Lysenin is a pore-forming toxin in the coelomic fluid of the earthworm Eisenia fetida. Pore-
forming toxins_(PFTs) are a group of proteins that act as virulence factors of several pathogenic
bacteria. Following the general mechanism of action of PFTs, lysenin is segregated as a soluble
monomer that binds specifically to a-the membrane receptor; sphingomyelin. After the membrane
attachment, the oligomerization results-incauses a nonamer placed-to be placed on top of the
membrane, This is;- known as a prepore. After a conformational change;-(which could be
triggered by a decrease in pH), the oligomer is inserted into the membrane in the so-called 'pore
state'.

Monomeriedit]

Figure 1 | Lysenin monomer structure. Lysenin water-soluble monomeric X-ray structure (PDB: 3ZXD).
The previously conceived as B-barrel forming region is coloured in green. X-ray data have shown that the
yellow region, together with the green one, form the B-barrel of Lysenin pore.

Lysenin is a protein produced in the coelomocyte- Ieucoc{es of the earthworm Eisenia

fetida. This protein was first isolated from the coelomic fluid-by-Yeshiyuki-Sekizawa-of the
Kebayashi-group-in in 1996 and-whe-named the-protein lysenin (from lysis |

and Eisenia).? Lysenin is a relatively small molecule with a molecular weight of 33 kDa (Figure
1). Fhe-Using X-ray_crystallaogrpahy [?], the structure of lysenin was was-first determined-by-de
Colibus-et-al—and-structurally-classified as a member of the Aerolysin family, with-as it whieh-it
shares a similar structure and function.® Frem-a-structural-point-of-view Structurally, lys lysenin

monomers are formed by a receptor binding domain (right globular part, Figure 1) and a Pore
Forming Module (rest of the molecule, Figure 1); domains shared by the rest of Aerolysin

family.® [the] Lysenin monomer[s?] shows three dlfferent sphlngomyelln blndlng motlfs in the
receptor binding domain.
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Membrane receptorsiedi]

The natural membrane target of Lysenin is an animal plasma membrane lipid called
sphingomyelin, involving at least three of its Phosphatidylcholines (PC) groups.®.Sphingomyelin
is usually found associated with cholesterol in [ipid rafts.” Cholesterol, which
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enhances oligomerization, provides a stable platform with high lateral mobility where monomer-
monomer encounters are more probable.® PFTs have shown to be able to remodel the
membrane structure,® sometimes even mixing lipid phases.t |n the case of lysenin, the
detergent belt, the part of the B-barrel occupied by detergent in the Cryogenic Electron
Microscopy (Cryo-EM) study of Lysenin pore,i is 32 A in height. On the other hand,
sphingomyelin/Cholesterol bilayers are about 4.5 nm height.td This difference in height between

the detergent belt and the sphingomyelin/cholesterol bilayer implies a bend of the membrane in
the region surrounding the pore, called negative mismatch.¥ This bending results in a net
attraction between pores that induce [aggregation|.i

Binding, oligomerization and insertionjedit

Membrane binding is a requisite to initiate PFT oligomerization. Lysenin monomers bind
specifically to sphingomyelin via the receptor binding domain. The final Lysenin oligomer is
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constituted by nine monomers without quantified deviations .9 ;When as-shewn-forthefirst
time-by-Munguira—et-alte-Lysenin Imonomers bind to sphingomyelin-enriched domains, which
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FirstThe process begins with;-the monomers being adsorbed in-to the membrane by specific
interactions, resulting in an increased concentration of monomers. This increase is promoted by
the small area where the membrane receptor accumulates owing to the fact that the majority of
PFT membrane receptors are associated with lipid rafts.t¥ Another side effect, aside from the
increase of monomer concentration, is the monomer-monomer interaction. This increases-that
beests lysenin oligomerization. After a critical concentration is reached, several oligomers are
formed simultaneously;-as+ecenthy-show-by-Munguira-et-al.?? Complete oligomers consist in nine
monomers, although incomplete oligomerization process was-has been alse-observed-by
Yilmaz-etal.® In contrast to the PFT of cholesterol dependent cytolysin family,?? incomplete
lysenin inreemplete-oligomer evolution to complete oligomers was-has not beenrever observed.

A complete oligomerization results in the so-called prepore state, a structure on the membrane.
Determining the prepore's structure by X-ray or Cryo-EM is a challenging process that so far has
not produced any results. The only available information about the prepore structure was
provided by Atomic Force Microscopy (AFM). The measured prepore height was 90 A; and the
width 118 A, with an inner pore of 50 A (Figure 2).23 A model of the prepore-propoesed-by
Podebnik-etal;P-was-built alignsing monomer structure (PDB ID 3ZXD) with the pore structure
(PDB ID 5GAQ) by their receptor-binding domains (residues 160 to 297). A recent study in
aerolysin peints-suggestseut that the currently accepted model for the lysenin prepore should be
revisited, according to the new available data on the aerolysin insertion.? Another study has
proved-shown that lysenin prepore and prepore to pore models should be changed to fit recent
observations.?

1 ~25A

~65 A

Figure 2 | Lysenin mechanism of action Scheme. a) Lysenin monomers are segregated as soluble proteins
that bind specifically to sphingomyelin by its receptor binding domain. After binding, and reach a certain
density, the oligomerization starts. b) After a complete oligomerization, the prepore is formed. The prepore
model shown here was assembled from the monomer structure and aligned with the pore structure

(PDB: 5GAQ) by their receptor-binding domains (residues 160 to 297). The height of the prepore was set to
agree with the Atomic Force Microscopy measurements. ¢) Membrane inserted Lysenin assembly

(PDB: 5GAQ). The height of the pore was measured from the detergent belt to the last residue, assuming
that the detergent belt corresponds with the part of the pore surrounded by the membrane. The membrane
was placed in the B-barrel of the pore to match with the detergent belt, that englobe all the hydrophobic
residues of the B-barrel. The hydrophobic surface colour scale is according to the hydrophobicity scale of
Kyte and Doolittle.

A conformational change transforms the PFM to the transmembrane B-barrel, leading to the pore
state.?” The trigger mechanism for the prepore to pore transition in lysenin depends on three
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glutamic acids (E92, E94 and E97), and is activated by a decrease in pH,2% from physiological

conditions to the acidic conditions reached after endocytosis. These three glutamic acids are

located in an a-helix that forms part of the PEM, and are found in all aerolysin family members in
its PEMs. Such a conformational change produces a decrease in the oligomer height of 2.5 nm

according to AFM measurements.”® The main dimensions, using lysenin pore X-ray structure,
are height 97 A, width 115 A and the inner pore of 30 A (Figure 2). Remarkably-tHowever, the
complete oligomerization is not a requisite for the insertion, although incomplete oligomers in the

pore state can be found.? Ihe#@gepmeehamsmfopmepreperem%mansmmm%enm Ce ted [JN9J: | don’t understand why this is
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~The prepore to pore transition can be blocked |f the
membrane reaches certaln density of oligomers, a mechanism first observed by Munguira et
al.,®? that could be general to all B-PFTs.

Insertion consequencesiedit]

The ultimate consequences caused by lysenin pore formation are not well documented; however,
there are three plausible consequences:

e Punching the membrane breaks the sphingomyelin asymmetry between the two leaflets of
the lipid bilayer, which cause apoptosis of the cell.®3 PFTs are supposed to jnduce lipid flip-

flop hhat can also break the sphingomyelin asymmetry.34 [r. ted [JN10]: define

e Increasing the calcium concentration in the cytoplasm, drives to apoptosis.©®!
e Decreasing the potassium concentration in the cytoplasm causes apoptosis.=®

Biological rolefedit

The biological role of lysenin remains unknown. It was suggested that lysenin may play a role as
a defeat mechanism against attackers such as bacteria, fungi or small invertebrates.”
Nevertheless, sphingomyelin starts to appear in the plasma membrane

of chordates.®® Therefore, lysenin, being dependent on sphingomyelin as a binding factor,
cannot affect bacteria, fungi or in general invertebrates. Another hypothesis is that the
earthworm, which is able to expel coelomic fluid under stress,I“9 generates an avoidance
behaviour to its vertebrate_predators (such as birds, hedgehogs or moles).“ If that is the case,
the expelled lysenin might be more effective if the coelomic fluid reached the eye, where the
concentration of sphingomyelin is ten times higher than in other body organs.a A
complementary hypothesis is that the coelomic fluid, exuded under stressful situations by the
earthworm, which has a pungent smell -giving the earthworm its specific epithet foetida- was
suggested to be an anti-predator adaptation. It remains unknown whether lysenin contributes to
avoidance of Eisenia by predators.®3
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