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HIGHLIGHTS GRAPHICAL ABSTRACT

* Pore-forming toxins (PFTs) are used for
attack and defense by many organisms.

* Cholesterol-dependent cytolysins
(CDCs) are an important toxin family
from bacteria.

» The planar lipid membrane approach
provides information on activity of PFTs.

* Published studies of CDC reflect different

ways on how pores are formed. ﬁ
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are employed in the immune system of vertebrates. Various biophysical approaches have been used to under-
stand how these proteins act at the molecular level. One of the most useful, in terms of monitoring pore for-
mation in real time, is a method that employs planar lipid membranes and involves ionic current
measurements. Here we highlight the advantages and possibilities that this approach offers and show how
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1. Introduction

Pore-forming toxins (PFTs) are an important class of proteins pro-
duced mainly by bacteria, where they constitute the biochemical ar-
senal for attack or defense. PFTs are secreted as monomeric, water
soluble proteins that oligomerize on the target cell membrane, there-
by producing structured, nanometer-size pores (reviewed in [1-4]).
Well-studied PFT families include aerolysin and related toxins, staph-
ylococcal a-toxin and related toxins, cholesterol-dependent cytoly-
sins (CDCs), colicins, actinoporins from sea anemones, and others
[1,3]. PFTs induce cell death, either by directly impairing cell mem-
brane integrity or by facilitating internalization of other toxic mole-
cules. Much effort has been devoted to visualizing their structure
directly and clarifying the mechanism of pore assembly on cell mem-
branes. Pore-forming activity can easily be investigated by determin-
ing red blood cell hemolysis or the release from cells of lactate
dehydrogenase, as well as by the more sophisticated electrophysio-
logical technique of patch-clamp. The use of well characterized lipid
membrane model systems has been employed successfully with
PFTs, since the oligomerization of monomers and the coordinated
conformational changes leading to assembly of pores are often trig-
gered solely by the presence of a lipid bilayer. All environmental con-
ditions can be finely controlled and changed with lipid model
systems, which therefore become very useful and significant
cell-membrane mimicking systems. Liposomes have been used in
leakage assays to study membrane permeabilization, investigate spe-
cial lipid requirements, estimate pore dimensions, etc. (reviewed in
[5]). Electrophysiology on planar lipid membranes (PLM) has been
extensively engaged for the functional characterization of many
membrane interacting proteins and peptides, including PFTs as
outlined below and in [6]. In this review we present (i) the PLM ap-
proach for studying the properties of pores and mechanism of pore
formation, (ii) CDC protein family and (iii) how PLM helps to under-
stand the pore-forming activity of CDCs.

2. Measuring pores directly

PLM is a highly sensitive method that enables single channel
openings to be studied in real time (reviewed in [6,7]). The technique
includes recording the ionic current passing through a stable lipid bi-
layer of controlled lipid composition. Typically, the bilayer is formed
on a small aperture (100 pm diameter) made in a thin (25 um) Teflon
septum separating two chambers. The two chambers mimic the intra-
and extra-cellular spaces. They are filled with an ionic solution and
connected to an electronic system with two Ag-AgCl electrodes that
permit the application of a stable electrical potential (in the range
of tens of mV) and the recording of the ionic current passing through
the membrane. The protein, added in one chamber only, can interact
with the phospholipid bilayer, oligomerize and form pores (Fig. 1A).
Typically, each single pore is detected in real time as an abrupt in-
crease in the current. Successive pore insertions produce characteris-
tic, step-like increments in current, as highlighted in Fig. 1B. PLM is a
single molecule technique since each jump corresponds to the open-
ing of a single active pore.

PLM allows several parameters that could influence PFT activity to
be readily controlled and varied. Lytic ability of toxins can be ob-
served under various environmental conditions, like salt concentra-
tion and composition, pH, temperature, transmembrane potential,
as well as membrane lipid composition (either in a symmetric or
asymmetric leaflet configuration). Any structural-functional correla-
tion can be highlighted by including binding molecules and/or poten-
tial inhibitors of toxin activity.

PLM allows characteristic biophysical features of the pore to be
determined, such as its size, ionic selectivity and voltage dependence.
Pore size can be estimated from the single pore conductance (G),

defined as the ratio of the amplitude of a single current jump (I) to
the applied potential (V). Considering the pore as a cylindrical hole,
its conductance is directly proportional to the pore area, as expressed
in Eq. (1)

G- (1)
where A is the area of the pore, L its length, and o the conductivity of
the buffer.

Pore selectivity can be analyzed by measuring the reversal potential,
i.e. the electrical potential giving zero current, under asymmetric buffer
conditions (e.g. different salt concentrations in the two chambers).
Using the standard Goldman-Hodgkin-Katz equation [7], the perme-
ability ratio between cations and anions (Py: /P¢-) can be calculated as:
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where RT/Fis 25 mV at room temperature, V., is the reversal potential,
a; is the activity of ion i, and c and t correspond to the cis and trans
chambers.

PLM can also be used to monitor the transport of macromolecules
through the pores [8-10]. In this way, neutral polymers may be
detected during their partition into the nanopore lumen. The decrease
in the ionic current is related to polymer dimensions and provides infor-
mation on the geometry of the pore [11]. The introduction of large mol-
ecules into the pore lumen may serve as convenient molecular adapters
for increasing the sensitivity of detection of small specific analytes [12].
Interestingly, DNA can also be detected by nanopores reconstituted in
PLM. The first and simplest approach for DNA sequencing is to transfer
the charged molecule through the pore, driven by an applied electric
potential. The passage of each nucleotide through the narrowest pore
restriction partially occludes the pore, causing a characteristic reduction
of the ionic current. The improved nanopore-based approaches exploit
different chemical modifications or protein-derivatized nanopores in
order to increase the yield of nucleotide transfer through the pore and
to increase the residence time for permitting a more robust base recog-
nition. In particular, an exonuclease has been linked to the top of the
pore, allowing more specific interaction with DNA and the release of
single nucleotides inside the pore [13]. Alternatively, a polymerase pro-
tein placed in the upper part of the pore structure has been used to syn-
thesize a new RNA molecule from the template, thus releasing specific
tags inside the pore [14]. More recently, nanopore technology has
been exploited for protein detection [15] and drug screening. There
have been some improvements on how this single molecule approach
can be used in biomedical applications in high-throughput format, cre-
ating a nanopore ‘micro-chip’. Another recent PLM application is the de-
velopment of microfluidic devices that allow easier manipulation of
environmental conditions (e.g. buffer exchange [16]) and also permit
parallelization for drug screening at the single pore level [17]. The use
of hydrogels is becoming popular for stabilizing the membrane bilayer
in the devices. The hydrogel supported membrane itself becomes a
micro-system for pore-forming studies at the molecular level, and
even at the optical level [18], as well as for mimicking the electrical cir-
cuit [19]. The recently developed nanodroplet approach enables simul-
taneous optical and electrophysiological detection of single pores and
ion movements (e.g. movements of Ca’* ions through a single
a-toxin pore [20]) and kinetics of multimeric pore assembly [21]. The
nanodroplet system has been used by Fischer and coworkers to provide
an elegant demonstration of transport of a macromolecular lethal factor
through a single anthrax protective antigen pore [22].

A technique that allows simultaneous electrophysiological and
structural analyses would be an effective method by which to study
the mechanism of CDCs and PFT pore-formation. However, this re-
mains a significant challenge. At present, the best option is to
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Fig. 1. Planar lipid membranes provide a tool to monitor pore formation. (A) Scheme of a typical PLM setup. Two chambers made of Teflon are separated by a holed septum over
which the bilayer is formed. Two Ag/AgCl electrodes are inserted into the two compartments, cis (left side, where protein is added) and trans (right side) for applying the desired
electrical potential and, at the same time, measuring the current flowing through the membrane. A pore-forming protein is added into the cis compartment only and, when a single
pore is formed, a sudden step-like increase in the current is usually recorded (as reported in B and C). The current trace reported in panel C follows a different behavior, normally
ascribed to less structured openings, as already reported for some CDC (Table 1). (B) An example of formation of a defined pore, identified by the characteristic step-like increase in
the current trace. Pores are formed by CDC Perfringolysin O from Clostridium perfringens (12 nM) on a POPC:CHO 1:1 membrane. The bath solution was 100 mM KCl, 20 mM Hepes
pH 7.4, and the applied potential +40 mV. The cumulative histogram of the conductances is shown in the inset. The resulting mean conductance value is 14.2 + 3.7 nS. (C) An
example of a noisy trace, with smaller step-like increases, produced by CDC Listeriolysin O from Listeria monocytogenes (10 nM) on a DOPC:CHO 4:1 membrane. The bath solution
was 10 mM MES pH 5.5, 100 mM KCl and the applied potential +40 mV. The different current increases shown in B and C reflect two different ways by which pores are formed on

the membrane.

combine results obtained by the two methods separately, in order to
assign a specific pore structure to the lytic activities recorded on PLM.
Structural data are essential to understand the protein rearrangement
during protein insertion, but only with the PLM technique is it possi-
ble to monitor the pore opening in real time, by following the kinetics
of pore-formation and thus understanding the various ways in which
PFTs can form pores.

3. Cholesterol-dependent cytolysins constitute a model system
for PFTs

CDCs are one of the most important groups of natural toxins. They are
produced by many genera of pathogenic Gram-positive bacteria and are
considered to be important virulence factors (reviewed in [23]). Howev-
er, beyond their role of targeting and destroying biological membranes,
these toxins are potent regulators of the host cell signaling and immunity
[24]. The mechanism of pore formation in biological membranes has also
been used to improve drug delivery [25,26]. More than 20 different CDCs
have been described, including perfringolysin (PFO) from bacteria
Clostridium perfringens, pneumolysin (PLY) from Streptococcus pneumonia
and listeriolysin O (LLO) from Listeria monocytogenes [23,27]. Interesting-
ly, CDCs are encoded only by those Gram-negative bacteria that lack a
pathogenic interaction with animals, while the CDC genes are absent
from the genomes of Gram-negative pathogens. Hotze et al. (2013)
hypothesize that this group of CDCs represent a bacterial defense system
against bacterial predators such as protozoa [28].

CDCs are probably the best studied of the PFT families. Intensive re-
search over the last two decades has enabled a precise description of
how they interact with lipid membranes and oligomerize at the mem-
brane surface, thus forming a pre-pore complex that is finally transformed
into a large, transmembrane pore by bringing specific regions of
each monomer across the lipid membrane [2,23,27,29]. Pore formation
of most CDCs depends completely on the presence of cholesterol as a re-
ceptor in the membranes, with the exception of three members
(intermedilysin [30], vaginolysin [31] and lectinolysin [32]) that also re-
quire the presence of protein receptor CD59 or carbohydrates. The pores
formed by CDCs are very large, among the largest in the PFT world.
They are built of 35-40 monomers, resulting in a pore with a diameter
of 25-30 nm.

The members of the CDC family encoded by Gram-positive bacteria
are highly similar in primary structure, with 40 to 70% identity of amino
acid residues. They are secreted from bacterial cells as soluble mono-
mers, using a typical type II signal peptide. The only known exception
to this rule is PLY whose release from the bacterium in the absence of
a propeptide is still unexplained (reviewed in [23]). The type II signal
peptide is absent from CDCs from Gram-negative bacteria [28].

The molecular weights of mature CDCs range from 50 to 72 kDa. This
broad range is due mostly to differences in the length of their N-terminal
extensions, which may be as great as 150 residues. The part of the CDC
polypeptide chain involved in pore formation is around 50 kDa. The mo-
nomeric form of PFO was the first CDC to be crystallized and its crystal
structure [33] showed that a CDC molecule is organized in four domains
(D1 to D4) (Fig. 2A). Crystal structures of three other CDC family members
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have been determined: intermedilysin from Streptococcus intermedius
[34], anthrolysin O from Bacillus anthracis [35], and suilysin from
Streptococcus suis [36]. All these structures have very similar folds, with
domain D4 as the most exposed domain in the structure of the CDC
monomer (Fig. 2). The tip of domain D4 mediates the attachment of
CDC monomers to the membrane (Fig. 2A and B). It contains a conserved
undecapeptide, a tryptophan rich motif of 11 amino acid residues, and
three adjacent loops (L1, L2, L3) with several conserved residues that pro-
mote interactions with the membrane cholesterol (Chol) [37,38]. Oligo-
merization to a pre-pore complex at the surface of the membrane is
mediated mostly by contacts through domain D1. Domain D3, which
comprises approximately 25% of residues of the CDC polypeptide chain
(as in PFO), is the part of the structure that undergoes the most dramatic
conformational change at the final step that includes a collapse of the
membrane attached pre-pore into a transmembrane pore (Fig. 2B). In
the monomeric form of CDCs, D3 contains two bundles of a-helices that,
during pore formation, are structurally transformed into two transmem-
brane p-hairpins (termed TMH1 and TMH2, comprising approximately
12% of the residues in PFO), which constitute the central building block
of the B-barrel pore contributed by each monomer (Fig. 2B). Domain D2
is a linker domain, providing the structural flexibility that is required in
the rearrangement of D3, and bringing the transmembrane (3-hairpins
across the membrane. On transition to the pore, the oligomeric complex
undergoes a 4 nm vertical collapse to insert the 3-barrel pore into the bi-
layer [39], involving a dramatic disruption of the D2-D3 interface.
Recent structural work on another family of pore-forming proteins,
the MACPF domain proteins, showed unexpected structural similarity
to CDCs [40], however, although without any sequence similarity. The
MACPF family of pore-forming proteins initially included proteins of
the membrane attack complex (MAC) and perforin, but now contains
many other proteins from eukaryotes and prokaryotes. Eukaryotic
MACPF proteins have been shown to function in immunity, invasion
and development, through either lytic or non-lytic mechanisms

undecapeptide

[27,41]. Crystal structures of MACPF family members show a striking
similarity to the fold of domains D1 and D3 of CDCs. This part of the mol-
ecule thus functions as a single operational unit, and both protein fam-
ilies are now collectively referred to as the MACPF/CDC superfamily.
Due to this structural similarity it has been suggested that members of
the MACPF protein family form pores by a mechanism similar to that
of CDCs. There is, however, little functional evidence to support such a
proposition [27,41].

Cryo-electron microscopy, atomic force microscopy (AFM), and pla-
nar lipid membrane studies on pore formation by MACPF/CDC super-
family members has provided important insights into the mechanism
of pore formation and the properties of the pores. It was shown that
fully formed circular proteinaceous pores and transmembrane arcs
and double arc pores coexist (reviewed in [29,42]) (Fig. 2C). Arcs
were proposed to be smaller transmembrane proteolipidic pores lined
by a protein oligomer on one side and lipids on the other. These arcs
may not be experimental artifacts, since there is evidence that some
CDCs are also able to form arcs under native conditions (reviewed in
[27]). Recent experimental work on cells suggests that pores of different
sizes can coexist (reviewed in [43]). The questions are, however,
whether these structures are functional or not and what their impor-
tance is in the mechanism of pathogenesis. Here, the PLM approach
could be extremely useful in understanding the molecular details of
pore formation, their structure and functionality, and the biophysical
properties of the pores. However, only a few PLM studies, on different
members of the CDC family, have been reported (Table 1).

4. Overview of existing PLM data on CDC and their implications

PLM studies on CDCs have shown a great variety of events occur-
ring on planar lipid membranes. All reports, save one, show pores
with a broad conductance distribution and often three different
pore sizes for different CDCs. We use the word ‘pore’ in the

-3

Fig. 2. Structure of a CDC monomer and the proposed mechanism of pore formation. (A) Crystal structure of PFO (PDB-ID 1PFO). Domain D1, green; domain D2, light brown; D3,
gray, with TMH1 in red and TMH2 in blue; domain D4, purple, undecapeptide in light green, loops L1-L3 in orange. Residues T490 and L491 - the cholesterol recognition/binding
motif in L1 - are shown as orange sticks. N- and C-termini are marked. (B) Schematic representation of pore formation by CDCs based on experimental data. More details regarding
steps of pore formation can be found in reviews [23,29,56]. Domains are colored as in (A). First step — monomer binding to the membrane; second step — oligomerization at the
membrane (pre-pore complex formation); third step — pore formation, TMH1 (red) and TMH2 (blue) transition from helices (steps 1 and 2) to 3-strands (step 3). (C) Schematic
representation of formation of pores of different shapes. Blue — membrane, green — CDC oligomer from top, white — pore. (i) small arc pore, (ii) larger arc pore, (iii) double-arc

pore, (iv) fully assembled large proteinaceous pore.
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Table 1
Results on cholesterol-dependent cytolysins employing the planar lipid bilayer approach.
Protein Organism Lipid composition’ Bathing solution Conductance distribution Selectivity Rectification? Reference
(concentration in mM)
Perfringolysin Clostridium perfringens PC:Chol (1:1) KCI 100, 5 Hepes 5 Broad, 20 + 12 nS (mean + SD). nr? nr [46]
pH 7.0 Activity inhibited by Zn?*.
POPC:Chol (45:55) NacCl 100, Tris-HCI 10 Narrow, 4-6 nS for >70% of pores; no pore with nr nr [45]
pH 7.4 conductance < 2.2 nS.
Pneumolysin Streptococcus pneumoniae DOPC:ergosterol (1:2) KCl 100, Hepes 5, EDTA 0.1 Three pore sizes (conductance, frequency):
pH 7.4 Small (<50 pS, 48%) cationic yes [44]
Medium (50-1000 pS, +small, 37%)> cationic none
Large (>1 nS, +medium and small, 15%)* none none
Activity of small and medium pores inhibited
by Ca?* and Zn?*.
Trp433Phe mutant Similar to the wild-type pneumolysin [57]
Sphaericolysin Bacillus sphaericus POPC:Chol (45:55) Nacl 100, Tris-HCI 10 Broad, 2.0 £+ 0.6 nS (mean =+ SE) nr nr [58]
pH 7.4 Three pore sizes (conductance, frequency?):
Small (<100 pS)
Medium (100-1000 pS)
Large (>1 nS, 27%)
Slow increases in current with no clear transitions
are also present.
Tetanolysin Clostridium tetani Oxidized Chol NacCl 145, Hepes 10 Broad, main peak at 28 pS. cationic none [59]
pH 7.4 In EggPC:Chol mixtures, membrane ruptures were
observed above 30% Chol.
No tetanolysin effect below 30% Chol.
Listeriolysin Listeria monocytogenes DOPC:Chol (80:20) KCl 100, MES 10 Regardless of pH and lipid composition there are nr nr [48]
DOPC:Chol (65:35) pH 5.5 or 3 pore sizes (conductance, frequency):
KCl 100, Hepes 10 Small (<1 nS, >49%)
pH 7.4 Medium (1-4 nS)
Large (>4 nS, 10%)
Co-presence of slow increases in current are observed.
More pores were observed at pH 5.5 or at higher
Chol content.
! Molar composition of the lipid membrane used for the PLM experiment is stated.
2 Rectification means that the current-voltage curve is non-linear.
3 The simultaneous presence of smaller-sized channels cannot be excluded in membranes containing medium or large channels.
4

nr, not reported.
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operational sense, to indicate the opening of ion passages in the lipid
membrane that result in a particular state, as based on conductance
values [27,44]. It is therefore extremely difficult to assign a particular
protein assembly to these variously sized pores. Large pores have well
defined conductances of more than 1 nS and most probably corre-
spond to barrel-stave pores (Fig. 2C, iii and iv), as proposed for PFO
[45]. Medium and small sized pores are quite frequent, constituting
up to half of all observed events. In several cases it was possible to in-
hibit the activity of small pores with certain divalent cations, such as
Zn?* or Ca®* [44,46]. As noted by Korchev et al., this could reflect
either a blocking of pores or a gating process [44]. However, both are
consistent with small sized pores, and PLM ionic currents for other
CDCs reflect a very dynamic nature for the pores, which may be consis-
tent with the lipid component of the membrane, as proposed for the arc
pores (Fig. 2C, i and ii). Similar behavior was reported recently for the
MACPF protein human perforin [47]. From PLM experiments with
perforin and LLO ([47,48] and our unpublished observations), it is
possible to identify mainly two different pore-forming abilities — a
well-defined, step-like increase, compatible with a ring-shaped pore
formation (Fig. 2C, iii and iv), and noisier, smaller steps that cannot be
related to the defined and compact proteinaceous ring structure. We
therefore assign to this last behavior the proteolipidic arc-shaped pore
formation model (Fig. 2C, i and ii), which fits better with the noisier
signals. In the arc configuration, two features are responsible for the
current noise. First, the leaflets of the lipidic portion have to be
re-arranged in order to avoid exposure of the hydrophobic chains to
the water environment; secondly, the contact surface between the
last protein monomer and the lipid connection can result in some
leakages that allow ion transfer. Structural studies of the same sam-
ples by AFM demonstrated that both pore configurations (rings and
arcs) are formed by CDC proteins [39,49], further lending support
for the idea that diverse pore structures exist at the surface of the
membrane.

PLM studies have been carried out in model membrane systems com-
posed of well-defined lipid composition. However, the lipid composition
may significantly affect formation of pores, as recently shown for perforin
[47]. The ordering of acyl chains has profound effects on how pores
are formed. Perforin inserts more promptly into membranes
composed of lipids with less ordered acyl chains (i.e. 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) or 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC)). This leads to the formation of smaller pores
and unresolved current increases, i.e. no single steps are discriminated,
a phenomenon that we assign to the oligomerization process [47]. A
sequential addition of monomers on a pre-formed pore configuration
(typically arc) increases the dimensions of the pore, which can be
visualized as a current increase, step-like or undefined. Membranes com-
posed of more ordered lipids (i.e. 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC)) prevented premature insertion and, hence,
preferentially larger pores were observed.

Studies on MAC proteins have demonstrated the increase in con-
ductance of the pores. The sequential addition of C9 subunits to the
pre-formed C5b-8 complex has typically been observed as very
small steps (around 11 pS) in current [50]. Taken together with the
current structural information about MAC proteins [51,52], the initial
complex is seen to anchor the structure to the membrane, and only
oligomerization of C9 proteins leads to the formation of active
pores, confirming the electrophysiological measurements. In the
case of CDC, since the new monomer that will bind the pre-existing
structure has to re-arrange the o-helices to B-barrels, and since, at
the same time, the D2 domain has to collapse, the displacement of
the lipid counterpart could not be sharp enough to produce a
well-defined step in current. Thus, the unresolved current increases
observed could fit quite well with steps in CDC/PFN oligomerization.

The lipid composition of target membranes clearly has an effect on
how pores are formed. Tests of the toxin's pore-forming ability on
physiologically more relevant model systems are needed to obtain a

clearer picture of the process of pore formation by CDCs. Recently, a
few patch-clamp studies have been performed to test CDC activity
on real biological membranes. According to El-Rachkidy et al. [53],
PLY generates multiple conductance pores in the plasma membrane
of CHO cells, which can be clustered in three conductance classes
with small (<200 pS), medium (200-1000 pS) or large (>1 nS) con-
ductances. Medium pores were the most frequent and the smallest
ones were open for short periods of time. These results are perfectly
compatible with the data on PLM listed in Table 1 for PLY and other
CDCs. A similar classification of pores was proposed for LLO on
HEK293 cells [54]. A complex dynamics was observed, since LLO
pores were found to be transient and to oscillate between open and
closed states. The pores induced Ca?* oscillations, which further
modulate cellular signaling and gene expression. A broad distribution
of currents for LLO pores was also observed in macrophages in anoth-
er study [55]. The presence of multiple conductance steps of LLO
pores on the cell membrane are, in these cases, multiples of the
smallest current amplitude (i.e. 918 pS [54] or 550 pS [55]). The au-
thors noted that the distribution of pore size depends on LLO concen-
tration [54] and on membrane composition [55], parameters that
cannot easily be controlled with a cell system. The important role of
a model system like PLM is thus to mimic the physiological condi-
tions, allowing a fuller investigation of all the parameters involved
in the pore-forming process. Since the large CDC pore heterogeneity
visualized by PLM is replicated in cell systems, it is possible that
pores of different sizes may have different biological functions,
which remains to be investigated.
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