [99],
j [111], k [112], l [60], m [30], n [19], o [100,101], p [98], q [34], r [105], s [113], t [108], u [31], v [114], w [115]; x [116],
y [117], z [118], # unpublished data.

2.2. PcTx1 and Related Toxins
2.2.1. Pharmacological Profile

This peptide of forty amino acids was isolated from the South American tarantula
Psalmopoeus cambridgei venom [96]. It folds according to the inhibitor cystine knot (ICK)
motif [100,119]. Discovered as a potent inhibitor of cloned rASIC1a (IC50 = 0.3–3.7 nM),
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PcTx1 applied at conditioning physiological pH 7.4 was also shown to inhibit rASIC1a/3
at higher concentrations (25–100 nM) (Table 3, references included) and to inhibit hASIC1a
at test pH 6 with an IC50 of 13 nM [31]. Inhibition of rASIC1a/2b was only reported once
in the Xenopus oocytes expression system [40] but was not confirmed from mammalian cell
experiments performed with up to 300 nM of PcTx1 (unpublished data). Depending on
the pH conditions, PcTx1 also shows potentiating effects on rASIC1b, hASIC1a, hASIC1b,
hASIC1a/2a and on cASIC1 currents (Table 3) [19,31,32] and can also directly activate
cASIC1a (EC50~189 nM) [98,112].

PcTx1 was reported to exert complex state-dependent effects on ASIC1a- and ASIC1b-
containing channels, which would depend on its concentration but also on the animal
species, on the pH-dependent properties of the channels and on the pH at which the
toxin is applied. For example, whereas exerting almost no effect on the hASIC1a current
activated from conditioning pH 7.4 to test pH 5.0 [19,30,111], PcTx1 was reported to exert
an inhibitory effect on the current maximally activated from conditioning pH 7.2, or on
the current activated from conditioning pH 7.4 to test pH 6.0 at high concentration [30,31],
and a potentiation of the current submaximally activated from conditioning pH 7.4 to
test pH 7.2–6.2 [19] (Figure 4B). However, if inhibitory effects were obtained both from
Xenopus oocytes and mammalian cells data, potentiating effects of PcTx1 on the rASIC1b,
hASIC1a, hASIC1b and hASIC1a/2a need to be considered with caution because they are
only obtained from Xenopus oocytes experiments.

PcTx1 has no effect on the other ASIC channels, nor on a variety of Kv, Nav and
Cav channels [96]. The best specificity of the toxin for ASICs is supported by binding
experiments with an iodinated form of the peptide, which shows similar binding properties
on rat brain membranes and heterologously expressed cloned ASIC1a channels [47].

Despite these dual effects described on heterologously expressed cloned ASICs, the ef-
fects of PcTx1 on native neuronal rodent ASIC currents were mostly inhibitory [37,120,121],
and generally used to support the participation of homotrimeric ASIC1a in the whole-
cell ASIC current. The observed inhibition of native neuronal ASIC currents is in good
agreement with in vivo analgesic effects confirmed by genetic invalidations, particularly
after central (intrathecal, i.t., or intracerebroventricular, i.c.v.) injections of the peptide in
different animal pain models (chemical, inflammatory and neuropathic pain) [122,123].

The spider peptide Hm3a (π-TRTX-Hm3a, from Heteroscodra maculata) shares high
sequence similarity with PcTx1 (37 amino acids, with 5 different amino acids and three
residues missing at the C-terminus) but is more resistant to enzymatic, chemical and
thermal degradation although in vivo studies are yet to confirm this efficacy. It inhibits the
rASIC1a current with an affinity (IC50 = 1.3–2.6 nM) similar to PcTx1, as well as hASIC1a
(IC50 = 0.52 nM), and potentiates rASIC1b at higher concentration (EC50 = 46.5 nM) as well
as rASIC1a/1b (EC50 = 17.4 nM) and hASIC1b (EC50 = 178 nM), all recorded from Xenopus
oocytes [124].

Another spider toxin, Hi1a (from Hadronyche infensa), is a double knot peptide com-
posed of 75 amino acids that looks like two PcTx1 in tandem (each with 62% and 50%
identity with PcTx1) [125,126]. It inhibits rASIC1a (IC50 = 0.4 nM), as well as hASIC1a
(IC50 = 0.5 nM) currents with an affinity similar to PcTx1, and potentiates rASIC1b at
higher concentration (EC50 = 46 nM), with a more durable effect than PcTx1 on currents
recorded from Xenopus oocytes [125]. Hi1a does not exert a major effect on a panel of
human ion channels involved in cellular excitability (hNav1.5, hKv4.3/hKChIP2, hCav1.2,
hKv11.1/hERG, hKv7.1/hKCNQ1 or hKir2.1 currents) [127].

2.2.2. PcTx1, a Gating Modifier Stabilizing Open and Desensitized States
Biophysical Mechanisms

When co-applied at physiological conditioning pH 7.4, PcTx1 is able to bind to the
closed state of ASIC1a and to induce a conformational change that is, however, not sufficient
to directly open the channel in most cases [103]. By mimicking a local protonation of the
acidic pocket, PcTx1 triggers its H+-dependent collapsed conformation thus promoting
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both open and desensitized states [51], as evidenced by the apparent greater affinity of
protons (leftward shift) for both the activation and SSD curves of rASIC1a and hASIC1a
(Figure 4A,B) [19,29–31,128]. The amplitude of this shift is dependent on the concentration
of PcTx1 [31]. Except in the case of cASIC1 [98] and of chimeric channels on which PcTx1
behaves as a direct agonist at pH 7.4 [32], PcTx1 does not directly open ASIC1a, probably
because other key residues must be protonated by a pH value lower than 7.4 to cause the
pore to open completely.

PcTx1 inhibitory effect on rASIC1a current from physiological conditioning pH 7.4 to
every test pH is mostly due to its pH-dependent SSD promoting effect, whereas no more
inhibition was observed from pH 8 instead revealing a potentiation of the current at test
pH values in the activation curve pH range (7.2–6.2), due to the opposite potentiating effect
by a leftward shift of the activation curve (Figure 4A).

Rat and human ASIC1a differ by five residues in the thumb domain, which render the
pH-dependent SSD of hASIC1a less sensitive to pH and thus prevent the potent inhibitory
effect of PcTx1 at conditioning pH 7.4, revealing instead a current potentiation of hASIC1a
through the shift of the pH-dependent activation that can be seen at test pH 7.2–6.2, i.e.,
in the activation pH range only [19] (Figure 4A,B). Inhibition of hASIC1a can only be
restored if PcTx1 is applied with slightly acidic conditioning pH (pH 7.2 in the presence
of 1 nM PcTx1 [31]), i.e., in the range of the effect of PcTx1 on the pH-dependent SSD
(Figure 4B), or by increasing the PcTx1 concentration to 3–10 nM to further shift the
SSD curve above pH 7.4 [31]. The PcTx1 effect on currents submaximally activated from
conditioning pH < 7.4 will result from the sum of inhibiting and potentiating effects.

Figure 4. Toxins interfere with the pH-dependent gating of rodent and human ASICs. Schematic
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pH-dependent curves of normalized (I/Imax%) activation (Acti, green) and steady state desensitiza-
tion (SSD, red) of heterologously expressed cloned rat and human ASIC1a and ASIC1b in the absence
(solid line) and in the presence of PcTx1 (dashed line) (A–D) and of rat and human ASIC1a in the pres-
ence and in the absence of mambalgin (Mamb) (E,F). All curves were adapted from published data.
(A,B), rASIC1a (A) and hASIC1a (B) gating modulation by PcTx1. The toxin increases the apparent
H+ affinity of rASIC1a current thus inducing a leftward shift of both the activation and SSD curves
towards more alkaline pH values. (A), PcTx1 inhibitory effect on rASIC1a current from physiological
conditioning pH 7.4 (black downward arrow) to every test pH is mostly due to its pH-dependent
SSD promoting effect, whereas no more inhibition was observed from pH 8.0 (�) instead revealing a
potentiation of the current at test pH in the activation curve pH range (7.2–6.2), due to the opposite
potentiating effect by a leftward shift of the activation curve (black upward arrow) [29] (PcTx1 10 nM).
(B), PcTx1 exerts almost no effect on the hASIC1a current maximally activated from conditioning pH
7.4 (�), an inhibitory effect on the hASIC1a current maximally activated from conditioning pH 7.2
(black downward arrow), and a potentiation on the hASIC1a current submaximally activated from
conditioning pH 7.4 (black upward arrow). Curves adapted from [30,31] (PcTx1 1 nM), with the shift
of activation curve deduced from the PcTx1-induced current potentiation at test pH 6.7 (green points,
PcTx1 60 nM) [19]. (C,D), rASIC1b (C) and hASIC1b (D) gating modulation by PcTx1. The toxin
promotes opening of rASIC1b and hASIC1b through a leftward shift of the activation curve towards
less acidic pH with almost no effect on the SSD curve. Consequently, PcTx1 does no inhibit the
current maximally activated from conditioning pH 7.4 (�), and potentiates the current submaximally
activated from pH 7.4 to test pH 6.8–5.8 (black upward arrow). Curves adapted from [32] (PcTx1
100 nM), and the shift of hASIC1b activation curve is deduced from the PcTx1-induced potentiation
of the current at test pH 6.3 (green points, PcTx1 60 nM) [19]. The effect of PcTx1 on hASIC1b SSD
curve is not yet known. (E,F), rASIC1a (E) and hASIC1a (F) gating modulation by Mamb. Mamb
inhibits rASIC1a and hASIC1a currents mainly by a rightward shift of the pH-dependent activation
curve towards more acidic pH values. Curves for rASIC1a current adapted from [33] (Mamb-1,
200 nM), and for hASIC1a from [34] (Mamb-3, 10 nM; note that this concentration is below IC50 value
of Mamb on hASIC1a (see Table 3) and that a higher shift could thus be expected with a higher Mamb
concentration). Red and green arrows illustrate shifts (acidic rightward, alkaline leftward) in the
pH-dependent curves of activation and/or SSD by toxins. Data on the gating modulation of hASIC1b
and rASIC1b by mambalgin-1 are shown in another following figure.

PcTx1 promotes opening of rASIC1b and hASIC1b by acidic drop from physiological
resting pH 7.4 (EC50~100 nM) through a leftward shift of their activation curve towards
less acidic pH (Figure 4C,D), with almost no effect on the SSD curve. Consequently, PcTx1
does not inhibit the current maximally activated from conditioning pH 7.4, and potentiates
the current submaximally activated from pH 7.4 to test pH 6.8–5.8, in the activation curve
pH range. The absence of PcTx1 effect on the pH-dependent SSD of rASIC1b comes from
an alteration of the contact between the toxin and the divergent adjacent upper part of the
palm domain of ASIC1b (Figure 5A) [32,47]. PcTx1 is also able to constitutively activate
cASIC1 at resting pH 7.4 [112] and to potentiate the H+-activated cASIC1 current [98],
presumably stabilizing only the open state of the channel like for ASIC1b.

Structural Mechanisms

PcTx1 primarily binds to the thumb domain through Trp7 and Trp24 that anchor the
toxin to Phe351 of cASIC1, crucial for the specificity of PcTx1 [51,103] but also inserts an
arginine-rich hairpin into the acidic pocket, making polar interactions mimicking local
protonation of the acidic pocket (Figure 5A). Together, these polar and non-polar interac-
tions link the finger, β-ball, and thumb domains of one subunit and the palm domain of
the adjacent subunit [47,51] and lead to the collapsed conformation of the acidic pocket,
which characterizes both the open and the desensitized states (Figure 3B,C). Three PcTx1
molecules thus bind at three equivalent sites on one homotrimeric ASIC1.
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Figure 5. Toxin binding sites on one ASIC subunit. (A) Structure of a single cASIC1 subunit
(rotated view of the skeletal 3D representation shown in Figure 1C) in complex with PcTx1 (PDB ID:
3s3x) [51]. (B), Structure of a single cASIC1 subunit in complex with MitTx (heterodimeric complex
of MitTx-α and MitTx-β (PDB ID: 4NTY) [60]. (C), Cryo-EM structure of a single hASIC1a subunit in
complex with mambalgin-1 (Mamb) at pH 8.0 (PDB ID: 7CFT) [52]. (D), Model of a single rASIC3
subunit extrapolated from cASIC1 structure, along with APETx2 (PDB ID: 2MUB) at the same scale,
with two potential binding sites (black arrows) [129]. Designed with PyMOL software.

A series of chimeras realized between rASIC1a and rASIC1b or between rASIC1a and
rASIC2a showed that the thumb, the β-ball and the palm domains of the adjacent subunit
are crucial in explaining the difference in sensitivity of PcTx1 between the different ASIC
isoforms. When ASIC1a residues of the β-ball were exchanged with the ones belonging to
the PcTx1-insensitive ASIC2a (mutant 1a-RDQ190,258,259KQE) [49]), PcTx1 cannot inhibit
the channel and rather induces a strong potentiation, in good agreement with the fact that
Arg190 was involved in the interface with PcTx1 [51]. A similar effect is also observed
when a part of the β-ball domain of ASIC1a was exchanged for the one of ASIC2a [47],
showing the crucial role of the β-ball domain in the mechanism of PcTx1 inhibition of
ASIC1a via the leftward shift of its pH-dependent SSD (Figure 4A,B).

When part of the palm domain of ASIC1a was exchanged with that of ASIC2a [49],
PcTx1 also exerted a potentiating effect that cannot be attributed to an indirect effect via a
change of the pH-dependence of SSD and can only be interpreted as a loss of contact be-
tween PcTx1 and the palm domain [47,49] preventing the modulation of the pH-dependent
desensitization by PcTx1. The palm domains are different between rASIC1a and rASIC1b
subunits, and interestingly, PcTx1 is also not able to inhibit the rASIC1b current by shift-
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ing its pH-dependent SSD curve [32] (Figure 4C), but rather induces a potentiating effect
through the shift of the pH-dependent curve of activation. Accordingly, the introduction of
part of the palm domain of rASIC1a into rASIC1b restored the inhibition by PcTx1 [47]. A
similar mechanism could also take place in the case of hASIC1b [19] and cASIC1 [60,64,130],
which all have palm domains divergent from ASIC1a and are all potentiated by PcTx1,
and also explains why PcTx1 is able to open cASIC1 at pH 7.4 [98]. Moreover, an overlap
between the effects of PcTx1 and GMQ was shown [131], which is known to act through the
β11–β12 linker of the palm responsible for the desensitization (molecular clutch), highlight-
ing the role of the palm domain to mediate the effect of PcTx1 on the desensitization process.

PcTx1 was reported to exert no inhibition (applied at pH 7.4, Table 3) on heterotrimeric
ASIC1a/2a highly expressed in central neurons along with homotrimeric ASIC1a, and even
a small potentiation on mASIC1a/2a when applied at conditioning pH 7.9 [40]. This can
also be explained by the pH-dependent gating properties of these channels that show a
half-maximal SSD around pH 6.8 [114,115], i.e., more acidic than rASIC1a, rendering the
PcTx1-induced shift of the pH-dependent SSD curve not sufficient to desensitize ASIC1a/2a
at conditioning pH 7.9, whereas the potentiation induced by the shift of the pH-dependent
activation takes place. Accordingly, PcTx1 was able to inhibit heterotrimeric ASIC1a/2a
when applied at the slightly acidic conditioning pH 7.0 [114,115].

PcTx1-Related Compounds

The peptide toxin Hm3a has five amino acid substitutions compared to PcTx1 and is
three residues shorter at the C-terminus [124]. Only the R28K substitution is found in the
active site, but has little apparent effect on its potency. Similar to PcTx1, Hm3a produces
different effects on rASIC1a and rASIC1b that also depend on the palm domain of the
adjacent subunit diverging between the two isoforms (especially Arg175 and Glu177 of
rASIC1a corresponding to Cys and Gly residues in rASIC1b, respectively) [32,47].

The toxin Hi1a with two PcTx1-like peptides in tandem [125,126] inhibits rASIC1a and
hASIC1a currents with a similar affinity and shifts (at 5 nM) the pH0.5 of activation from
6.13 to 6.01 for rASIC1a, and from 6.22 to 6.04 for hASIC1a, suggesting a stabilization of the
closed state [125]. However, the pH0.5 of SSD is also shifted from 7.33 to 7.47 for rASIC1a
and from 6.96 to 7.37 for hASIC1a, suggesting that Hi1a also promotes the desensitized
state similarly to PcTx1. It seems that the Hi1a two-fold structure allows stabilization of
the ASIC1a closed state as in the case of Mamb, in addition to promoting SSD like PcTx1
but weaker. This double effect, promoting desensitization and stabilization of the closed
state, explains the inhibitory potency of Hi1a, which is not completely independent of
conditioning pH as proposed by Chassagnon et al. [125]. When an alkaline conditioning pH
is chosen to avoid the inhibitory effect taking place through the shift of the pH-dependent
SSD curve, it reveals the effect generated by the shift of the pH-dependent activation curve,
i.e., inhibition for Hi1a and potentiation for PcTx1.

The C5b compound was developed from the molecular knowledge of the binding
of PcTx1 to ASIC1a. It binds in the acidic pocket, thus inhibiting hASIC1a and mASIC1a
currents in a pH-dependent manner with an affinity decreasing with the acidification of
the test pH value, as expected for a competitive proton inhibitor (IC50 = 22 nM, 100 nM
or 7 μM when hASIC1a current is elicited from a conditioning pH 7.4 to test pH 6.7, 6.0
or 5.0, respectively) [132,133]. It is therefore more potent at mild than at extreme test pHs.
C5b shifts the pH-dependent activation of hASIC1a towards lower pH, with a pH0.5 value
shifted from 6.57 to 6.4 by 100 nM C5b, and it reduces the maximal (pH 5.0-evoked) current,
in good agreement with a mechanism of competition between C5b and protons, further
suggesting that C5b prevents the collapse of the acidic pocket, leading to a stabilization
of the closed state. On mouse brain slices, C5b (100 nM) is able to inhibit the ASIC part
of EPSCs recorded in the anterior cingulate cortex as well as the LTP induction in the
hippocampal CA3–CA1 pathway [132,133], and when it is i.v. injected in mice, C5b appears
to cross the blood–brain barrier [133]. However, the C5b compound appears to be less
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specific than PcTx1, also inhibiting rASIC3 and heterotrimeric mASIC1a/2, but with a
reduced affinity (no effect on ASIC2a and ASIC2a/2b, ASIC1b not tested).

2.3. MitTx, a Painful Toxin
2.3.1. Pharmacological Profile

MitTx was identified from the venom of Texas coral snake Micrurus tener tener as an α-
bungarotoxin-like structure with two noncovalent subunits, a MitTx-α subunit consisting of
a Kunitz type peptide of 60 amino acids, and a MitTx-β subunit, which is a 120 amino-acid
phospholipase A2-like protein [99].

Independently of extracellular pH variations, MitTx was shown to constitutively
activate several recombinant rodent homotrimeric and heterotrimeric ASICs [99,104], par-
ticularly rASIC1a and rASIC1b (EC50 = 9 and 23 nM, respectively), with a much lower effect
on rASIC3 (EC50 = 830 nM) and on heterotrimeric rASIC1a/2a. At neutral pH, rASIC2a is
not sensitive to MitTx but its proton-evoked activation is massively potentiated under more
acidic conditions (pH 6.5) (Table 3, references included). Interestingly, the effect of PcTx1
and MitTx on rASIC1a were not additive [99], suggesting common binding sites. The effect
of MitTx on native mouse ASIC channels in sensory trigeminal ganglion neurons, as well
as the painful sensation induced by injection into the mouse hind paw, seems to mainly
depend on ASIC1a-containing channels because these effects disappear in ASIC1a-KO mice.

MitTx, which locks ASICs in the open state, was co-crystallized with the cASIC1a
channel to solve the first physiologically relevant open structure of these channels and to
address the structure of the selectivity filter [51]. It nicely illustrates how toxins targeting
ASICs are important tools not only to decode the physiological roles of these channels, but
also to decrypt their structural and functional features.

2.3.2. MitTx, a Gating Modifier Stabilizing the Open State

Unlike PcTx1, which locally mimics protons by targeting the acidic pocket at the
interface of two ASIC subunits, MitTx interacts with a single subunit by forming extensive
interactions with the wrist, palm and thumb domains of ASIC1 and acts like a “churchkey”
bottle opener [51] (Figures 3B and 5B). Several key contacts are necessary to set up this
mechanism. The MitTx-α subunit insinuates the aromatic ring of its Phe14 at the interface
of two channel subunits and splays them apart by forming extensive interactions with
the β1-β2 linker and with the thumb domain of the adjacent subunit, both critical for the
gating [12,134–139]. On the other hand, the MitTx-α subunit insinuates an ammonium
group provided by its Lys16 into the wrist region, thereby coupling the base of the thumb to
the TM1 domain (Figure 5B). It is interesting to note that the ammonium group occupies the
same position as Cs+ ions in the ASIC open state [60], underscoring the role of thumb/TM1
contact in the stabilization of the open conformation of the pore. All these contacts, together
with the interaction of the MitTx-β subunit with the upper part of the thumb domain,
stabilize the open state of the channel where the acidic pocket is collapsed, the molecular
clutch formed by linker β11–β12 is not switched, and the extracellular vestibule is extended,
leading to a stabilized symmetric open pore (Figure 3B), which does not evolve towards
a desensitized state as in the case when the channel is activated by protons, or in the
presence of PcTx1. During the pore opening induced by MitTx, the extensive TM2-mediated
intersubunit contacts, that define the occlusion of the desensitized and closed ion channel,
are disrupted [51]. This stabilization of the open state can be shown on the potentiation of
the ASIC2a current by MitTx, involving a drastic shifting of its pH-dependent activation
curve towards less acidic pH (pH0.5 shifted from 3.5 to 6.0) [99]. The overlap of the binding
between MitTx-β and PcTx1 on the thumb domain explains why the binding and biological
activity of MitTx and PcTx1 are mutually exclusive [99,140].
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2.4. Mambalgin
2.4.1. Pharmacological Profile

Mambalgin (Mamb) is a three finger peptide toxin of fifty-seven amino acids with
3 isoforms (each differing by only one amino acid) identified from the venom of the African
black mamba Dendroaspis polylepis (mambalgin-1 and mambalgin-2) and from the venom of
the green mamba Dendroaspis angusticeps (mambalgin-3) [33,98]. The three Mamb isoforms
display the same pharmacological properties, and will thus not be distinguished in this
review.

Mamb applied at conditioning pH 7.4 was shown to inhibit cloned rodent and hu-
man ASIC1a, rASIC1b as well as other rASIC1a-containing and rASIC1b-containing het-
erotrimeric channels with IC50 ranging from 11 to 252 nM, as well as cASIC1, without any
effect on rASIC2a and rASIC3 (up to 3 μM) nor hASIC2a [98] (Table 3, references included),
generally expressed in both Xenopus oocytes and mammalian cells, neither on a variety of
ligand/voltage-gated ion channels [33].

Potentiating pH-dependent effects of Mamb were also observed on hASIC1b (from
Xenopus oocytes and mammalian cells) and rat and human ASIC1b/3 (from mammalian
cells for rASIC1b/3 and Xenopus oocytes for hASIC1b/3), but only for sub-maximal test
pH values (6.6–6.0).

Mamb drastically inhibits ASIC currents of spinal cord and hippocampal neurons [33,37,141]
in good correlation with the fact that Mamb inhibits different combinations of homo- and
heteromeric ASICs thought to be expressed in central neurons (i.e., ASIC1a, ASIC1a/2a
and/or ASIC1a/2b). In rat sensory neurons, Mamb inhibits about 60% of ASIC mean
current amplitude and PcTx1 about 40%. The difference was attributed to the additional
inhibition by Mamb of ASIC1b-containing channels in addition to homotrimeric ASIC1a
also inhibited by PcTx1 [33,120,142]. Accordingly, in vivo analgesic effects in rodents are
in good agreement with an inhibition of ASICs, confirmed by experiments with genetic
invalidation of either ASIC1a or ASIC1b [33,142,143]. Mamb also potently inhibits (by 90%)
hASIC currents recorded from human stem cell-derived sensory neurons [144].

2.4.2. Mambalgin, a Gating Modifier Stabilizing the Closed State
Biophysical Mechanisms and Relevance to In Vivo Analgesic Effects

On rASIC1a and hASIC1a, Mamb acts by a rightward shift of the pH-dependent
activation curve towards more acidic pH values, thus stabilizing the channel closed state
(Figure 4E,F) [33,34], without significant effect on the shift of the SSD curve [131]. Contrary
to what was observed on rASIC1a and hASIC1a, Mamb is able to shift the pH-dependent
SSD curve of rASIC1b and hASIC1b (Figure 6A,D) [34] towards more alkaline pHs, as
observed with PcTx1 on rASIC1a and hASIC1a (Figure 4A,B).

Consequently, Mamb actually shows dual effects on hASIC1b and hASIC1b/3, either
potentiation or inhibition, depending on both conditioning and test pH for channel activa-
tion, as illustrated by original data shown in Figure 6. Because of the shift of the activation
curve towards less acidic pH (Figure 6A,B), the hASIC1b current activated from pH 7.4 to
6.0 is potentiated by Mamb. A partial inhibition is observed when the current is activated
from pH 7.4 to 5.0 [34] that can be further increased when starting from a conditioning
pH 6.6, because of the shift of the SSD curve towards less acidic pH (Figure 6A,C). The
inhibitory effect of Mamb on rASIC1b is also pH-dependent, being stronger when the
conditioning pH is slightly acidified. When the current is activated from pH 7.4 to 6.0,
Mamb produces a partial inhibition (Figure 6E), whereas the current is fully inhibited
upon activation by a pH drop from 6.6 to 5.0 (Figure 6F). This would support a higher
potency of Mamb on both rodent and human ASIC1b in pathological situations where
the extracellular pH is thought to be slightly acidified [84,145]. Like human channels [34],
heterotrimeric rASIC1b/ASIC3 are weakly inhibited when the current is activated from 7.4
to 5.0 (Figure 6G,I) and can be potentiated upon activation by moderate acidosis (pH 6.6,
Figure 6G,H).

173



Toxins 2022, 14, 709

These pH-dependent dual effects do not hinder the peripheral analgesic effects of
Mamb in vivo against inflammatory and neuropathic pain described in rats and mice
nor the participation of rASIC1b in these effects [33,142,146]. As it is clearly not the
case in rodents despite similar pH-dependent effects, the dual pH-dependent effects of
Mamb on hASIC1b-containing channels is therefore not expected to compromise possible
analgesic effects in humans, as questioned recently [34]. In addition, analgesic effects of
Mamb are not only supported by the inhibition of peripheral ASIC1b-containing channels,
but also by the inhibition of ASIC1a-containing channels, as described in the central
nervous system [33,142], and the rodent and human homotrimeric ASIC1a can be potently
blocked by the peptide as well as heterotrimeric hASIC1a-containing channels (ASIC1a/2a,
ASIC1a/1b, ASIC1a/3) [33,34].

Structural Mechanisms

Mamb interacts with rASIC1a directly through the thumb domain, but its inhibitory
effect probably requires indirect influence of the palm and the β-ball domains [49]. In
the structure of the hASIC1a/Mamb complex obtained by cryo-electron microscopy [52],
Mamb preferentially binds to a channel conformation similar to the closed state [50,52].
In the cASIC1/Mamb complex, fingers I and II of Mamb bind to the α4 and α5 helices of
the thumb domain, delimiting a part of the acidic pocket [108]. At the rat ASIC1a/Mamb
interface, it was shown that the binding site is composed of four key residues forming a
hinge between the α4 and α5 helices [106] (Figures 3A and 5C). Mamb locks it, preventing
its motion during proton activation and leading to stabilization of the expanded shape of
the acidic pocket and thus to stabilization of a channel conformation similar to the closed
state [50,106]. Contrary to PcTx1 and similarly to MitTx, Mamb would not interfere directly
with the acidic pocket [49,105] but only on the thumb domain [106,108]. However, contrary
to MitTx, the core of Mamb would have no contact with the lower part of the thumb
domain [106], which could explain their different effects. Contrary to PcTx1 and GMQ
effects on rASIC1a, that showed an overlap of their mechanisms, no overlap is observed
with Mamb, in good agreement with the fact that this toxin does not significantly affect the
desensitization process [131].

By homology with the PcTx1 mechanism which modulates the SSD, the difference
in Mamb behavior between the ASIC1a and ASIC1b isoforms could be supported by the
palm domain, i.e., Mamb could modify ASIC1b SSD by interfering with the palm domain
of ASIC1b but not with the one of ASIC1a. This hypothesis would be interesting to explore.

Although structural models deduced from the studies of the hASIC1a/Mamb [52]
and of the rASIC1a/Mamb complexes [106] are very similar, there are differences in the
pharmacological behaviors depending on the species or the subunit subtypes. In the
rASIC1a/Mamb interaction, the Arg28 side chain of Mamb is freely exposed to the solvent
and cannot be assigned to Glu342, Asp345 or Asp349 into the acidic pocket contrary to
what is suggested for the hASIC1a/Mamb interaction [52]. The direct interaction of Arg28
of Mamb with Asp351 of hASIC1a in the acidic pocket would hinder its interaction with
Arg190 located in the β-ball which is mandatory for collapse of the acidic pocket [12,52].
However, Mamb was shown to still be able to partially inhibit a rASIC1a channel where
Arg190 was mutated, thus disrupting the inhibitory effect of PcTx1 targeting the acidic
pocket [49], which does not support a central involvement of Arg190 in the Mamb inhibition,
at least in rASIC1a.

174



Toxins 2022, 14, 709

Figure 6. Dual pH-dependent effects of mambalgin-1 on whole-cell currents flowing through
hASIC1b (A–C), rASIC1b (D–F) and rASIC1b/3 (G–I) heterologously expressed in HEK293 cells (un-
published data). (A) on hASIC1b current, mambalgin-1 (Mamb-1, 100 nM) induced a leftward shift of
both the pH-dependent activation (Act) curve (pH0.5 shifted from 5.86 to 6.0, p = 0.02, Mann–Whitney
test) supporting a potentiating effect, and of the pH-dependent SSD curve (pH0.5 shifted from 6.50 to
6.66, p = 0.004) supporting an inhibitory effect. The protocols used for activation and SSD are shown
in inset in A (mean ± SEM; n = 4–12 cells per point). (B,C), original hASIC1b whole-cell current
traces recorded at −60 mV illustrating the dual effects of Mamb-1 (100 nM, applied 30 s before the pH
drop) on a current activated by a pH drop from 7.4 to 6.0 (potentiation, B), and on a current activated
by a pH drop from 6.6 to 5.0 (inhibition, C). (D) on rASIC1b current, Mamb-1 (100 nM) induced a
rightward shift of the pH-dependent activation curve (pH0.5 shifted from 5.98 to 5.85, p = 0.002) and
a leftward shift of the pH-dependent SSD curve (pH0.5 shifted from 6.56 to 6.86, p = 0.0002), both
supporting an inhibitory effect (same protocols and curve labels as in A; mean ± SEM; n = 4–12 cells
per point). (E,F), original rASIC1b whole-cell current traces recorded in the same conditions as in
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B-C and illustrating the partial inhibition by Mamb-1 of a current activated by a pH drop from 7.4 to
6.0 (E), and the full inhibition of a current activated by a pH drop from 6.6 to 5.0 (F). (G) bar graph
quantification with individual data points of the effects of Mamb-1 (1 μM) on rASIC1b/3 heteromeric
current. Mamb-1 induced a potentiation of the current when activated by a pH drop from 7.4 to
6.6 (p = 0.02, Wilcoxon paired test), but a partial inhibition when activated by a pH drop from 7.4 to
6.0 (p = 0.03) or 5.0 (p = 0.03). Mean ± SEM; n = 6–7 cells per condition. * p < 0.05. (H,I), original
rASIC1b/3 whole-cell current traces recorded in the same conditions as in (B,C) and illustrating the
potentiating effect (H) and the partial inhibition (I) by Mamb-1 depending on the test pH value.

Mamb is more efficient on rASIC1a (IC50 = 3–55 nM, Table 3) than on hASIC1a
(IC50 = 24–203 nM, see Table 3 for references) despite a high degree of sequence identity
(98.11%, Table 1). There are two interesting differences between rat and human sequences
(also true for ASIC1b), near the wrist region in the thumb domain: an insertion of two
residues (Asp298 and Leu299) is found in the human sequence, as well as a Lysine at
position 291 instead of Asn291 in the rat sequence. Both positions have been tested [128]
and it was revealed that most of the difference of Mamb affinity between hASIC1a and
rASIC1a comes from the N291K variation. Another difference could be due to the fact that,
in the rASIC1a/Mamb interaction, the Lys-8 of Mamb cannot be assigned to Asp298 or
Asp296, as proposed in the hASIC1a/Mamb model [52,106].

2.5. APETx2 and APETx-like Peptides
2.5.1. Pharmacological Profile

APETx2 is a peptide of forty-two amino acids isolated from the venom of the sea
anemone Anthopleura elegantissima [97], belonging to the disulfide-rich all-β structural fam-
ily [147]. It was shown to inhibit rASIC3 (IC50 of 37–63 nM), hASIC3 (IC50 of 175–344 nM),
rASIC2b/3 (IC50 of 117 nM) and, at higher concentrations, rASIC1a/3 (IC50 of 2 μM) and
rASIC1b/3 (IC50 of 900 nM) (Table 3, references included). APETx2 rapidly and reversibly
inhibits the transient ASIC3 peak current and the sustained window current evoked at test
pH 7.0 [148], as well as the alkali-induced hASIC3 current [22], but the toxin does not affect
the sustained component evoked at acidic test pHs [97].

Potentiating effects of APETx2 in the micromolar range were also reported on rASIC1b,
rASIC2a, rASIC1b/3 and rASIC2a/3 heterologously expressed in Xenopus oocytes ([75]
and unpublished data). However, no effect of similar concentrations was reported on the
same channels expressed in a mammalian cell line [97], highlighting differences that can
occur depending of the expression system.

On native ASIC currents of rodent neurons, APETx2 was only described to exert
inhibitory effects interpreted as the inhibition of ASIC3-containing channels involved in
the total current [97,120,143]. APETx2 injections in rodents pain models induced anti-
hyperalgesic or analgesic effects against inflammatory pain [75,91,118,149–151], chemical
pain [152], migraine [153], joint pain [154,155], ocular pain [156], muscular pain [148,157,158]
and bone pain [159–161]. However, inter-animal variability was reported once in a rat
model of inflammatory hyperalgesia using outbred animals, with 50% of non-responsive
animals proposed to be linked to the potentiating effects of APETx2 at high dose [117] on
ASIC currents that could counteract the analgesic effects.

At generally higher concentrations, APETx2 was shown to inhibit recombinant and
native Nav1.8 voltage-dependent channel, a sensory neuron-specific Nav channel (IC50
of 2.6 μM for native channel in rat sensory neurons, 55 nM for recombinant rat channel
and 6.6–18.7 μM for recombinant human Nav1.8 channel [162,163]), as well as Nav1.2
(IC50 = 114 nM [163]), Nav1.6 currents and the cardiac hERG channel in the micromolar
range [164].

Hcr 1b-1, 2, 3, 4 are APETx-like peptides from the sea anemone Heteractis crispa that
have different effects. Hcr 1b-1 and Hcr 1b-2 inhibit hASIC3 like APETx2, but with a
lower affinity (IC50 of 5.5, and 15.9 μM, respectively), while Hcr 1b-2 also inhibits rASIC1a
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with IC50 4.8 ± 0.3 μM [165,166], and Hcr 1b-3 inhibits rASIC1a and rASIC3 with IC50
of 5 and 17 μM, respectively. Hcr 1b-4 was found to be the first potentiator of ASIC3,
simultaneously inhibiting rASIC1a at similar concentrations, with an EC50 of 1.53 μM and
an IC50 of 1.25 μM, respectively. Hcr1b-2 showed an analgesic activity in vivo, significantly
reducing the number of writhings in an acetic acid-induced writhing test, but promiscuous
effects were also reported for Hcr1b-2 (1μM), mostly inhibiting but also potentiating Kv,
Nav and Cav (T type) channels [167].

2.5.2. APETx2, a Pore Blocker?

Even if APETx2 was identified in 2004 [97], its binding site and mechanism of action
were poorly characterized. Only one study based entirely on docking and clustering
proposes two potential binding sites on ASIC3, one on the thumb domain and the other one
in the lower part of the extracellular domain (Figure 5D) [129]. Both sites remain plausible
but the Arg17 of APETx2, which appears to be a critical determinant of ASIC3 inhibition,
would only interact at the interface in the putative site near the bottom of the extracellular
domain [110].

Inhibition by APETx2 is pH-independent (pH-dependent curves of activation and SSD
are not shifted by APETx2 [128]), and this is what is expected by the APETx2 hypothetical
binding site in the lower part of the palm domain, allowing occlusion of the extracellular
fenestration, and suggesting a pore blocking behavior and not a gating modulation like
PcTx1, MitTx and Mamb. The potentiation of rASIC1b and rASIC2a currents, as well as
rASIC1b/3 and rASIC2a/3 expressed in Xenopus oocytes induced by concentrations of
APETx2 30- to 100-fold higher than the concentration inhibiting rASIC3 (Table 3), could
suggest that the second binding site located on the thumb domain might be involved in
regulating its gating but with a much lower affinity.

2.6. Other Animal Toxins Targeting ASICs

Sea anemone toxins were shown to inhibit ASICs besides APETx2. The pi-AnmTx
Ugr 9a-1 (Ugr 9-1) peptide, with a “twisted β–hairpin” structure, from Urticina grebelnyi
inhibits hASIC3 expressed in Xenopus oocytes. It completely blocks the transient peak
current with an IC50 around 10 μM and partially inhibits the sustained current with an IC50
of 1.4 μM [168]. Ugr 9-1 showed analgesic effects in two rodent models of inflammatory
pain [118,168]. PhcrTx1 from Phymanthus crucifer was also shown to partially inhibit native
ASIC currents from rat sensory neurons (IC50~100 nM) but also voltage-gated K+ currents
in the μM range. It presents an ICK scaffold and is the first member of a new structural
group of sea anemone toxins [169]. The peptide RPRFamide from the marine cone snail
Conus textile, related to the snail FMRFamide peptide, potentiates rASIC3 expressed in
Xenopus oocytes, particularly the sustained component of the current (10–100 μM), there-
fore potentiating muscular acid-induced pain in mice in an ASIC3-dependent manner [170].
α-Dendrotoxin from the green mamba Dendroaspis angusticeps reversibly inhibits the tran-
sient ASIC currents in rat DRG neurons with an IC50 of 0.8 μM, also inhibiting the sustained
current at 3 μM [171]. It is a peptide of fifty-nine amino acids with a single Kunitz domain
fold [172] similar to the α-subunit of MitTx (32% identity, 55% homology [173]), and is
a well-known low nanomolar Kv1.x channel blocker. Finally, the short peptide Sa12b

(10 amino acids, no cysteine) from the wasp Sphex argentatus was described to inhibit ASIC
currents from rat sensory neurons (IC50 = 81 nM) when applied in the conditioning as well
as in the acidic test pH. Sa12b activity would not be pH-dependent, not interacting with
the proton-gating mechanism [174]. An inhibitory effect of Sa12b (1 μM) was observed on
cloned rASIC1a (−38.3 ± 6.5%, n = 8, p = 0.019 with paired t-test, synthetic Sa12b applied
in conditioning pH 7.4 and test pH 5.5, unpublished data) expressed in Xenopus oocytes.
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3. Expression of ASICs in the Nervous System and Peptide Toxin Effects on Native Currents

3.1. Expression of ASICs in Neurons

In vivo, the effects of ASIC-targeting compounds on pathophysiological processes are
thought to depend on the mixture of functional ASICs involved in native ASIC currents,
depending on the expression pattern of ASIC subunits in each cell type. Although expressed
in various tissues in rodents like in humans [76,81], ASICs are largely found in neurons of
both the central and the peripheral nervous system (Figure 7).

Figure 7. Expression of ASICs in rodent and human nervous tissues. Expression of ASIC genes
in central and peripheral nervous system from RNAseq data for human and mouse ASIC1-4, Nav
1.8 and TRPV1 genes from dorsal root ganglia (DRG), frontal cortex and spinal cord. Nav 1.8 and
TRPV1 channels were shown as typically expressed in nociceptor sensory neurons. X axis represents
TPM: Transcripts Per Million. Adapted from website: https://sensoryomics.shinyapps.io/RNA-
Data/ [175] (accessed on June 2022).

3.1.1. Expression in Peripheral Sensory Neurons

In rodents, almost all ASIC genes (except ASIC4) are expressed in sensory neurons of
the peripheral nervous system [76,79] in the dorsal root ganglia DRG (Figure 7) [42,176,177],
the trigeminal ganglion TG [178,179], and the nodose and jugular ganglia from the vagus
nerve [180–182]. The mesencephalic trigeminal nucleus only expresses ASIC1b, ASIC2a
and ASIC3 [179,183].

Among the 17 subtypes of rodent DRG sensory neurons classified by large-scale
single-cell RNA sequencing (scRNAseq), ASIC genes were found to be expressed in 14 sub-
types [184]. ASIC1 (without discriminating between ASIC1a and ASIC1b splice variants) is
expressed in most peptidergic neurons (four subtypes over eight, including myelinated
Aδ-nociceptors), in neurofilament-expressing myelinated low-threshold mechanoreceptor
(LTMR) and proprioceptor neurons for which ASIC1 mRNA is a characteristic marker,
and to a lesser extent in some unmyelinated non-peptidergic neurons C-LTMRs (low
threshold mechanoreceptors). ASIC2 is particularly highly expressed in all unmyelinated
non-peptidergic neurons (six subtypes including C-LTMR and C-nociceptors), but also
in peptidergic (six PEP subtypes over eight including unmyelinated C-nociceptors and
myelinated Aδ nociceptors) and neurofilament-expressing myelinated neurons (LTMR).
ASIC3 is highly expressed in unmyelinated peptidergic C-nociceptors and myelinated Aδ

nociceptors (for which it is a marker), but also in neurofilament-expressing myelinated
neurons (including LTMRs and proprioceptors) (data from the Mouse Brain Atlas of the
Linnarsson Lab., http://mousebrain.org/) [177,184–186] (accessed on 1 June 2022). Clas-
sification of mice TG sensory neurons based on scRNAseq identified 13 neuronal types
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showing great similarities with the DRG subtypes, despite the lack of proprioceptors.
Among TG sensory neurons, ASIC1 is expressed in cold nociceptors, large mechanosensory
touch neurons (LTMRs) and peptidergic nociceptors, ASIC2 is present in touch C-fibers,
non-peptidergic and peptidergic heat nociceptors and mechanonociceptors, and ASIC3 is
expressed in large mechanosensory touch neurons, large nociceptors and peptidergic heat
nociceptors [187,188].

An in situ hybridization study (RNAscope) on mouse lumbar DRG neurons showed
that none of the five ASIC (except ASIC4) mRNAs showed a similar distribution [189].
ASIC mRNAs, including the splice variants, were expressed in myelinated neurons (in-
cluding LTMRs, proprioceptors and Aδ-nociceptors). In non-myelinated C-nociceptors,
ASIC2b was expressed in almost all neurons, ASIC1a, ASIC1b and ASIC3 were only ex-
pressed in peptidergic neurons, and ASIC2a was mostly expressed in non-peptidergic
neurons [143,189]. Non-peptidergic nociceptors thus showed low expression of ASIC3
and the highest levels of ASIC2a and ASIC2b expression, with ASIC1a and ASIC1b not
detected, in agreement with electrophysiological, immunohistochemical, and other in situ
hybridization studies [190]. This is contrasting with the peptidergic subpopulation, in
which more than 60% of neurons express the ASIC3 mRNA and approximately 25% express
ASIC1a and ASIC1b mRNAs [189]. An increased expression of ASICs is associated with an
increase in evoked and spontaneous excitability of small size nociceptor neurons, which
may contribute to hyperalgesia and chronic inflammatory pain [191–193].

In humans, recent scRNAseq experiments using lumbar DRGs [194] showed that
nociceptors represented ~60 to 70% of all sensory neurons. Humans also have Aβ-fiber
nociceptors but non-peptidergic neurons do not exist (i.e., all sensory neurons are pep-
tidergic). Like in rodents, ASIC1 and ASIC3 are expressed in human DRG (Figure 7) and
TG neurons, ASIC2 being expressed at a lower level [175,195], with little or no expression
of ASIC4. ASIC3 is part of the 30 most selectively expressed ion channels in the human
TG and DRG compared to the brain or other non-nervous tissues, and ASIC1 and ASIC2
were found to be enriched in neurons compared to non-neuronal cells in rat and human
TG and DRG [196]. Like in mice, ASIC1 is a marker of human proprioceptors [185]. ASIC1
and ASIC3 are notably expressed in putative “silent” nociceptors in humans [194], which
correspond to a subset of C-fibers specifically expressing the cholinergic receptor nicotinic
alpha 3 subunit (CHRNA3) that innervate joints, viscera and skin and are often referred to
mechano-insensitive C-fibers [197]. They are unresponsive to noxious mechanical stimuli
under normal conditions, but they can be sensitized after inflammatory stimulation as they
express a wide array of receptors amongst which there is ASIC3, which might be important
in certain pain disorders. Comparison with gene expression in mice [184,185] shows that
ASIC1 is more widely expressed among DRG subpopulations in humans than in mice
although it remains enriched in Aβ-LTMRs and proprioceptors. ASIC2, in contrast, is less
widely expressed in human DRGs than in mice, mainly in Aδ-nociceptors and proprio-
ceptors, and ASIC3 is largely expressed and to a higher level than in mice, principally in
pruritogen receptor enriched nociceptors, in Aδ- and Aβ-nociceptors [194].

3.1.2. Expression in Central Neurons

In the rodent central nervous system, ASIC1a, ASIC2a and ASIC2b isoforms are widely
expressed (Figure 7). scRNAseq experiments from mice cortex and hippocampus show
that ASIC1 and ASIC2 genes are largely expressed in inhibitory and excitatory neurons in
all neuronal subtypes, while ASIC3 (shown to be expressed in some brain areas) and ASIC4
are more expressed in inhibitory (GABAergic) neurons and some excitatory neurons. ASIC1
and ASIC4 were found to be characteristic markers of two distinct subclasses of inhibitory
neurons in the midbrain [184,198]. The expression of ASIC1 and ASIC2 genes was shown
in most inhibitory and excitatory neuronal subpopulations of the spinal cord [184,199,200]
(Figure 7), in good agreement with functional electrophysiological studies on cultured
neurons or dorsal spinal cord slices showing that ASIC currents were flowing through a
mixture of homotrimeric ASIC1a and heterotrimeric ASIC1a/2 [37,122,123,201]. Although
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mainly expressed in sensory neurons, ASIC3 was also shown to be expressed in some areas
of the rodent brain, particularly in pathologic states. In the hypothalamus and trigeminal
nucleus caudalis, its expression is up regulated in a dural inflammatory mediated preclinical
model of migraine [202], and in neuropathic mouse, ASIC3 was shown to be expressed
in three brain regions (nucleus accumbens, medial prefrontal cortex and periacqueductal
grey) of the pain brain network [203].

In humans, scRNAseq experiments from multiple cortical areas show that ASIC2
is widely expressed in inhibitory and excitatory neurons in all neuronal subtypes, but
ASIC1 is mainly present in inhibitory neurons, whereas it is less widely expressed than in
mice, and ASIC4 is likewise expressed in inhibitory (GABAergic) neurons [198]. However,
contrary to rodents, the ASIC3 gene appears to be expressed in human spinal cord neu-
rons (Sensoryomics website, https://paincenter.utdallas.edu/sensoryomics/ (accessed on
1 June 2022)) [22,175] (Figure 7).

3.1.3. Expression in Glial Cells

At lower expression levels than in neurons, ASICs (ASIC1a, ASIC2a and to a lesser
degree ASIC3 or ASIC4) were shown to also be expressed in rodent and human glial cells
that are involved in synaptic transmission and inflammatory responses in the nervous
system [204–208]. ASIC1a expression seems prevalent, but the LPS (lipopolysaccharide)
stimulation of cultured rat microglia induces an up regulation of ASIC1a, ASIC2a and
ASIC3 expression and an increase in ASIC current, leading to a subsequent increase in in-
tracellular calcium and expression of inflammatory cytokines that could be partly inhibited
by PcTx1 [205]. Similar results were obtained from mouse astrocytes along with an increase
in ASIC1a expression by pharmacological induction of epilepsy that also appears in hip-
pocampal astrocytes from epileptic patients [207]. This suggests that substantial expression
of ASICs in glial cells could also possibly be related to neuronal pathological states.

3.2. Effects of ASIC-Targeting Peptide Toxins on Native Currents

In rodent sensory neurons, Mamb was shown to inhibit about 60% of ASIC cur-
rents and for PcTx1 about 40%, which was attributed to the supplemental inhibition by
Mamb of ASIC1b-containing channels in addition to ASIC1a-containing channels, while
APETx2 inhibits Mamb-insensitive ASIC3-containing channels [33,97,120,143]. In central
neurons, Mamb was accordingly found to drastically inhibit the ASIC currents of spinal
cord and hippocampal neurons, whereas PcTx1 was found to only inhibit about 30% of
their amplitude [33,37,121], supporting a combined expression of homotrimeric ASIC1a
and heterotrimeric ASIC1a/ASIC2.

Data obtained on native human ASIC currents are in good agreement with the results
from rodent neurons. Two studies on cultured human DRG neurons (after therapeutic gan-
glionectomy on patients suffering from chronic intractable pain) show that every recorded
neuron was able to generate a transient ASIC-like current upon extracellular acidification,
sometimes associated with a sustained TRPV1-like current [209,210]. Another study shows
that ASIC currents recorded from human stem cell-derived sensory neurons [144] were
inhibited by PcTx1, APETx2 and Mamb, with the order of efficacy Mamb > APETx2 >
PcTx1, suggesting the involvement in human sensory neurons of ASIC1a- and/or ASIC1b-
containing heterotrimeric channels, and also of ASIC3-containing channels. Another study
combining transcriptomic RNAseq and electrophysiology on DRG neurons showed a sex-
ual dimorphism in neuropathic patients, ASIC1 and ASIC3 genes being more expressed in
males than in females [211].

In cultured central cortical neurons from patients undergoing craniotomies for the
removal of brain tumor, 10 nM PcTx1 was found to inhibit by 70% the amplitude of the
native ASIC current [212], suggesting the major involvement of homomeric ASIC1a in
human central neurons, although the ASIC2a subunit was found co-expressed with ASIC1a
with a similar ratio as in mice (with ASIC2b less expressed) [213]. A higher membrane
targeting of the ASIC1a subunit was observed in acutely resected human cortical tissue
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(from patients undergoing surgical treatment of intractable epilepsy) compared to mice,
possibly linked to a more efficient trafficking due to an amino acid difference at position
285 between mASIC1a and hASIC1a [213]. A dominant expression of ASIC1 compared to
ASIC2 was also reported from human central neuronal cell line cultures [214], associated
with a dominant ASIC1a current (strongly inhibited by PcTx1) and a native hASIC1a
current was also recorded from neuroblastoma differentiated into neuronal-like phenotype,
associated with the co-expression of ASIC2 but not ASIC3, leading to some Mamb-sensitive
heterotrimeric ASIC1a/2a [215].

4. Pathophysiological Relevance of ASICs and in Vivo Effects of ASIC-Targeting
Peptide Toxins

4.1. Relevance in Pain

Clinical data support the involvement of ASICs in cutaneous pain in humans. A de-
crease in pH in the skin of human volunteers was associated with non-adapting pain [216]
and this cutaneous acid-induced pain is blocked by amiloride and/or NSAIDs [86,87,217],
with a prominent effect for 7.4 < pH < 6.0 while pain associated with more acidic pH is
also sensitive to capsazepine (an inhibitor of TRPV1) [87]. The respective role of ASIC
and TRPV1 channels in human cutaneous acidic pain may be complex, as a recent clinical
psychophysical study on 32 healthy volunteers suggests that TRPV1 would be the predom-
inant sensor of pH 6.0-induced pain in skin [218]. The extreme pain evoked by the Texas
coral snake’s bite in humans [219] has also been attributed to the constitutive activation of
human ASICs by MitTx present in the snake’s venom [99], that would be an advantage on
an evolutionary point of view against mammals that represent a threat (the snake living in
urbanized territories). In rodents, APETx2 has shown potent analgesic effects after local
application in cutaneous acidic and inflammatory pain supporting the role of peripheral
ASIC3 in primary thermal and mechanical hyperalgesia [91,117,149,152,168], and the toxin
Ugr 9-1, which also inhibits ASIC3 channels, reversed inflammatory and acid-induced pain
after i.v. injection [168]. Intraplantar analgesic effects of Mamb support the involvement of
DRG-specific ASIC1b-containing channels in rodent pain sensing [33]. ASIC1a channels
could also be involved, particularly in the orofacial region (innervated by TG neurons),
where PcTx1 was shown to reduce chemically induced sub-cutaneous pain [178], whereas
it was generally without effect when applied elsewhere on the body skin, perhaps due to
a higher ASIC1a expression in TG neurons than in DRG neurons [220] in rodents. From
an ethologic point of view, it is interesting to note that the activation of cASIC1a channels
by PcTx1 would represent an evolutionary advantage for spiders to induce pain in avian
species that pose a threat in their environment, whereas inducing analgesic effects in prey
like rodents could be useful to prevent them for fleeing or reacting to their bite. Similarly,
analgesic properties of Mamb could constitute an advantage for mamba snakes against
prey (rodents).

In rodent migraine models, amiloride [221] and APETx2 [153,222] show analgesic
effects, suggesting a role of peripheral ASIC3 in dural afferents in migraine-related behavior,
whereas Mamb effects [146] also suggested a role for peripheral ASIC1, most probably
ASIC1b-containing channels, particularly in the chronification of cutaneous allodynia. In a
small open clinical study on migraine, amiloride showed some efficacy for the reduction of
aura and headache symptoms [223,224].

Blockade of ASIC3-containing channels exerts analgesic effects in several animal
models of bone pain [159–161]. Inhibiting ASIC3 attenuates pain behaviors in animal
models of osteoporosis, bone cancer and osteoarthritis, and bone pathologies in which
inflammation is a major component [154,159,225]. The in vivo effects of APETx2 and
electrophysiological recordings of bone afferent neurons on a bone-nerve rat preparation
both suggest a role for ASIC3-containing channels in Aδ and C-fiber bone afferent neurons
in the pathogenesis of inflammatory bone pain [226].

Regarding joint pain, ASIC3 was found to be expressed in more than 30% of DRG
neurons innervating the knee joint in mice [227], and ASIC expression in DRG is increased
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in mice models of acute arthritis or rheumatoid arthritis [227,228]. LPC and arachidonic acid
(AA) were shown to induce a slow constitutive activation of ASIC3 including the human
isoform [21], and high levels of lysophosphatidylcholine (LPC) were measured in synovial
fluids of two independent cohorts of patients with rheumatic diseases, correlated with
pain outcomes in the cohort of osteaoarthritis (OA) patients [20]. LPC also evokes a robust
depolarizing current in DRG neurons at physiological pH 7.4, increases the firing of spinal
nociceptive neuron innervated by nociceptive C-fiber, and induces pain behavior in rats
and mice after subcutaneous co-injection with arachidonic acid, effects that are significantly
reduced by ASIC3 blockers, including APETx2, or in ASIC3 knockout mice [20,21,229]. In a
pathology-derived mouse model, intra-articular injections of LPC trigger a chronic pain
state associated with anxiety-like behaviors that involves ASIC3-containing channels and
is significantly reduced by intra-articular APETx2 [20]. APETx2 was also shown to reduce
pain progression when injected in the early phase of an OA rat model [154]. This suggests
a role for ASIC3 in triggering chronic joint pain, with potential implications of its inhibition
for pain management in OA and possibly across other rheumatic diseases.

The role of ASICs was documented in gastrointestinal pain [230]. Increased hASIC3
expression in inflamed Crohn’s disease intestine and small diameter sensory neurons of
the neuronal plexus suggests a role in pain or dysmotility [231]. Considering oesophageal
heartburn pain associated with gastroesophageal reflux disease (GERD), ASIC1 and ASIC3
expression were recently found to be increased in biopsies of patients compared to healthy
subjects, which positively correlates with symptom severity of heartburn and regurgita-
tion [232]. In the same study, injections of PcTx1 or APETx2 were found to normalize pain
response to oesophageal distension in a rat model of reflux oesophagitis, leading to visceral
mechanical hypersensitivity [232]. A clinical study was conducted in 2015 in a model
of GERD showing that a small molecule (PPC-5650) with a weak selectivity for ASIC1a,
reduced the sensitization to mechanical stimulation of the oesophagus [233].

ASICs were also proposed to be involved in fibromyalgia and muscle pain [234].
ASIC3 is expressed in more than 50% of small muscle sensory afferents in rat [148,186],
and ASIC expression in DRG is increased in mouse models of muscle inflammation [235].
Fibromyalgia is commonly considered as a stress-related chronic pain disorder. The involve-
ment of ASIC3 channels in this pathology was proposed based on their potentiation by
LPC [21], as excessive oxidative stress and LPC (the LPC16:0 species) levels were reported in
patients with fibromyalgia [236]. Moreover, LPC level was correlated with pain symptoms
in patients with high oxidative stress and disease severity, and an increase in LPC was also
observed in a mouse model of stress-induced chronic hyperalgesia, in which pharmacologi-
cal or genetic inhibition of ASIC3 impeded the development of chronic hyperalgesia [236].
By combining ASIC3-knockout mice and APETx2, ASIC3 was also involved in mechanical
hyperalgesia in a mouse model of fibromyalgia induced by repeated intramuscular acid
injections [143,157], as well as in a rat reserpine-induced pain model [237], associated with
an increased expression of ASIC3 in DRG [237,238], spinal cord and thalamus [238]. Acti-
vation of ASIC1b-containing channels was involved in the mouse model of fibromyalgia
induced by intramuscular acid injections, with the development of hyperalgesia absent in
ASIC1b-knockout mice and blocked by Mamb but not by PcTx1 [143]. PcTx1 was, however,
shown to prevent activity-induced muscular hyperalgesia in mice [116], suggesting that
ASIC1a could be important in the generation of muscle inflammation [235]. APETx2 was
also able to relieve pain in a rat plantar incision model of postoperative pain [148].

In rodents, ASIC3 was shown to contribute to orthodontic pain [239–241], and recent
data show that periodontal acidification (around pH 7.0) induced by tooth movement
results in mechanical tooth pain hypersensitivity that was partially reversed by an injection
of APETx2 in the periodontal tissue in rats [242]. A genome-wide association study suggests
that a genetic variation in the ASIC2 gene could be significantly associated with severe
gingival inflammation, linked to periodontitis [243].

In addition to peripheral sensory mechanisms, ASICs were shown to be involved in
spinal and supra-spinal pain processing. In mice, i.t. and i.c.v. injections of PcTx1 induce
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potent analgesic effects in inflammatory and neuropathic pain models [123], as well as in
a rat model of irritable bowel syndrome [244], involving the blockade of ASIC1a which
causes a release of endogenous Met-enkephalin in the cerebrospinal fluid. Central injections
(i.t. or i.c.v.) of Mamb in mice also induce analgesic effects on acute, inflammatory and
neuropathic pain [33,142].

4.2. Relevance in Other Pathological Situations

ASICs are widely expressed in neurons outside the pain pathways, as well as in
various non-neuronal tissues [76,81], thus supporting their involvement in others patho-
physiological processes.

Interestingly, neuroprotective effects could be expected from ASIC inhibition, which
would be complementary to the analgesic effects, particularly when neuronal damages are
associated with pain, like in neuropathic or ischemic-related pain. In rodent CNS, ASICs,
and particularly ASIC1a (whose opening could induce direct and indirect Ca2+ entry in
neurons), were shown to participate in acidotoxicity and neuronal death associated with
ischemia or traumatic injury [93,245,246]. Surviving neurons after ischemia/reperfusion
protocol had increased levels of ASIC2a expression, whereas ASIC1a and ASIC2b levels
remained unchanged, suggesting a potential protective role of ASIC2a-containing chan-
nels [247,248]. The i.c.v. injection of amiloride or PcTx1 protects against severe focal
ischemia by reducing the infarct volume by more than 50% [246,249], i.c.v. administration
of Hi1a up to eight hours after stroke shows neuroprotective potency in a rat focal ischemia
model [125,250], and, in rat spinal cord, i.t. injection of PcTx1 reduces the lesion volume in-
duced by traumatic injury [251]. When i.v. injected in mice, the C5b compound, developed
from molecular interaction of PcTx1 with ASIC1a, appears to cross the blood–brain barrier
and shows neuroprotective ASIC1a-dependent action, rescuing cerebral ischemia dam-
ages [133]. Amiloride showed neuroprotective as well as myeloprotective effects in animal
models of multiple sclerosis [252,253]. Accordingly, chronic brain lesions of patients with
progressive multiple sclerosis show an increased expression of ASIC1 in axons, and a pilot
clinical study showed that orally given amiloride could exert neuroprotective effects [254].
Three neurodegenerative diseases are also suggested to have ASICs involved in their
etiologies, including Parkinson’s, Huntington’s and Alzheimer’s disease [255,256]. Both
amiloride and PcTx1 were found to be neuroprotective in a mouse model of Parkinson’s
disease [257], and the neuroprotective effect of paeoniflorin, the principal active ingredient
of an anti-Parkinson’s disease traditional Chinese medicine, may involve inhibition of
ASIC1a [258,259].

In neonatal hyperbilirubinemia, accumulation of bilirubin in the CNS results in neu-
rotoxicity in various brain regions. A recent study showed that bilirubin potentiated the
currents mediated by ASIC1a in an acidic environment and increased neuronal excitability,
Ca2+ overload, spike firings and cell death [260]. Consistent with these results, neonatal
conditioning with concurrent hyperbilirubinemia and acidosis primed long-term impair-
ment of sensory and cognitive deficits in vivo in mice, suggesting potential benefits of ASIC
inhibition [77].

ASIC inhibitors could also be useful to relieve intervertebral disc degeneration and

arthritis. An up-regulation of ASIC1, ASIC2 and ASIC3 expression was described in the
rodent and human nucleus pulposus in intervertebral disc degeneration [261,262]. Accord-
ingly, PcTx1 reduces the acid-induced apoptosis and Ca2+ levels in apoptosis of endplate
chondrocytes, supporting the involvement of ASIC1a [263], and PcTx1 as well as APETx2
were also shown to block the expression of acid-induced senescence-related markers in rat
and human articular chondrocytes and chondrocyte cell lines [262,264]. In degenerated
intervertebral discs and osteoporosis, extracellular acidosis induces osteoclastogenesis
through intracellular Ca2+ rise, and both PcTx1 and specific ASIC1a siRNA significantly
inhibit these events associated with bone resorption [265]. The increase in osteoclast activity
not only leads to bone remodeling but is also a source of pronociceptive factors that sensi-
tize the bone-innervating nociceptors. Recently, in a mouse model of rheumatoid arthritis
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a link between bone erosion and pain was found in a state of subclinical inflammation that
could be relieved by APETx2 and ASIC3 genetic invalidation [228]. Cartilage and bone
protective effect of ASIC-targeting compounds could be of therapeutic interest associated
with analgesic effects against bone and joint pain. The ASIC-targeting wasp toxin Sa12b
was recently found to improve the biological activity of cultured human nucleus pulposus
mesenchymal stem cells isolated from patients who underwent lumbar disc herniation
surgery [266] and the design of a new hydrogel containing Sa12b is now proposed for
tissue engineering clinical trials to regenerate damaged nucleus pulposus in intervertebral
disc [267].

Regarding cardiovascular homeostasis, the role of ASICs in the local vascular control
is supported by the expression of ASIC3 in muscle metaboreceptors, the sensory nerves
that innervate muscle arterioles and detect changes in muscle metabolism [186,268]. In-
hibition of ASIC3-containing channels in sensory neurons by APETx2, amiloride and the
NSAID diclofenac block the skin vasodilation response to direct pressure (pressure-induced
vasodilation or PIV) in both humans and rodents [269], and a greater protein expression
of ASIC3 was measured by immunoblotting in hypertensive SHR rats [270]. Genetic and
pharmacological data using PcTx1 also demonstrated a role for ASIC1a in neurons in the
regulation of microvascular tone and response to CO2 via nitric oxide production and
vasodilation [271]. In addition, ASIC1a was recently identified as a critical determinant
in heart ischemia reperfusion injury through human genetics studies, human stem cell-
derived cardiomyocytes and mouse models, confirming its potency in multiple ischemia
and stroke injury models [125,127,246]. The treatment with Hi1a or PcTx1 reduces human
stem cell-derived cardiomyocytes death by half after in vitro ischemia-reperfusion, and in
mice, the genetic ablation or the pharmacological blockade of ASIC1a improves cardiomy-
ocyte recovery after acute ischemia-reperfusion injury without affecting heart functional
homeostasis [127].

ASIC1a channel inhibitors (PcTx1 and amiloride) cause a significant reduction of
tumor growth and tumor load in mice [272]. Expression of ASIC1a was reported to be
high in cancer patients, in vitro experiments revealed that PcTx1 or ASIC1a siRNA could
weaken the migration, proliferation and invasion of tumor cells, and PcTx1 (i.v.) could
inhibit breast tumor growth in mice [273]. Mamb was shown to also be efficient against
growth and migration of glioma, leukemia and melanoma cells [274–276].

Anxiolytic-like effects of PcTx1 have also been described, which would be again
complementary to the analgesic effects. A genetic variation of the human gene coding
for ASIC1a was associated with panic disorder and with anxiety phenotypes linked to
amygdala dysfunction [277,278]. Genetic disruption of ASIC1a in neurons or i.c.v. injection
of PcTx1 was shown to have antidepressant effects in mice [279,280]. However, other
data show that activation of ASIC1a channels in the rat basolateral amygdala decreases
anxiety-like behavior, while inhibition by PcTx1 would increase the level of anxiety in
rats [281]. These discrepancies could rely on activity of ASICs in other brain regions than
the amygdala (like hippocampus) or on differences in ASIC1a contribution in innate and
acquired fear [77].

ASIC involvement in epilepsy is also still unclear, with some in vivo rodent data
suggesting that ASIC inhibition (particularly by i.c.v. PcTx1) can reduce epileptic symp-
toms [77], while other data indicated that ASICs, and especially ASIC1a, could play a role
in seizure termination through activation of inhibitory interneurons when brain pH de-
creases [282]. In humans, genetic study suggested an association between single nucleotide
polymorphisms in ASIC1 and temporal lobe epilepsy [283]. A down regulation of the ex-
pression of ASIC1a was reported in cortical lesions of patients with focal cortical dysplasia,
a recognized cause of medically intractable epilepsy [284], which suggests that ASIC1a
loss may contribute to epileptogenesis in these patients. An anti-epileptic role has also
been suggested for ASIC3-containing channels expressed in interneurons, associated with
elevated expression in the brains of temporal lobe epilepsy patients and rats, and inhibition
of ASIC3-containing channels with APETx2 in rat models of epilepsy increases seizures
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susceptibility [285]. In addition to neuronal ASICs, an increased ASIC1a expression also
occurs in mouse astrocytes after induction of epilepsy, as well as in hippocampal astrocytes
from epileptic patients [207].

5. Conclusions

Toxins have not only been instrumental in the study of ASICs to understand the
molecular features of these channels and their pH-dependent gating, but also to study the
physiological and pathological roles of native channels both in vitro and in vivo in rodent
pain models, supporting ASICs as therapeutic targets in pain and beyond. Furthermore, the
molecular knowledge of ASIC gating and interaction with ASIC-targeting toxin inhibitors
now allows to design new molecules like C5b and to predict their pharmacological potential
and possibly their therapeutic relevance. Other putative applications of these peptides
are also emerging, such as the design of a fusion protein incorporating an alpaca-derived
nanobody targeting hASIC1a and the peptide toxin PcTx1 to achieve potent and, contrary
to PcTx1 alone, more stable inhibition of ASIC1a (~84–87% current inhibition), improving
the potency of PcTx1 and its potential applications [16].

ASICs exhibit complex and highly pH-dependent gating properties, and it is therefore
not surprising that ASIC-targeting peptide toxins interact with channel gating also by a
complex and pH-dependent mechanism. However, despite sometimes complex behaviors
with pH-dependent activating, potentiating or inhibitory effects on rodent and human
cloned channels recorded in vitro, the effects of ASIC-targeting toxins described on neu-
ronal native ASIC currents in rodent and, when possible, in human neurons were mostly
inhibitory for PcTx1, APETx2 and Mamb, or stimulatory for MitTx, in good agreement
with in vivo effects. Insights from rodent and human studies on various pain-related pro-
cesses [78] show that the ASIC-inhibiting toxins PcTx1, Mamb and APETx2 always induce
a reduction of acute or pathological pain, whereas MitTx increased pain-related behaviors,
which is consistent with the effects of other ASIC inhibitors like amiloride or NSAIDs, and
with the effects of ASIC genetic invalidation or knockdown. Dual pH-dependent effects
of the ASIC-targeting compounds do not therefore compromise their analgesic relevance
both in the central and peripheral nervous system. Furthermore, complementary effects
of some ASIC-targeting analgesic toxins like neuroprotective and anxiolytic effects could
even be beneficial.

ASICs are thus interesting potential drug targets regarding the need to develop new
and more effective analgesics with limited adverse side effects, notably in the context of
the opioid crisis [286]. In addition, several administration pathways could be used to
alternatively target local, peripheral or central pain mechanisms, depending on the ASIC
subtype targeted, the physicochemical properties of the compounds and their blood–brain
barrier permeability. Some of the ASIC peptide blockers described here could be interesting
potential leads for pain relief, including in the context of chronic and inflammatory pain,
with relevance in migraine, bone, joint and muscle pain, fibromyalgia, and postoperative,
gastrointestinal or tooth pain, thus deserving further characterization of their effect on
native ASICs in human neurons.
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Abstract: α-bungarotoxin is a large, 74 amino acid toxin containing five disulphide bridges, initially
identified in the venom of Bungarus multicinctus snake. Like most large toxins, chemical synthesis
of α-bungarotoxin is challenging, explaining why all previous reports use purified or recombinant
α-bungarotoxin. However, only chemical synthesis allows easy insertion of non-natural amino acids
or new chemical functionalities. Herein, we describe a procedure for the chemical synthesis of
a fluorescent-tagged α-bungarotoxin. The full-length peptide was designed to include an alkyne
function at the amino-terminus through the addition of a pentynoic acid linker. Chemical synthesis
of α-bungarotoxin requires hydrazide-based coupling of three peptide fragments in successive steps.
After completion of the oxidative folding, an azide-modified Cy5 fluorophore was coupled by click
chemistry onto the toxin. Next, we determined the efficacy of the fluorescent-tagged α-bungarotoxin
to block acetylcholine (ACh)-mediated currents in response to muscle nicotinic receptor activation in
TE671 cells. Using automated patch-clamp recordings, we demonstrate that fluorescent synthetic
α-bungarotoxin has the expected nanomolar affinity for the nicotinic receptor. The blocking effect of
fluorescent α-bungarotoxin could be displaced by incubation with a 20-mer peptide mimicking the
α-bungarotoxin binding site. In addition, TE671 cells could be labelled with fluorescent toxin, as wit-
nessed by confocal microscopy, and this labelling was partially displaced by the 20-mer competitive
peptide. We thus demonstrate that synthetic fluorescent-tagged α-bungarotoxin preserves excellent
properties for binding onto muscle nicotinic receptors.

Keywords: toxins; peptide chemistry; native chemical ligation; α-bungarotoxin; click chemistry;
automated patch-clamp; fluorescent peptide; TE671 cells; nicotinic acetylcholine receptor

Key Contribution: The first report of the chemical synthesis of a fluorescent α-bungarotoxin that
leads to a bioactive peptide.

1. Introduction

α-bungarotoxin is a 74-mer peptide containing five disulphide bridges. It was origi-
nally identified and purified from the venom of the snake Bungarus multicinctus, an elapid
snake from Taiwan [1]. Its unique properties were soon recognized through its ability to act
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as an antagonist of acetylcholine (ACh) for the nicotinic acetylcholine receptor (AChR) on
which it binds, mainly by interacting with the α subunits of AChR with very high affinity
and irreversibly [2]. As member of the type II α-neurotoxins (five disulphide bridges as
opposed to type I with four disulphide bridges), it belongs to the family of three-finger
toxins. It binds both the muscle type AChR (mAChR) at the motor endplate and the neu-
ronal α7 AChR. While two and five binding sites are available, respectively, for these two
types of AChR, respectively, the binding of a single α-bungarotoxin is sufficient to block
channel opening of the ligand-gated channels, indicating a non-competitive mechanism
of antagonism [3]. Structural data reveal that glycosylation of AChR is important for the
high-affinity binding of the toxin [4]. Among all the interesting applications developed
with this toxin are the improved long-term imaging of zebrafish embryo development
using genetically encoded α-bungarotoxin, allowing for a complete immobilization of
the embryo [5]. While label-free α-bungarotoxin-binding assays have been developed,
namely using a BIAcore sensor chip technology [6], most applications require labelling
of the toxin. Very early on, the purified peptide could be iodinated to characterize the
properties of the toxin receptor at the level of the skeletal muscle [7]. This allowed for a
precise quantification of mAChR numbers at the motor end plate of rat diaphragm [8]. As
usual for toxins employed as radiotracers, the iodinated version of α-bungarotoxin allowed
tracking the purification of AChR from Torpedo californica electroplax [9]. The scope of
investigation on AChR being very dynamic, it did not take long before an FITC-, TRITC- or
rhodamine-derived fluorescent version of the purified α-bungarotoxin was identified [10]
and used to visualize the distribution of AChR onto vertebrate skeletal muscle fibres [11,12].
Most of this labelling involves N-hydroxysuccinimide (NHS) ester-mediated derivatisation
of an amine-reactive group of α-bungarotoxin. Interestingly, in vivo injection of fluorescent
α-bungarotoxin was shown to improve the efficiency of motor endplate labelling [13].
Yet, it was clearly recognized that, depending on the ratio of dye/toxin, this labelling
decreased the blocking potency of α-bungarotoxin for AChR [11], since fluorescence la-
belling occurs randomly along the sequence onto free amines, some possibly required for
pharmacophore integrity. Similarly, a method was presented for the efficient conjugation of
horseradish peroxidase to α-bungarotoxin, which is useful for the histochemical staining
of mAChR on muscle fibres for light and electron microscopy [14] and for the coupling to
gold particles for electron microscopy applications [15]. Yet, in spite of a claimed 1:1 molar
conjugation, labelled α-bungarotoxin seems to lose part of its activity. The importance of
tagged α-bungarotoxin is nevertheless substantiated by the fact that the α-bungarotoxin
binding site (BS), an optimized small peptide of about 13 amino acids derived from a
combinatorial phage-display peptide library, fully preserves the unique properties of high
affinity binding of the toxin [16,17]. Hence, in addition to the fact that it may serve as a
lead compound for the development of antidotes [18], this BBS peptide can also be used
as a tag onto poorly immunogenic proteins to visualize their cell behaviour with tagged
α-bungarotoxin [19–28].

Most of the applications reporting α-bungarotoxin usage have been performed with
the toxin purified directly from snake venom. There are two reasons for this: (i) first,
high quantities of this venom can be obtained by milking this snake species, and (ii) α-
bungarotoxin is abundantly represented in this venom. As a consequence, it took quite
some time before anyone published a method for the production of recombinant α-
bungarotoxin [28]. However, recombinant α-bungarotoxin comes with additional amino
acids at the N-terminus. Efforts to produce synthetic α-bungarotoxin have also been de-
layed considerably because of the complexity of the chemical synthesis; the size of the
peptide is substantial, as is the number of disulphide bridges. Yet, this effort is crucial if
one desires to produce analogues containing non-natural amino acids or if site-defined
tagging onto the toxin is the goal. A recent study reported the first chemical synthesis of
α-bungarotoxin using peptide-hydrazide-based native chemical ligation (NCL) between
two α-bungarotoxin fragments [29]. While this is an important achievement, there was no
conclusive evidence in this report that the synthetic α-bungarotoxin was functionally active
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on mAChR or that this chemical synthesis could be used to produce fluorescent analogues.
Herein, our aim was to produce synthetic α-bungarotoxin with an alkyne function at the
N-terminus of the chain in order to selectively conjugate any fluorophore or molecule of
interest like biotin via click chemistry. With regard to the large size of this toxin, we decided
to synthesize the linear chain thanks to two successive ligations of three α-bungarotoxin
fragments. In addition, we kept the hydrazide-based ligation strategy to synthesize the
linear α-bungarotoxin, as it can be considered the most convenient native chemical ligation
method and currently is one of the most used [30]. The oxidative folding leads to folded
α-bungarotoxin functionalized with an alkyne group. We performed a wealth of functional
tests to illustrate that tagged synthetic α-bungarotoxin maintains potent activity compared
to the native purified peptide. Our data illustrate that we capably produced for the first
time a synthetic fluorescent α-bungarotoxin that preserves all the functionalities of purified
α-bungarotoxin, opening an avenue for new applications that require specific sequence
peptide toxin modifications, which are not possible on the natural peptide or only partially
on the recombinant peptide.

2. Results and Discussion

2.1. Strategy of Synthesis and Chemical Production of Intermediate Fragments of α-Bungarotoxin

The amino acid length of α-bungarotoxin is too long to allow a full one-shot peptide
synthesis by solid-phase peptide synthesis (SPPS). For this reason, we first selected three
α-bungarotoxin peptide fragments with sizes most favourable for performing peptide-
hydrazide-based native chemical ligation [31] by considering the different ligation sites
(Xaa-Cys, Xaa being any kind of amino acid) available (Figure 1). Three fragments turned
out to be favourable for this synthesis approach. PA-α-BgTx1-28 (1; IVCHTTATSPISAVTCPP-
GENLCYRKMW) with a pentynoic acid (PA) at the amino terminus appears suitable
because it offers a Trp-Cys point of ligation. The alkyne moiety instead of its azide coun-
terpart was chosen for later click chemistry in order to avoid the reduction of the azide
function that may potentially occur during oxidative folding of full-length α-BgTx. A
shorter α-BgTx1-22 fragment was also possible to synthesize (2; IVCHTTATSPISAVTCPP-
GENL) but the ligation point Leu-Cys is less favourable [32]. The intermediate frag-
ment α-BgTx29-43 (3; CDAFCSSRGKVVELG) was preferred over the lengthier fragment
α-BgTx29-47 (4; CDAFCSSRGKVVELGCAAT) because it provides an ideal Gly-Cys ligation
point despite a shorter length than 4. The third fragment was α-BgTx44-74 (5; CAATCP-
SKKPYEEVTCCSTDKCNPHPKQRPG). The first two fragments were synthesized with a
hydrazide function at the C-terminus in order to achieve two successive ligations. The use
of hydrazide fragments, known as crypto-thioesters (i.e., masked peptide thioesters, which,
unless activated, are inert in NCL), allows the ligation to occur in the N-to-C direction
without requiring temporary orthogonal protection of the Cys residues, as in the case of
the Dawson method [33]. While o-aminoanilide fragments [34] could also have been used
as masked thioesters, this would have implied coupling a Gly residue as the first amino
acid onto a Dawson resin with the α-BgTx29-43 fragment. This reaction can easily acylate
the two amine functions of this resin, even if a second generation of the Dawson resin has
addressed this issue [35].

The syntheses of these three fragments (1, 3 and 5) were performed by automated
SPPS, yielding crude material with clear major analytical reversed-phase high-performance
liquid chromatography (RP-HPLC) peaks and yields after purification of 26% (1), 57% (3)
and 44% (5) (Figure 2A–C). The products had the appropriate masses (insets in Figure 2).
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Figure 1. Syntheses strategies of PA-α-BgTx by NCL. (A) Synthesis strategy from the N-terminus
towards the C-terminus. Only the first step is shown, since it was a dead-end procedure.
a = 0.2 M NaH2PO4, H2O, 6 M Gn.HCl, pH 3, −15 ◦C, 10 eq. NaNO2, 20 min, then 100 eq. 4-
mercatophenylacetic acid (MPAA), pH 6.5, room temperature (RT), overnight. (B) Synthesis strategy
from the C-terminus towards the N-terminus. b = Acm deprotection: 0.2 M NaH2PO4, H2O, 6 M
Gn.HCl, pH 7.0, 10 eq. PdCl2, 10 min, then 100 eq. dithiothreitol (DTT). c = oxidative folding: 0.1 M
Tris pH 8.2, 5 mM glutathione (GSH), 0.5 mM glutathione disulphide (GSSG), 48 h.

Figure 2. RP-HLPC and MS profiles of synthetic peptides. RP-HPLC A to C were performed on an
AdvanceBio Peptide C18 column (10 cm, 214 nm, 5–65% B solvent in 12 min), RP-HPLC D on an
AdvanceBio Peptide C18 column (25 cm, 214 nm, 15–65% B solvent in 25 min) and RP-HPLC E on a
XSelect Peptide CSH C18 column (15 cm, 214 nm, 5–60% B solvent in 20 min). Retention times were
tR = 6.5 min (A), 7.2 min (B), 9.1 min (C), 21.1 min (D) and 16.9 min (E).
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2.2. Chemical Synthesis of Full-Length α-Bungarotoxin

Our initial aim was to assemble the linear α-BgTx peptide starting from the N- to the
C-terminus by ligating PA-α-BgTx1-28 (1) with α-BgTx29-43 (3) to obtain PA-α-BgTx1-43 (6),
followed by PA-α-BgTx1-43 ligation with α-BgTx44-74 (Figure 1A). This was attempted by
first selectively activating the hydrazide function of 1 with NaNO2 (15 min, −20 ◦C), which
was later neutralized by an excess of MPAA. The subsequent addition of fragment 3 leads to
the expected intermediate fragment 6, PA-α-BgTx1-43, by NCL after one night (Figure 1A).
Unfortunately, the first ligation leads to a mixture of the desired product, with truncated
peptides corresponding to the hydrolysis of one or two amino acids before and after the
ligation site, as determined by mass spectroscopy. High-resolution mass spectrometry
(HRMS) analyses allowed the identification of the amide bonds that were cleaved within
the peptide; they were all located at one or two residue distance from the ligation site,
either towards the N-terminus (amide bond Met27-Trp28) or towards the C-terminus (amide
bonds Asp30-Ala31 and Ala31-Phe32). Fragments 1 and 3 were not sensitive to the NCL
buffer and, interestingly, when the NCL reaction was performed between fragments 1 and 5

(instead of 3), the resulting peptide PA-α-BgTx1-28,44-74 was stable (data not shown). These
controls indicate that the degradation of 6 is an intrinsic property of its sequence.

Based on the observation that such a degradation is not observed with the full length α-
BgTx, we then decided to shift towards a second strategy by assembling the fragments from
the C-terminus to the N-terminus (Figure 1B). This avoids the formation of the intermediate
peptide 6. Therefore, α-BgTx29-43 was synthesized again but with an Acm protection on
the N-terminal cysteine of the fragment to yield Acm-α-BgTx29-43 (7) in order to selectively
link this fragment to 5, α-BgTx44-74 (Figure 1B). This protection is fully compatible with
hydrazide-based NCL conditions [36] and prevents the cyclisation or polymerisation of the
fragment in the NCL conditions once the hydrazide function is converted into a thioester.
Following activation of the hydrazide function by NaNO2 (15 min, −20 ◦C), the NCL was
conducted with fragments 7 and 5 at RT overnight and in the presence of MPAA. After
purification, the ligation product 8 (Acm-α-BgTx29-74) was obtained with a yield of 60% and
with the expected mass (Figure 2A). No degradation product was observed. Next, the Acm
protecting group was removed from the N-terminal Cys residue of 8. For that purpose,
we used a published method based on the use of palladium and DTT [37]. Fragment 8

was solubilized in NCL buffer at neutral pH and incubated with 10 equivalents of PdCl2
for 10 min at 37 ◦C. Next, 100 equivalents of DTT were added to neutralize the excess
palladium and eliminated by centrifugation before purification by RP-HPLC. Fragment 9

(α-BgTx29-74) was hence obtained pure, with a yield of 53% (Figure 2B). This last fragment
could therefore be used for a second NCL with the PA-α-BgTx1-28 fragment (1); 1 was
therefore first activated by oxidation with NaNO2 and later put in presence of MPAA
and 9. Following purification and lyophilisation, unfolded and reduced PA-α-BgTx (10)
was obtained with a yield of 42% (Figure 2C). In order to oxidize all the ten cysteine residues
into the five natural disulphide bonds, several oxidizing buffers were used. The alkaline
buffer containing 0.1 M tris(hydroxymethyl)aminomethane (Tris), pH 8.2 and the redox
couple reduced glutathione (GSH, 5 mM)/oxidized glutathione (GSSG, 0.5 mM) yielded
the best results. After 48 h, and following RP-HPLC purification, the folded/oxidized
PA-α-BgTx (11) was obtained with a yield of 23% (Figures 1B and 2D). The total yield after
4 steps was 3%.

2.3. Coupling of a Fluorochrome on PA-α-BgTx by Click Chemistry

To check the feasibility of using click chemistry on 11, we decided to selectively couple
Cy5-N3 (12) onto 11 by copper-catalysed azide-alkyne cycloaddition (CuAAC) [38,39].
Following solubilization of 11, 10 equivalents of 12, 10 equivalents of CuBr(CH3)2S and
5 equivalents of tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) were added and
incubated at RT overnight and under inert atmosphere. Cy5-α-BgTx (13) was purified by
RP-HPLC, with a yield of 21% based on the dosing at 646 nm of Cy5 emission (Figure 2E).
The excess of dye 12 was also collected to be used again in further click reactions. To
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test whether 13 was bioactive, we launched a series of functional tests to validate the
synthetic product.

2.4. High-Throughput Evaluation of ACh and Cy5-α-Bungarotoxin Effects on the TE671 Cell Line

Following chemical synthesis of Cy5-α-BgTx, the next step was to assess whether this
compound retained the inhibitory effect and affinity for mAChR. This was performed by
recording mAChR currents in TE671 cells elicited by ACh application in the presence of
either native purified α-BgTx or synthetic Cy5-α-BgTx using a high-throughput automated
patch-clamp system (Syncropatch 384, Nanion, Munich, Germany). This system allows
the simultaneous recording of 384 cells, permitting a quantitative evaluation of the effects
of ACh and peptides. The resting voltage was set to −60 mV to record inward currents
through mAChR. The use of TE671 human cell line, derived from rhabdomyosarcoma,
for this study is appropriate since it endogenously expresses mAChR [40] and binds α-
BgTx [41]. Each cell was maintained at a resting membrane potential of −60 mV to record
inward currents through mAChR. The effects of a first pulse of 3.33 μM ACh, in the ab-
sence of toxins, and of a second 3.33 μM ACh pulse following a 15 min incubation with
one of the α-BgTx analogues were monitored. Only cells considered responsive, with a
minimal current amplitude of −100 pA after the first ACh application, were selected for
analyses in order to clearly discriminate the effects of the peptides. As expected from a
channel that tends to desensitize the second application of ACh, it provided a lower current
amplitude (Figure 3A). Indeed, the maximal current amplitude recorded at the second
dose averaged −230.5 ± 22.9 pA versus −424.2 ± 45.0 pA for the first ACh pulse (n = 82;
p < 0.005). Since this level of desensitization is strictly correlated with ACh concentration
and time of application [42–44], we decided to normalise the current elicited by the second
dose of ACh against that obtained for the first pulse using individual cells as their own
intrinsic control, thereby accounting for intercellular variability. ACh concentration and
time of application could not be further optimised, as they correspond roughly to the EC50
ligand’s value on mAChR [45] and a short 5 s respectively. Therefore, to assess the effects
of native α-BgTx and synthetic Cy5-α-BgTx, the pulse 2/pulse 1 (P2/P1) ratio for each cell
was normalised against the mean P2/P1 obtained for control cells in the absence of toxins
(Figure 3B). Clear evidence was thus provided that both peptides, at concentrations above
0.03 nM, were able to block the response of TE671 cells to a second application of ACh
(dashed arrows illustrating the reduced current levels from dotted horizonal lines). From
the current amplitudes recorded using this protocol, concentration-response curves for
purified α-BgTx and Cy5-α-BgTx were generated (Figure 3C). Cy5-α-BgTx potently blocks
mAChR currents with an IC50 value of 1.64 ± 0.19 nM (n = 19–28 cells/concentration). In
comparison, the natural purified and non-modified α-BgTx peptide inhibits mAChR with a
slightly better potency, with an IC50 value of 0.25 ± 0.02 nM (n = 8–41 cells/concentration).
The Hill coefficient remained unaltered by the addition of the Cy5 tag, with an estimation
of 1.45 ± 0.17 for native α-BgTx and 1.38 ± 0.20 for Cy5-α-BgTx. Both affinity and Hill
coefficient estimations are consistent with previous records of α-BgTx binding on TE671
cells [46]. The slight difference in IC50 values observed between native and synthetic modi-
fied α-BgTx can be accounted for by the difficulties in reliably assessing the concentrations
of purified α-BgTx and the potential presence of the fluorescent tag at the N-terminus of
the peptide. This is thus the first report illustrating the activity on its receptor of a synthetic
α-BgTx modified at its N-terminus with a fluorescent tag.
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Figure 3. Effect of native α-BgTx and Cy5-α-BgTx on ACh-mediated current in TE671 cells. (A) Rep-
resentative ACh-mediated currents following two consecutive 3.33 μM ACh doses. First ACh pulse
illustrated in black, second dose in grey. Mean ± SEM (n = 82 cells, **** p < 0.0005). The reduction in
current amplitude with the second ACh application is due to desensitisation of mAChR. (B) Rep-
resentative current traces in response to a first application of 3.33 ACh (black trace), or a second
identical application in presence of increasing concentrations of native α-BgTx (blue) or Cy5-α-BgTx
(red). The dotted line represents the expected current after a second ACh application in the absence
of any toxin. (C) Concentration-response curves for the native α-BgTx and Cy5-α-BgTx-mediated
block of ACh response (n = 8–41 cells/concentration, total N = 339 cells), **** p < 0.0005.
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2.5. Neutralisation of α-BgTx-Mediated Inhibition of ACh Response by a Binding
Site-Mimicking Peptide

As discussed previously, peptides representing the mAChR binding site for α-BgTx are
known, and a mimicking peptide can be synthesized. We added, to the optimum binding
sequence (WRYYESSLEPYPD-OH), 3 amino acids (GSG) at both the N- and C-terminus, and
an additional biotin tag onto an extra C-terminal K residue. The resulting peptide used for
our experiments is GSGWRYYESSLEPYPDGSGK(biotin)-OH (termed BSpep). Due to the
pre-established irreversibility of α-BgTx binding to mAChR, it was hypothesised than pre-
incubating the toxin with the binding site analogue should neutralise it, thereby preventing
its inhibition of ACh activity on the muscle-type mAChR. We first assessed the binding of
variable concentrations of BSpep to 5 nM Cy5-α-BgTx by microscale thermophoresis (MST)
(Figure 4). Fit of the data yields an apparent Kd of 1.04 μM.

 
Figure 4. BgTx as measured by MST. A total of 5 nM Cy5-α-BgTx was incubated for 15 min at room
temperature with a range of BSpep concentrations. The change in thermophoretic signal yields a
KD = 1.04 μM in these experimental conditions.

Next, the neutralising effect of BSpep was assessed in vitro on TE671 cells using the
aforementioned patch-clamp assay. 1 μM BSpep was preincubated with 3.3 nM native
α-BgTx or 10 nM Cy5-α-BgTx at 4 ◦C for 2 h, prior to incubation with the TE671 cells
for 15 min. Incubation with 1 μM BSpep completely restored normal ACh response in
the presence of maximally blocking concentrations of either natural purified α-BgTx or
synthetic Cy5-α-BgTx (Figure 5A). Inhibition with 3.33 nM α-BgTx resulted in a complete
blockade of the ACh-mediated current, reaching only 0.1 ± 2% of the control current elicited
by ACh alone (n = 13) (Figure 5B). However, preincubation of the natural α-BgTx peptide
with 1 μM BSpep rescued currents up to 100 ± 6% of the normal current (n = 27). Similarly,
blocking ACh-mediated currents with 10 nM Cy5-α-BgTx only yielded 2 ± 1% (n = 41) of
the control current, which was restored when this synthetic peptide was preincubated with
1 μM BSpep to 101 ± 2% (n = 44) (Figure 5B). The possibility of an α-BgTx-independent
effect of 1 μM BSpep on the ACh-mediated response was also investigated by incubating
BSpep with the cells. This resulted in no significant increase from the control current
(125 ± 11%, n = 14). Overall, these results validate the expected effect of BSpep, occurring
through the capture of α-BgTx, preventing its inhibitory action on the muscle-type nAChR.
The data also indicate that the inhibition of mAChR by the synthetic Cy5-α-BgTx occurs
through the binding of the peptide on the same mAChR site as native α-BgTx.
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Figure 5. Effect of the BSpep on native α-BgTx and Cy5-α-BgTx inhibition of ACh-mediated current
in TE671 cells. (A) Representative current traces in response to a first application of 3.33 μM ACh
(black) or a second identical application in the presence of α-BgTx (blue), BSpep (yellow), α-BgTx
+ BSpep (green), Cy5-α-BgTx (red) or Cy5-α-BgTx + BSpep (pink). The dotted line represents the
expected current after a second ACh control dose in the absence of toxins. (B) Mean normalised
current after the second 3.33 μM ACh dose in the presence of α-BgTx (blue), BSpep (yellow), α-BgTx
+ BSpep (green), Cy5-α-BgTx (red) or Cy5-α-BgTx + BSpep (pink). Mean ± SEM. Kruskal-Wallis test
with Dunn’s multiple comparison post-test, **** p < 0.0005.

2.6. Characterisation of the Cellular Distribution of Muscle-Type mAChR with
Fluorescent Cy5-α-BgTx

Using fluorescent Cy5-α-BgTx, we aimed at visualising the distribution of mAChR on
fixed TE671 cells by confocal microscopy. At a Cy5-α-BgTx concentration of 200 nM, a fluo-
rescent signal was observed at the expected excitation/emission wavelengths (638/700 nm,
respectively), although fluorescence was mostly observed intracellularly (Figure 6A). It
has previously been reported that TE671 express mAChR as an immature foetal form,
known to localise preferentially in intracellular pools, accounting for up to 80% of the
total count [47–49]. To validate the specificity of the observed fluorescence, Cy5-α-BgTx
labelling was also performed after neutralising the toxin with 100 μM BSpep through an
overnight incubation at 4 ◦C. This significantly lowered the recorded cell fluorescence,
reaching only 41 ± 6% (n = 3 regions of interest; total cell number = 973) of the signal
obtained with free Cy5-α-BgTx (n = 2 regions of interest; total cell number = 707; p < 0.05)
(Figure 6B). This result suggests that the major part of the signal observed with the toxin
alone is mAChR-specific, whereas the remaining part may also be due to peptide complex
internalization or simply an unwanted dissociation of Cy5-α-BgTx from BSpep, occurring
as a result of competition with mAChR localized at the plasma membrane. The affinity
of BSpep for Cy5-α-BgTx being significantly lower than the one of mAChR dissociation
from the peptide is likely a contributing factor. Altogether with its previously discussed
electrophysiological characterisation, this contributes to validate the use of Cy5-α-BgTx as a
highly potent and selective fluorescent probe for the visualisation of muscle-type mAChR.
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Figure 6. Distribution of nAChR in TE671 cells as labelled with Cy5-α-BgTx. (A) Confocal microscopic
imaging of TE671 cells labelled with 5 μg/mL Hoechst and either 200 nM Cy5-α-BgTx (left) or 200 nM
Cy5-α-BgTx pre-incubated with 100 μM BSpep (right). Top: X60 magnification, Hoechst (cyan)
and Cy5-α-BgTx (magenta) displayed; Middle: X60 magnification, only Cy5-α-BgTx displayed;
Bottom: X240 magnification, Hoechst and Cy5-α-BgTx displayed. (B) Quantification of Cy5-α-BgTx
fluorescence after labelling with either 200 nM Cy5-α-BgTx (red) or 200 nM Cy5-α-BgTx pre-incubated
with 100 μM BSpep (pink). Mean ± SEM. Two-tailed t-test, ** p < 0.05.

3. Conclusions

With 74 amino acids and no less than five disulphide bridges, the chemical synthesis
of α-BgTx represents a real technical challenge for two reasons. First, the length of the
peptide is considerable, and therefore its chemical synthesis requires a strategy of peptide
fragment assembly. Second, the presence of 10 cysteine residues theoretically allows
for no less than 45 combinations of disulphide bridge arrangements. Our data indicate
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that we were able to successfully assemble α-BgTx sequence using three carefully chosen
peptide fragments and using two successive hydrazide-based ligations of toxin peptide
fragments. Thanks to the addition of an alkyne function at the N-terminus of the toxin, a
regioselective addition of an azide-modified fluorochrome was performed. In addition,
the linear peptide underwent a proper oxidative folding; a single RP-HPLC peak arose
from the process, demonstrating that a single combination of disulphide bridge pairing
was largely favoured, without further experimental control. We assume that we naturally
reached the proper pattern of disulphide bridging, although we did not check this point
specifically. Obviously, it appears that the additional presence of pentynoic acid at the
N-terminus did not interfere with the folding process. To ensure that α-BgTx was properly
synthesised and that the addition of a fluorescent tag at the N-terminus by click chemistry
did not prevent bioactivity, we performed a number of functional tests with Cy5-α-BgTx.
We used an automated patch-clamp system along with an optimized protocol to assess the
inhibition of ACh-mediated currents on TE671 cells. The results illustrate a slight increase
in the IC50 value for the synthetic fluorescent α-BgTx compared to the IC50 value produced
by purified α-BgTx, but this difference can easily be attributed to the difficulties in reliably
evaluating the concentration of purified peptide and/or the impact of the fluorescent probe
on the activity of the synthetic compound. The difference in the IC50 values observed was,
however, quite reasonable and indicates complete bioactivity of the synthetic product. Of
course, it may be of interest in the future to perform a full comparison between native,
non-labelled synthetic and tagged-synthetic α-bungarotoxin to check how the fluorescent
tag affects activity directly or indirectly. In a study examining the effect of the fluorescent
tag on the pharmacology of protoxin II, it was shown that ATTO488 fluorescent tag was
more conservative in the native bioactivity of the peptide than the Cy5 tag, indicating that
the nature of the tag matters [50]. Here, the use of Cy5 may yield the same result as protoxin
II; however, this can be tested later, as the use of click chemistry allows for an easy change
in the tag identity. Remarkably, Cy5-α-BgTx inhibition of ACh-mediated currents could be
blocked by preincubation with the BSpep, which mimics the mAChR binding site of the
peptide. These results further highlight that the synthetic peptide, similarly to the purified
one, blocks mAChR by binding onto a specific and well-defined site on the receptor. The
applicability of Cy5-α-BgTx for labelling mAChR was further demonstrated by labelling
a receptor on TE671 cells, labelling that could be partially prevented by incubation with
the BSpep inhibitory sequence. The synthesis described herein will mainly be of interest
for those that need to modify natural amino acids within α-bungarotoxin at the expense
of an increased production cost of about five to seven-fold compared to labelled-purified
α-bungarotoxin.

4. Materials and Methods

4.1. Reagents and Materials

All chemical reagents and solvents were purchased from Sigma-Aldrich (Saint-Quentin-
Fallavier, France) except the 2-chlorotrityl chloride resin, which was purchased from Iris
Biotech GmbH (Marktredwitz, Germany).

4.2. Resin Loading for Solid-Phase Peptide Syntheses

Two types of resin loading were performed for the synthesis of α-bungarotoxin. First,
we loaded 2-chlorotrityl chloride resin for carboxylated peptides. The first amino acid was
loaded manually by treating 1 g of 2-chlorotrityl chloride resin (1.6 mmol/g of Cl) swollen
in DCM with a solution of 0.6 mmol amino acid and 1 mL of iPr2Net in 5 mL of DCM for
1 h, followed by adding 5 mL of MeOH and agitating for an additional 1 h. The resin was
washed twice with DCM and twice with DMF. Next, it was treated three times with 10 mL
of a 20% piperidine solution in DMF. The resulting liquid phases were poured together, and
the loading was determined by measuring the absorbance of dibenzofulvene-piperidine
adducts at 299 nm (ε = 7800 L·mol−1·cm−1). Second, we loaded 2-chlorotrityl chloride
resin for hydrazide peptides. A total of 1 g of 2-chlorotrityl chloride resin (1.6 mmol/g
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of Cl) was washed twice with DCM and twice with NMP and treated with 10 mL of a
5% hydrazine hydrate solution in NMP for 1 h. The resin was filtered and treated with
10 mL of MeOH/NH2NH2/NMP 10:5:85 for 30 min, filtered again, and washed twice with
NMP, twice with DCM and twice with NMP. The first amino acid was loaded manually by
treating the resin with a solution of 0.6 mmol amino acid, 0.6 mmol HCTU and 1.2 mmol
of iPr2Net in 5 mL of NMP for 1 h. The resin was filtered and treated with 10 mL of
Ac2O/iPr2Net/NMP 10:5:85 for 15 min, and then filtered and washed twice with DCM
and twice with DMF. The resin was treated three times with 10 mL of a 20% piperidine
solution in DMF, the resulting liquid phases were poured together, and the loading was
determined by measuring the absorbance of dibenzofulvene-piperidine adduct at 299 nm.

4.3. Solid-Phase Peptide Syntheses

Solid-phase peptide syntheses (SPPS) of α-bungarotoxin fragments and BSpep (GSGW
RYYESSLEPYPDGSGK(biotin)-OH) were run on an automated Symphony synthesizer
from Gyros Protein Technologies using Fmoc/tBu chemistry at a 0.1 mmol scale, with
HCTU as coupling reagent and 2-chlorotrityl chloride resin as solid support. The elon-
gation was carried out using a 10-fold excess of protected amino acids and HCTU and
20-fold excess of iPr2NEt in NMP. The side chain protecting groups used were Asn(Trt),
Arg(Pbf), Cys(Trt), Gln(Trt), Glu(OtBu), Lys(Boc), Ser(tBu), Thr(tBu) and Tyr(tBu). Fmoc
deprotection was performed using a 20% piperidine solution in DMF. Each coupling
lasted 15 min and was repeated three times, followed by capping with a 10% acetic anhy-
dride in NMP. The crude peptides were released from the resin with TFA/iPr3SiH/1,3-
dimethoxybenzene/2,2′-(ethylenedioxy)diethanethiol/H2O (85:2.5:3.75:3.75:5) for 3 h, and
the peptides were precipitated with ice-cold diethyl ether, recovered by centrifugation and
washed twice with diethyl ether. HPLC and MS analyses were performed on the crude
peptides before purification.

4.4. HPLC and Mass Spectrometry Analyses

The peptides were analysed by HPLC and high-resolution ESI-MS mass spectrometry.
HPLC analyses were carried out on an Agilent system equipped with a Chromolith® High
Resolution RP-18e column (150 Å, 100 × 4.6 mm) at a flow rate of 3 mL/min, with a XSelect
Peptide CSH C18 column (130 Å, 2.5 μm, 150 × 4.6 mm) or with an Agilent AdvanceBio
Peptide column (2.7 μm, 100 × 2.1 mm or 250 × 2.1 mm) at a flow rate of 1 mL/min and
214 nm. Solvents A and B were 0.1% TFA in H2O and 0.1% TFA in MeCN. The acquisition
of the LC-ESI-MS data was carried out on a Waters Q-TOF Xevo G2S mass spectrometer
with an Acquity UHPLC system and Lockspray source equipped with a Waters Acquity
UPLC BEH300 C18 column (1.7 μm, 2.1 × 150 mm). Peptide elution was performed at a
flow rate of 0.4 mL/min with a 10–70% gradient of buffer B over 10 min. Solvents A and B
were 0.1% formic acid (FA) in H2O and 0.1% FA in MeCN. All calculated and found masses
were monoisotopic. Purification of the peptides was performed by HPLC on a preparative
Agilent 1260 system equipped with a Phenomenex Jupiter column (4 μm Proteo 90 Å, C12,
250 × 4.6mm) at a flow rate of 20 mL/min or a semi-preparative Agilent 1260 system
equipped with an Agilent Poroshell EC-C18 column (120 Å, 4 μm, 250 × 9.4 mm) at a flow
rate of 4.5 mL/min.

4.5. Reduced PA-α-BgTx Synthesis by Native Chemical Ligation

PA-α-BgTx1-43 (6)—10 mg of PA-α-BgTx1-28 (1, 1 equiv.) was dissolved in 500 μL of
NCL buffer consisting of 200 mM NaH2PO4 and 6 M guanidinium hydrochloride (Gn.HCl)
at pH 3.0 and cooled in an ice/salt bath at −15 ◦C for 5 min. Then, 56 μL of 0.5 M aqueous
NaNO2 solution (10 equiv.) was added, and the mixture was agitated for 15 min at −15 ◦C.
A total of 47 mg of MPAA (100 equiv.) was dissolved in 300 μL of NCL buffer at pH 7.0 and
added to the reaction mixture, followed by 6.6 mg of α-BgTx29-43 (3, 1.3 equiv.) dissolved in
500 μL of NCL buffer at pH 3.0. The pH was adjusted to 6.8, and the reaction was agitated
overnight under inert atmosphere at room temperature. Then, 80 mg of TCEP (100 equiv.)
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was dissolved in 8 mL of 6 M Gn.HCl and the pH was adjusted to 5.0; this solution was
added to the reaction mixture and mixed for 30 min. The pH was lowered with 500 μL of
TFA, and the mixture was washed 3 times with 20 mL of Et2O and purified by preparative
RP-HPLC using a linear 20–70% buffer B gradient over 40 min; 6 was not pure enough to
determine the ligation yield.

Acm-α-BgTx29-74 (8)—18.2 mg of Acm-α-BgTx29-43 (7, 1 equiv.) was dissolved in 1 mL
of NCL buffer at pH 3.0 and cooled in an ice/salt bath at −15 ◦C for 5 min. Then, 193 μL
of 0.5 M aqueous NaNO2 solution (10 equiv.) was added, and the mixture was agitated
for 15 min at −15 ◦C. A total of 162 mg of MPAA (100 equiv.) was dissolved in 500 μL of
NCL buffer at pH 7.0 and added to the reaction mixture, followed by 43 mg of α-BgTx44-74
(5, 1.1 equiv.) dissolved in 1 mL of NCL buffer at pH 3.0. The pH was adjusted to 6.8, and
the reaction was agitated overnight under inert atmosphere at room temperature. Then,
277 mg of TCEP (100 equiv.) was dissolved in 10 mL of 6 M Gn.HCl and the pH was
adjusted to 5.0; this solution was added to the reaction mixture and mixed for 30 min. The
pH was lowered with 500 μL of TFA, and the mixture was washed 3 times with 20 mL of
Et2O and purified by preparative RP-HPLC using a linear 20–70% buffer B gradient over
40 min. After lyophilization, 33.2 mg of 8 was obtained (yield 60%). RP-HPLC retention
time (RT) was 6.5 min (AdvanceBio Peptide C18 10 cm, 5–65% B in 12 min); ESI-HRMS
C207H334N62O68S7 calculated 5000.26; found 5000.29.

α-BgTx29-74 (9)—27.5 mg of 8 was dissolved in 1 mL of NCL buffer at pH 7.0 and 10 mg
of PdCl2 (10 equiv.) in 200 μL of NCL buffer at pH 7.0 was added. The mixture was agitated
10 min at 37 ◦C, and 85 mg of DTT (100 equiv.) in 200 μL of water was added. The reaction
mixture was centrifugated, the pellet was washed with 200 μL of NCL buffer, and the
liquid phases were poured together, acidified with formic acid, and purified by preparative
RP-HPLC using a linear 10–60% buffer B gradient for 40 min. After lyophilization, 14.5 mg
of 9 was obtained (yield 53%). RP-HPLC RT 7.2 min (AdvanceBio Peptide C18 10 cm,
5–65% B in 12 min); ESI-HRMS C204H329N61O67S7 calculated 4929.23; found 4929.16.

Reduced PA-α-BgTx (10)—16.8 mg of PA-α-BgTx1-28 (1, 1.5 equiv.) was dissolved in
600 μL of NCL buffer at pH 3.0 and cooled in an ice/salt bath at −15 ◦C for 5 min. Then,
95 μL of 0.5 M aqueous NaNO2 solution (10 equiv.) was added, and the mixture was
agitated for 15 min at −15 ◦C. A total of 79 mg of MPAA (100 equiv.) was dissolved in
200 μL of NCL buffer at pH 7.0 and added to the reaction mixture, followed by 18.0 mg of
α-BgTx29-74 (9, 1 equiv.) dissolved in 600 μL of NCL buffer at pH 3.0. The pH was adjusted
to 6.8, and the reaction was agitated overnight under inert atmosphere at room temperature.
Then, 135 mg of TCEP (100 equiv.) was dissolved in 6 mL of 6 M Gn.HCl and the pH was
adjusted to 5.0; this solution was added to the reaction mixture and mixed for 30 min. The
pH was lowered with 500 μL of TFA, and the mixture was washed 3 times with 20 mL of
Et2O and purified by preparative RP-HPLC using a linear 20–70% buffer B gradient for
40 min. After lyophilization, 12.3 mg of 10 was obtained (yield 42%). RP-HPLC RT 9.1 min
(AdvanceBio Peptide C18 10 cm, 5–65% B in 12 min); ESI-HRMS C343H543N97O106S11
calculated 8068.70; found 8068.68.

4.6. Folding of Reduced PA-α-BgTx

A total of 3.0 mg of reduced PA-α-BgTx (10) was dissolved in 3 mL of water and added
dropwise to 30 mL of a 0.1 M Tris.HCl buffer at pH 8.2 containing 5 mM GSH and 0.5 mM
GSSG while stirring. After 48 h at room temperature, the reaction mixture was acidified
with 1 mL of formic acid, filtered and purified by semi-preparative RP-HPLC using a linear
20–40% buffer B gradient over 30 min at 40 ◦C. After lyophilization, 680 μg of oxidized
PA-α-BgTx (11, quantified by UV measurement, ε = 9105 L·mol−1·cm−1) was obtained
(yield 23%). RP-HPLC RT 21.1 min (AdvanceBio Peptide C18 25 cm, 5–65% B in 12 min);
ESI-HRMS C343H533N97O106S11 calculated 8058.62; found 8058.60.
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4.7. Coupling of Cy5 on PA-α-BgTx

A total of 110 μg of oxidized PA-α-BgTx (11, 1 equiv.) was dissolved in 12 μL of
(NMP/tBuOH 9:1)/H2O/(0.4 M HEPES, 50 mM aminoguanidine hydrochloride) 1:1:1, and
0.1 mg of Cy5-N3 (12, 10 equiv.) dissolved in 10 μL of NMP/tBuOH 9:1 was added. Then,
2.8 mg of CuBr.(CH3)2S and 3 mg of THPTA were dissolved in 1 mL of NMP/tBuOH; 10 μL
of this solution was added to the reaction mixture (10 equiv. of CuBr.(CH3)2S and 5 equiv.
of THPTA) and agitated overnight under inert atmosphere at room temperature. The
reaction mixture was acidified with 1 drop of formic acid and purified by semi-preparative
RP-HPLC using a linear 20–70% buffer B gradient for 30 min at 40 ◦C. After lyophilization,
25 μg of Cy5-α-BgTx (13, quantified by UV measurement, ε = 250,000 L·mol−1·cm−1 at
646 nm) was obtained (yield 21%). RP-HPLC RT 16.9 min (XSelect Peptide CSH C18,
5–60% B in 20 min); ESI-HRMS C378H578N103O107S11 calculated 8623.99; found 8623.98.

4.8. Cell Culture

TE671 cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)-high
glucose (4.5 g/L) supplemented with 10% foetal calf serum, 1 mM pyruvic acid, 4 mM
glutamine, 10 IU/mL penicillin and 10 μg/mL streptomycin (Gibco, Grand Island, NY,
USA), and incubated at 37 ◦C in a 5% CO2 atmosphere. For electrophysiological recordings,
cells were detached with trypsin, and floating single cells were diluted (~300 k cells/mL) in
extracellular medium containing (in mM): 4 KCl, 140 NaCl, 5 Glucose, 10 HEPES, 2 CaCl2,
1 MgCl2 (pH 7.4, osmolarity 298 mOsm).

4.9. Ligand Binding Studies

Binding of BSpep to Cy5-α-BgTx was investigated by microscale thermophoresis (MST)
using the Monolith NT 115 (NanoTemper Technologies GmbH, Germany). All dilutions
were performed in proprietary MST NT.115 buffer, supplemented with 0.05% Tween 20.
Briefly, 5 nM of Cy5-α-bungarotoxin was incubated with a range of BSpep concentrations
for 15 min at room temperature, before being loaded in Monolith Premium capillaries
(NanoTemper Technologies GmbH, Germany) and mounted in the Monolith NT 115 ther-
mophoresis chamber. MST was monitored using the dedicated MO Control software.
Readings were performed using the built-in picoRED illumination source (600 to 650 nm)
at 20% illumination power, and MST power was set as medium. MST fluorescence (F1) was
averaged from 1.5 to 2.5 min through MST and normalised against initial fluorescence (F0),
which was recorded 1 min before the start of MST. The resulting normalised fluorescence
values were expressed as the difference from initial fluorescence (ΔFnorm), which was
plotted against BSpep concentration. Dose-ΔFnorm relationships were fit to a sigmoidal
equation: Y = Bottom + (Top − Bottom)/(1 + 10ˆ((LogIC50 − X) × HillSlope)).

4.10. Automated Patch-Clamp Recordings

Whole-cell recordings were used to investigate the effects of purified α-bungarotoxin
and synthetic Cy5-α-bungarotoxin on ACh-induced currents in TE671 cells, by adapting
a protocol previously used by Taiwe et al. [45]. Automated patch-clamp recordings were
performed using a SyncroPatch 384PE (Nanion, München, Germany). Chips with single-
hole high resistance (~4–5 MΩ) were used for TE671 cell attachment and recordings. Pulse
generation and data collection were performed with PatchControl384 v1.6.6_B18 (Nanion)
and Biomek v4.1_B31 (Beckman Coulter, Brea, CA, USA). Whole-cell recordings were
conducted according to the Nanion procedure. Cells were stored in a cell hotel reservoir at
10 ◦C, with shaking speed at 60 RPM. After initiating the experiment, cell catching, sealing,
whole-cell formation, liquid application, recording, and data acquisition were performed se-
quentially. The intracellular solution contained (in mM): 10 KCl, 110 KF, 10 NaCl, 10 EGTA
and 10 HEPES (pH 7.2, osmolarity 280 mOsm). The extracellular filling solution contained
(in mM): 140 NaCl, 4 KCl, 5 glucose and 10 HEPES (pH 7.4, osmolarity 290 mOsm). The
extracellular solution contained (in mM): 140 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 5 glucose and
10 HEPES (pH 7.4, osmolarity 298 mOsm). Whole-cell patch experiments were performed
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at a holding potential of −60 mV at room temperature (20–22 ◦C). Currents were sampled
at 10 kHz. Each molecule, acetylcholine (100 μM, Sigma, Saint-Quentin Fallavier, France),
purified α-bungarotoxin and Cy5-α-bungarotoxin and BSpep 1, was prepared in extracellu-
lar solution supplemented with 0.3% bovine serum albumin and 0.86 mM Ca2+ in 384-well
compound plates. Working compound solution was diluted 3 times in recording wells by
adding 30 μL compound to 60 μL external solution to reach final concentration. Where
required, BSpep was preincubated with native α-bungarotoxin or Cy5-α-bungarotoxin for
2 h at 4 ◦C. ACh was applied as a 5 s pulse and rapidly washed using stacked addition
to avoid excess mAChR desensitisation. In order to obtain single cell-specific controls, an
initial pulse of ACh was performed, and the elicited current was recorded, followed by
6 washes with extracellular buffer. Washes were performed as sequential addition and
removal of 30 μL extracellular medium. Following these washes, native α-bungarotoxin or
Cy5-α-bungarotoxin ± preincubation with BSpep was added and allowed to incubate for
15 min in working solution. A second stacked addition of ACh was then performed, and
the current response was recorded. Data were analysed with DataController384 V1.8.0_B24
and GraphPad Prism. Dose-response relationships were fit to a sigmoidal equation: Y =
Bottom + (Top − Bottom)/(1 + 10ˆ((LogIC50 − X) × HillSlope)).

4.11. Cell Imaging by Confocal Microscopy

TE671 were incubated overnight at 37 ◦C in a 5% CO2 atmosphere in DMEM (Gibco,
Grand Island, NY, USA) on Ibidi μ-slide 18-well plates (Ibidi GmbH, Germany) in order to
obtain a cell confluency of approximately 70% on the day of fixation. Cells were washed
with non-supplemented DMEM, followed by fixation with 50 μL 4% paraformaldehyde
(PFA) over 5 min. Exposure time to the fixative was closely monitored to minimise cell
permeabilization. Fixed cells were then washed with phosphate buffer solution (PBS), prior
to labelling with 50 μL staining solution (PBS with 1% Bovine Serum Albumin, 5 μg/mL
Hoechst and 200 nM Cy5-α-bungarotoxin). Then, 200 nM Cy5-α-bungarotoxin was prein-
cubated overnight at 4 ◦C with 100 μM BSpep for competition experiments. Incubation
was performed over 30 min at RT. Labelling was followed by 3 PBS washes of 5 min each.
Wells were ultimately bathed in PBS + 0.1% PFA. Image acquisition was performed with
a NIKON A1 RSi confocal microscope (Nikon, Champigny sur Marne, France), using a
×60 magnification. Hoechst fluorescence was excited at 403 nm and recorded at 450 nm.
Excitation/recording wavelengths for Cy5 were 638/700 nm, respectively. Images were
analysed, and fluorescence was quantified using ImageJ.

4.12. Statistical Analyses

Data analyses were performed using GraphPad Prism. All data were presented as
mean ± s.e.m. Comparison of peak current amplitude was performed by a Kruskal-Wallis
test with Dunn’s multiple comparison correction. Comparison of fluorescence intensity
was performed by a two-tailed t-test, following normality confirmation by a Shapiro-Wilk
test. p values were considered significant below 0.05.
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