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While pore-forming toxins (PFTs) are a large class of
molecular weapons employed by organisms across
the animal kingdom (1), notably, pathogenic bacteria,
many mechanistic steps of pore formation in target
membranes are unknown. In PNAS, using molecular
dynamics (MD) simulations, Vӧgele et al. (2) observed
how central lipids corresponding to the pore lumen
were expelled during the formation of Streptococcus
pneumoniae pneumolysin (PLY) pores. They show
that when the insertion of PLY β-hairpins was slow,
central lipids escaped through the inner leaflet.
When the insertion was rapid or lipid escape hin-
dered, the membrane trapped within the lumen
spontaneously formed a liposomal plug which could
possibly be expelled by osmotic flows, thus unravel-
ing additional pathways of PLY pore formation.

PLY is a β-PFT (1) whose pores have a large in-
ternal diameter of 30 to 50 nm (3), permitting the
liposomal plug-formation pathway (2). Several PFT
pores such as those by the α-PFT Escherichia coli
cytolysin A (ClyA) (4) have smaller internal diame-
ters lesser than 10 nm. We previously showed that
oligomeric pore intermediates of ClyA opened by
evacuating lipid from their interiors, forming open
proteo-lipid pores partially lined with toroidal lip-
ids (5) similar to PLY (2). However, if lipid escape
were hindered during pore assembly and lipids
trapped within fully oligomerized ClyA pores, how
the central lipids would be evacuated from the nar-
row pore lumen to create open channels is unknown,
since smaller diameters may prohibit liposomal plug
formation (2). Therefore, in this letter, we investigate
the fate of the trapped lipids within the smaller ClyA
pores, whose transmembrane domain comprises
α-helices in contrast to β-sheets in β-PFTs (1).

We performed all-atomMD simulations of an intact
dodecameric ClyA pore inserted into two different
lipid bilayers (Fig. 1 A and B), as done previously (5).
Initially, the central lipids were in a lamellar configu-
ration. Remarkably, within 50 ns, the lipids within the
lumen spontaneously formed micellar lipid plugs
that rose from the plane of both membranes inside
the pore channel (Fig. 1 A and B). The configuration
of lipids in the self-assembled micellar plugs (Fig. 1C)
was similar to that in lamellar membranes, with sol-
vated phosphatidylcholine head groups and desol-
vated hydrocarbon tails, thus according stability.
This suggested that lipid plug formation was primar-
ily driven by the hydrophobic effect. Compared to
liposomal formation in the larger PLY pore, spatial
constraints in the smaller ClyA pore led to the com-
mensurately smaller number of central lipids favoring
the micellar topology. A longer coarse-grained simula-
tion of the ClyA pore further confirmed the spontane-
ous formation of amicellar plug (Fig. 1D), morphologically
similar to those in all-atom simulations. The plug slowly
rose through the lumen over 10 μs and could presumably
be expelled by osmotic flows.

In conclusion, Vӧgele et al. (2) show that liposomal
plug formation enabled the opening of large PLY
pores. Our work shows that smaller ClyA pores can
expel trapped lipids and open via micellar-plug for-
mation, suggesting that both small and large PFT
nanopores, either α- or β-PFTs, exhibit generic topo-
logical features of lipid rearrangement during pore
formation.
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Fig. 1. Micellar plug formation inside ClyA pores. (A and B) Snapshots of a ClyA pore in a 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
membrane (A) (pore, colored red; lipids, blue; phosphorus atoms, green; solvent not shown) and a 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC) membrane (B) (lipids colored violet) from all-atom MD simulations. (C) Molecular structure of the micellar plugs at 50 ns (highlighted by
yellow circles in A and B). (D) Dynamics of the plug formation from Martini (6) coarse-grained simulations using gromacs 2018.6 (7, 8). We set up
the initial configuration as done previously (9) and applied ElNeDyn (10) across the pore to avoid distortion of pore geometry (9).
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