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PREFACE

Formation of transmembrane pores is a very effective way of killing cells. It is
thus not surprising that many bacterial and eukaryotic toxic agents are pore-forming
proteins. Pore formation in a target membrane is a complex process composed of
several steps; proteins need to attach to the lipid membrane, possibly aggregate in the
plane of the membrane and finally form a pore by inserting part of the polypeptide
chain across the lipid bilayer. Structural information about toxins at each stage is
indispensible for the biochemical and molecular biological studies that aim to un-
derstand how pores are formed at the molecular level. There are currently only two
structures of pores available, of a-toxin from Staphylococcus aureus and hemolysin
E from Escherichia coli. Therefore, what we know about these proteins was obtained
over many years of intense experimentation. We have nevertheless, in the last couple
of years, witnessed a significant rise in structural information on the soluble forms
of pore-forming proteins. Surprisingly, many unexpected similarities with other
proteins were noted, despite extremely low or insignificant sequence similarity. It
appears that lipid membrane binding and formation of transmembrane channels is
achieved in many cases by a limited repertoire of structures. This book describes
how several of the important pore forming toxin families achieve membrane bind-
ing and which structural elements are used for formation of transmembrane pores.
Our contributors have thus provided the means for a comparative analysis of several
unrelated families.

The introductory chapter by Mike Parker and colleagues gives a comprehensive
overview of what we know about these proteins and highlights their general struc-
tural properties. The succeeding chapter by William Wimley sets up the stage upon
which pore forming toxins act by describing the properties of the lipid membrane
and the thermodynamics of membrane binding and insertion. Pore formation may be
effectively achieved by simple structures, and the succeeding chapter by Burkhard
Bechinger describes the structural requirements for efficient membrane binding
and insertion of single alpha helices. The role of lipids was undervalued for a long
time, especially in the process of protein insertion and the structural role they may
play in the final pore. In recent years it became clear that their role is significant,
and the next chapter from Jesus Salgado’s group discusses the role of the bilayer
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vi Preface

lipids in the pore forming process. After these general chapters all of the important
protein toxins families are discussed, specifically cholesterol dependant cytolysins
from Gram positive bacteria (Robert Gilbert), the aerolysin protein family (José
Miguel Mancheiio et al), colicins from Escherichia coli and related proteins that act
as apoptotic regulators (Ana J. Garcia-Saez et al), actinoporins from sea anemones,
Hemolysin E and related toxins (Peter Artymuik and colleagues), Cry toxins from
Bacillus thuringiensis (Alejandra Bravo and colleagues) and cardiotoxins from
cobra venom (Wen-guey Wu and colleagues). The final chapter by Bruce Kagan
and Jyothi Thundimadathil provides a comparison of the properties of membrane
channels formed by amyloid proteins and pore forming toxins and discusses the role
that amyloid channels may have in disease.

Although in recent years the focus of some studies on pore forming toxins may
have changed from structure-function relationships to measuring their effects on cell
biology, comparative structural biology still has a lot to teach us. As highlighted in
this book, novel structures and biophysical studies upon these proteins define the
common threads of how proteins interact with lipid membranes and thus inform us
of the rules of the game. We hope that by assembling this book we have helped to
define where we currently are and where the science may go in the future. Our work
as editors was made fun and interesting by the excellent contributors who have made
this volume an engaging and fresh insight to the subject, we thank them for their
hard work and our families for their patience.

Gregor Anderluh, PhD
Department of Biology, University of Ljubljana
Ljubljana, Slovenia

Jeremy Lakey, PhD

Institute for Cell and Molecular Biosciences, The Medical School
University of Newcastle upon Tyne

Newcastle upon Tyne, UK
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CHAPTER 1

Introduction

Susanne C. Feil, Galina Polekhina, Michael A. Gorman
and Michael W. Parker*

Abstract
ore-forming proteins (PFPs) possess the intriguing property that they can exist either in a
stable water-soluble state or as an integral membrane pore. These molecules can undergo
large conformational changes in converting between these two states. Much of what we know
about how these proteins change their shape comes from work on bacterial toxins and increasingly,
in more recent years, on toxins from other organisms. Surprisingly, a number of pore—forming
proteins have recently been characterised that appear to have adopted similar stratagies to toxins
for binding and inserting into biological membranes.

Introduction

Pore-forming peptides and proteins (PFPs) are produced by many, if not all, organisms. They
are secreted as water-soluble proteins but once their target is reached can be transformed into
membrane proteins for the purpose of inserting into or translocating across biological mem-
branes. Many of these proteins are toxins where they can aid the digestion of prey or can protect
the producing organism by killing invaders. At least a third of the more then 300 protein toxins
characterized to date act by disrupting membranes.! Many pore-forming toxins (PFTs) appear to
function simply by forming pores in cell membranes, disrupting the permeability barrier leading
eventually to cell death. In recent years a number of proteins have been characterised that do
not function as toxins but nevertheless bind and insert into biological membranes using similar
strategies as seen for toxins.

The major steps involved in the generation of pores by PFPs are summarized in Figure 1. In the
first step the PFP must be secreted from the host. Organisms have developed a number of ways
of secreting PFPs from the less subtle (e.g., colicins are secreted with the help of lysis proteins that
punch ahole in the outer membrane of the producing cell)? to the more complex (e.g., proaerolysin
appears to be secreted through a complex protein secretion system)?. In order to avoid premature
conversion to its membrane-active state, some PFPs protect themselves by being produced as a
proprotein and/or as oligomers (generally dimers). The PFPs are then targeted to the correct cells
by means of parasitizing a host cell surface feature such as a protein or other substance (e.g., lipids,
sugars) and using them as a receptor. Most often the result of concentration is the formation of
oligomers on the cell surface although some PFPs may oligomerize in the membrane. Membrane
insertion follows leading to formation of the pore that varies in size from less than 10 A to more than
150 A in diameter. They tend to form nonspecific pores, not surprisingly since the role for many
is to destroy target cells. The pores sometimes are voltage-gated with the channels opened under
normal physiological conditions. In some cases the in vitro pore-formingactivity observed is almost
certainly not a biological activity but rather a reflection of their in vivo translocating capacity.

*Corresponding Author: Michael W. Parker—St. Vincent’s Institute of Medical Research,
9 Princes Street, Fitzroy, Victoria 3065, Australia. Email: mparker@svi.edu.au

Proteins: Membrane Binding and Pore Formation, edited by Gregor Anderluh and Jeremy Lakey
©2010 Landes Bioscience and Springer Science+Business Media.




2 Proteins: Membrane Binding and Pore Formation

The toxin gets secreted and
attaches to a receptor on the
host cell surface

‘.‘- A A

The toxin is produced by
the bactenal cell

The toxin oligomerizes

\‘/

Pores are formed by the
insertion of the toxin into the
cell membrane

Figure 1. Stages in membrane pore formation. The figure shows the typical stages followed
by bacterial toxins in forming pores. With variations, analogous stages are followed by other
PFTs and more generally PFPs.

In this introductory chapter an overview is presented of the common features of pore-forming
activity of PFPs that are emerging from numerous structural and functional studies.

Nomenclature

PFPs can be classified in a number of ways: for example, according to the organism that produces
them, or their size or to a particular function. A particularly useful classification is one used for
PFTs which is based on certain structural features because there is often a link between structure
and function.” Indeed, the classification can be extended to all PFPs since they share many com-
mon features with PFTs as explained below.

The a-PFTs are predicted to form pores using helices. The pore-forming colicins® are the
archetypal member of the class that also includes Pseudomonas aeruginosa exotoxin A, some
insecticidal 8-endotoxins (Cry)” and diphtheria toxin® (Fig. 2). Members of the Bcl-2 family of
apoptotic proteins have been shown to be structurally similar to a-PFTs and also form ion chan-
nels in similar fashion to these toxins.’

Another major class of pore-forming toxins, termed the 3-PFTs, are predicted to insert
into membranes to form a B-barrel. The class includes aerolysin,' Clostridium septicum
o-toxin,"! Staphylococcus aureus o-hemolysin,'* anthrax protective antigen,'>'* some insecticidal
d-endotoxins'® and cholesterol-dependent cytolysins.'® The MACPF superfamily, which includes
proteins in the complement cascade of higher organisms, has recently been shown to possess
structural similarities to 3-PFTs.'7!8

Three-Dimensional Structures of Pore-Forming Proteins

Pore-Forming Peptides

Many peptides have been shown to possess pore-forming actitivities in the presence of bio-
logical membranes (see Chapter 3). Such peptides have received considerable interest because
of their potential as antibiotics and as carriers of various molecules into cells. Although they
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Figure 2. Cartoon pictures of a-PFPs. The regions thought to form the transmembrane stretches
that take part in the intial step membrane insertion are highlighted in dark shade. The PFPs
with colicin-like folds are shown in the second row. For some of the PFPs shown (equinatoxin,
exotoxin, hemolysin E, CLIC1) their categorisation as a-PFPs is only tentative. The coordinates
of the models were extracted from the Protein Data Bank (www.rcsb.or/pdb) and are referenced
in the text. This picture was generated using MOLSCRIPT.*

are structurally diverse they tend to possess amphipathic structures, a property which seems
important for membrane interaction. Despite much work on these deceptively simple systems
their mechanism of pore formation remains an area of controversy. One of the classical examples
of a pore-forming peptide is alamethicin, an alpha-helical peptide that forms clusters of helices
upon membrane pore formation (Fig. 2).”” An example of a peptide thought to form beta-sheet
structures in membranes is the defensin family, peptides of ~50 amino acids that are produced and
stored in the granules of neutrophils (Fig. 3).% Thus small pore-forming peptides can be readily
classified as either o-PFPs or B-PFPs.

a-PFTs

The o-PFTs are predicted to form pores using helices. The archetype PFT of this class are
the colicins which are produced by E. coli and closely related bacteria. The organisation of the
primary structure of colicins is typical of many o-PFTs where domains can be readily identified,
cach associated with a distinct step in the toxin’s killing activity: receptor binding, translocation
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Figure 3. Cartoon pictures of 3-PFPs. The regions thought to form the transmembrane stretches
are highlighted in dark shade. The archetypical toxins of the family are shown in the first row.
Members of the CDC/MACPF superfamily are shown in the bottom row. The coordinates of
the models were extracted from the Protein Data Bank (www.rcsb.or/pdb) and are referenced
in the text. This picture was generated using MOLSCRIPT.**

across the outer membrane and cell death. The first reported crystal structure of a colicin was the
pore-forming domain of colicin A (see Chapter 7).>*' The polypeptide chain of 204 amino acids was
found to fold into ten alpha-helices arranged in a three-layer structure with a central hydrophobic
helical hairpin (Fig. 2). Subsequently a number of colicin structures have been elucidated and the
pore-forming domains shown to be very similar to that of colicin A.**?

A few years after the determination of the colicin A structure, a couple of other toxin struc-
tures were published that bore remarkable resemblance to it despite bearing no obvious sequence
similarities. The crystal structure of diphtheria toxin (DT) was found to consist of three domains
with the central or translocation domain being entirely alpha-helical like the colicin fold (Fig. 2).%
The crystal structures of Cry 0-endotoxins, produced from Bacillus thuringiensis, also revealed
colicin-like domains at their N-terminus: a seven helix bundle in which a central helix, helix a5, is
surrounded by six outer helices formingaleft-handed supercoil (see Fig. 2 and Chapter 11).7%% The
long, amphipathic helices were suggestive that this domain might play a major role in membrane
insertion and pore formation based on analogies with colicins.
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Some 0-PFTs have considerably less number of helices in their putative pore-forming domains.
The crystal structure of Pseudomonas aeruginosa exotoxin A (PE) revealed it consists of three
domains with the membrane translocation domain adopting an alpha-helical structure of six
helices of which two are 30 A in length and hence long enough to span a membrane (Fig. 2).6%
The crystal and NMR structures of the soluble form of Actinia equina (sea anemone) equinatoxin
IT and the related sticholysin IL, from Stichodactyla helianthus, reveal that these toxins adopta 12
stranded {3 sandwich fold with an a-helix packing against the face of each sheet (Fig. 2 and see
Chapter 9).23! The N-terminal o-helical region is thought to form the transmembrane region
for this toxin when it forms a pore.

In some cases the classification of a toxin being in the a-PFT class is only tentative as is the
case for Escherichia coli hemolysin E (see Chapter 10). The crystal structure of this toxin in its
water-soluble state reveals an elongated, predominantly helical molecule with the core of the
molecule consisting of a four helix bundle, each helix being 80 to 90 A long, with an additional
35 A long helix (ct;) at one end to form a five helix bundle (the “tail”) and a B-hairpin (the “B
tongue”) flanked by two short helices laying against the four helix bundle at the opposite end of
the molecule (the “head”) (Fig. 2).3* The overall structure does not resemble any other protein
although the very long helices are reminiscent of the 200 A helices found in colicin Ia.** The
tongue has been implicated in membrane insertion but it is not clear how it could form a continu-
ous transmembrane {3-barrel that appears typical of B-PFTs (see below). Furthermore, there are
no alternating stretches of hydrophobic/hydrophilic sequences along the length of the protein
that could form the amphipathic transmembrane (TM) f§ strands seen in 3-PFTs. The five helix
bundle of the tail subdomain has not been completely discounted as the membrane inserting
region of toxin since the C-terminal helix, di, appears critical for function.® If this region does
form the pore then there are clear analogies to be made with the pore-forming helical bundles of
some of the other a-PFTs.

[-PFTs

B-PFTs are predicted to insert into membranes to form B-barrels. Although these toxins do
have domain structures, the domains do not appear to carry distinct biological activities like
a-PFTs. The B-PFTs display much more diverse structures than a-PFTs and their pore-forming
regions tend to be more cryptic (Fig. 3). The first crystal structure from a member of this class
was Aeromonas hydrophila proacrolysin (see Chapter 6). The crystal structure revealed that the
toxin was composed mainly of B-sheets unlike the previously determined o-PFTs that were mainly
o-helical (Fig. 3).! The monomer has a distinct bilobal shape with one large, elongated lobe about
100 A long consisting of three discontinuous domains and a much smaller lobe attached to it by
alonglinking region.

Staphylococcus aurens o-hemolysin is a 33 kDa water-soluble monomer that, upon binding to a
target cell, oligomerizes cooperatively into hexamers or heptamers on the membrane surface. The
crystal structure represented the first atomic resolution view of a toxin pore revealing a remarkable
mushroom-shaped object consisting of cap, rim and stem domains.”* The stem or transmembrane
(TM) domain is constructed of a 14-stranded B-barrel formed from 7 3-hairpins with each hairpin
contributed from a single monomer (Fig. 3). The hairpin consisted of alternating hydrophobic and
hydrophilic residues so that when assembled in the membrane the hydrophilic residues formed the
lumen of the pore whereas the hydrophobic residues interacted with the membrane core. The crystal
structures of the water-soluble forms of various 0-hemolysin homologues have also been determined
including LukF* LukF-PV* and HlgB (Fig. 3). These structures, all very similar to each other, are
considered to represent views of the water-soluble state of at-hemolysin. A comparison to the structure
of the o-hemolysin protomer shows that one of the most significant differences is in the stem region:
in the homologues this region adopts a 3-stranded amphipathic 3-sheet packing against a 3-sandwich
whereas the -hairpin that extends away from the 3-sandwich in the crystal structure of the membrane
pore state of 0-hemolysin (Fig. 3). The stacking of the hydrophobic residues of the stem region against
the B-sandwich in the a-hemolysin homologues likely promotes their water solubility.
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The crystal structure of Bacillus anthracis anthrax protective antigen (PA), in both water-soluble
and prepore forms, revealed the molecule consisted of four domains, mainly organised into
anti-parallel 3-sheets with a few short helices (Fig. 3).!*!4 The N-terminal domain 1 contains PA,
a fragment that is removed by a cell surface protease resulting in exposure of several hydrophobic
residues suggesting some conformational changes must take place after proteolysis."”* Domain 4 is
quite separated from the rest of the molecule and it has been implicated in receptor-binding." The
prepore structure revealed a ring-shaped heptamer with domain 2 lining the lumen and domains’
3 and 4 located on the outside of the ring,'*!4

The cholesterol-dependent cytolysins (CDCs) exhibit a number of unique features amongst
PFTs including an absolute dependence on the presence of cholesterol-rich membranes for their
activity and the formation of very large oligomeric transmembrane pores greater than 150 A in
diameter (see Chapter 5). The crystal structures of two CDCs, perfringolysin O (PFO) from
Clostridium perfringens and intermedilysin (ILY) from Streprococcus intermedius, revealed that
CDCs are elongated rod-shaped molecules, over 100 A long, rich in B-sheet and composed of
four domains (Fig. 3).1¢%

Bacillus thuringiensis produces two major multigenic families of §-endotoxins, cry and ¢y#, the
former belonging to the 0-PFT class (discussed above) and the latter to the $-PFT class. The Cyt
d-endotoxins are highly specific for dipteran (mosquitoes and black flies) larvae although broadly
cytolytic in vitro.”” The crystal structure of CytB in its protoxin form revealed it consisted of a
single domain of ot/ architecture with two outer layers of a-helix wrapped around a five stranded
mixed B-sheet (Fig. 3). The protoxin assembles as a dimer linked by inter-twined B-strands that
generate a continuous 12-stranded [3-sheet across the dimer interface.”

Bcl-2 Proteins

The Bcl-2 family of proteins includes key regulators of apoptosis, some of which promote
cell death while others prevent it. The first crystal structure of a Bcl-2 family member, Belx;,
surprisingly revealed that its fold resembled the pore-forming/translocation domains of colicins
(Fig. 2) (See Chapter 8).* Based on this observation the authors went on to show that Bel-x;
could form pores in membranes and hence that certain Bcl family members could be classified
as o-PFPs.” The relevance of Bcl pore activity to its function in apoptosis remains controversial®
but the observation nevertheless demonstrates the potential of proteins with colicin-like folds to
partition into membranes.

MACPF Superfamily

The MACPF (Membrane Attack Complex/Perforin) domain was originally identified in the
sequence of a number of complement proteins (C6, C7, C8a, C8f3 and C9) and perforin.* Despite
limited sequence similarity, both perforin and C9 can oligomerize to form pores in membranes. The
crystal structures of C8a'” and a bacterial MACPF'® were recently solved and revealed a surprising
structural similarity to CDCs despite no detectable sequence relationship. This lead the authors

of both studies to suggest that these proteins insert into membranes using a similar mechanism to
that established for CDCs (see below) and thus the superfamily can be classified as -PFPs.

CLICs

The CLIC (Chloride Intracellular Channel) proteins are a family of highly homologous
proteins that display both broad tissue and cellular distribution and have been identified in
many vertebrates such as amphibians, birds, fish and mammals and in invertebrates such as sea
squirts, nematodes and insects.! Six CLICs have been identified in humans (CLICs 1 to 6),
cach consisting of a highly conserved core (40-80% sequence identity) of ~230 amino acids.
The first CLIC to be characterised, p64 (now called CLIC5B), was shown to form chloride
channels in planar lipid bilayers and lipid vesicles.** Evidence for other CLIC proteins forming
channels has been presented.®*® CLICs can localise to distinct cellular membranes including the
nuclear membrane, lysosomal membranes, mitochondria, Golgi membranes, cell-cell junctions
and the plasma membrane.*-* However, to date most of the evidence that CLIC proteins form
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channels is based on in vitro experimental systems and thus their physiological roles remain to
be established.

The structure of a number of CLICs have been determined over the last few years and have been
shown to adopt similar 3D folds which resemble the fold of the glutathione transferase superfamily
(Fig. 2).5**® The N-terminal domain adopts a thioredoxin-like fold consisting of a four stranded
mixed B-sheet with two a-helices running parallel to the sheet on one face (a1 and a3) and one
helix (02) running perpendicular to the sheet on the other face. There is an intramolecular disul-
fide bridge between two cysteines in the N-terminal domain of CLIC. The C-terminal domain is
all helical and contains a longloop between helices 5 and 6, a feature characteristic of the CLIC
family and referred to as the foot loop. The loop is highly charged with acidic residues (between
3 and 7 acidic residues depending on which CLIC). How CLICs form pores remain unresolved
although they can be tentatively classified as at-PFPs (see below).

Membrane Binding

PFTs recognise the correct target cells by parasitizing a host cell receptor which is often required
for toxic activity although some of the toxins can form pores in artificial systems. Receptors may
play a number of roles beyond target cell recognition such as promotion of toxin oligomerization
and even toxin-induced cell signalling. Anthrax toxin is an interesting example of how toxins can
use receptors to bind to membranes. Anthrax consists of three protein exotoxins: edema factor (EF),
lethal factor (LF) and protective antigen (PA). The exotoxins lack toxic activity when administered
separately but binary combinations that include PA are toxic.” PA mediates the translocation of
the two other moieties, LF or EF, into the cytosol by first binding to a cell surface receptor.¢! The
crystal structures of the water-soluble monomer and prepore heptamer forms of PA bound to the
receptor CMG2 have been determined and suggest that the receptor acts as a pH-sensitive brace
that regulates membrane insertion of PA.®*% PA subsequently forms a heptameric prepore which
then binds to LF and/or EF and subsequently allows their translocation into the cytosol.

In a number of cases PFTs can recognise the nonprotein components of protein receptors.
For example, 8-endotoxins can bind the N-acetyl galactosamine groups of glycosylphosphatidyl
(GPI)-anchored aminopeptidases and in some cases directly to glycolipids (see Chapter 11).54¢¢
Acrolysin also recognises certain GPI-anchored proteins via domains 1 and 2. Domain 1 shares
a strong structural similarity and possible evolutionary relationship with the S2 and S3 subunits
of Bordetella pertussis pertussis toxin, which adopt C-type lectin folds and are thought to bind
carbohydrate.”

There are some instances where lipid components act as receptors. For example, CDCs have
an absolute dependence on cholesterol for activity. Early studies suggested that a highly conserved
trptophan-rich undecapeptide near the C-terminus of CDCs is involved in membrane binding™”>
and the subsequent crystal structure of PFO suggested a mechanism by which this region might
interact with cholesterol. However, recent studies have questioned whether cholesterol acts as a
receptor: at least for some CDCs cholesterol appears essential for membrane insertion but not
for membrane binding” and in one case, for ILY, CD59 acts as a receptor.”* In another example,
equinatoxins have been shown to work almost exclusively on membranes containing sphingomyelin
although there are reports that cholesterol can replace sphingomyelin in some instances.”* The
crystal structure of Stichodactyla helianthus sticholysin I complexed to phosphocholine revealed
alipid binding site.”!

Oligomerization

Oligomerization is an obligatory step in pore formation for many PFTs although the molecular
mechanism of this step is poorly understood for most of them. For some o-PFTs (e.g., colicins,
DT) most of the evidence suggests they do not oligomerize although it is hard to envisage how
pores do form because there doesnt appear to be enough protein contributed from the monomer
(see below). For many PFTs the oligomer forms on the membrane surface and this state is referred
to as the prepore. A good example are CDCs which form a prepore complex on the membrane
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surface by lateral diffusion of membrane-bound monomers (see Chapter 5).77® Electron micros-
copy studies of the CDC, pneumolysin, show that the prepore complex is bound to the membrane
via the base of domain 4 where the Trp-rich loop resides.”” The smaller 3-PFTs oligomers (e.g.,
acrolysin, C. septicum alpha toxin and anthrax PA) regulate their tendency to oligomerize through
the requirement of proteolytic cleavage of a propeptide whereas CDC oligomerization is controlled
by a short loop in domain 3 that must move for the neighbouring monomer to form interactions
with the first monomer.*® Regulation of oligomerization of PFTs is a critical property as it is vital
that oligomers do not form prematurely before they reach their intended target.

Common Features of Membrane Insertion

a-PFEPs

At first sight a-PFPs appear to have little in common beyond possessing a highly helical domain
(Fig. 2). Nevertheless, they do exhibit a number of similarities in their pore-forming activities. The
receptor binding, membrane insertion/translocation and toxic activities tend to be associated
with distinct protein domains. Charged residues have been implicated in the action of some of
the toxins suggesting electrostatic interactions with receptors or membranes play an important
role in the initial recognition process. Acidic residues have been postulated to play particular
roles with many of the a-PFTs work optimally at low pH, conditions they are likely to encounter
close to membranes containing negatively charged lipids or in acidic endosomes. Under these
conditions acidic residues are likely to be neutralised and hence rendered relatively hydrophobic
to aid membrane insertion. The pore-forming domains consist from one or two helices (e.g.,
alamethicin, equinatoxin) to a large bundle of helices. In the latter case the bundles are assembled
in a three layer structure of 6 to 10 helices where each layer is formed by two or more anti-parallel
helices, some of which are completely buried (Fig. 2). Thus the bundle represents a soluble form of
packaging for the hydrophobic and amphipathic helices that are used to insert (or translocate) the
toxin across the membrane. This common fold has sometimes been referred to as an “inside-out”
membrane protein. Despite these similarities there is no detectable sequence similarity between
the pore-forming domains.

The conversion from a water-soluble form necessitates a large change in conformation. How
this is achieved is not totally resolved for any of the toxins. Nevertheless, it does appear that initial
interactions of the toxins with the membrane involve a spreading out of helices on the membrane
surface with their hydrophobic faces embedded into the bilayer and charged residues interacting
with the polar head groups of the bilayer. The available data suggests there are no major changes
in secondary structure that accompany the conformational changes. The archetypical example
of how the large a-PFPs might insert into membranes is exemplified by the colicins. The crystal
structure of colicin A revealed the presence of a completely buried, hydrophobic helical hairpin
(Fig. 2) which gave rise to the “umbrella” model of membrane insertion whereby the hydropho-
bic loop of the helical hairpin initiates insertion into the lipid bilayer followed by spontaneous
insertion of the entire hairpin.® Because the passage of charged residues into the membrane is
not energetically favourable, it was suggested that the insertion of the hairpin causes the colicin
structure to open up like an umbrella so that the two outer helical layers stay outside the mem-
brane with their hydrophobic faces embedded into the surface of bilayer. The recent finding that
equinatoxins may form pores consisting of both lipid and protein might help explain how some
of the other toxins such as the colicins can form pores with what appears to be too little protein
to form a fully proteinacous pore.

p-PFTs

The B-PFTs bear little resemblance since they differ greatly in their primary, tertiary and qua-
ternary structures (Fig. 3). The three unifying features of 3-PFTs are rich 3-sheet content, lack
of a long stretch of hydrophobic residues in their primary structure and a tendency to assemble
into highcr order oligomeric states when thcy form a pore. However, it is not easy to idcntify a
common feature amongst 3-PFTs that might explain how they insert into membranes. There are
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features shared by some members that could lead to the exposure of hydrophobic surfaces such
as proteolytic activation (e.g., acrolysin, anthrax PA, CytB 8-endotoxin), domain rearrangements
(e.g., acrolysin, anthrax PA, CDCs) and dimer dissociation (e.g., acrolysin, CytB d-endotoxin).

The crystal structure of the Staphylococcal a-hemolysin pore and subsequent structures of
its water-soluble homologues provide a clue to a possible unifying feature of 3-PFTs that might
be responsible for their competency to penetrate membranes. The TM region of the toxin was
shown to be comprised of a B-hairpin that exists as a 3 stranded f-sheet in the structures of the
water-soluble homologues. Crystallographic and mutagenesis studies of anthrax PA have suggested
that a disordered loop to membrane-spanning 3-hairpin transition likely occurs in this toxin."* A
series of elegant mutagenesis and spectroscopic studies have revealed that CDCs undergo a similar
transition where the initial state consists of a series of small at-helices rather than a disordered loop.®
The membrane-spanning region of acrolysin and its homologues is thought to be contributed from a
long flexible loop.®**> A sequence alignment of the putative TM regions from each toxin highlights
the alternating pattern of hydrophobic and hydrophilic residues required for these regions to form
transmembrane [3-barrels with a hydrophobic face interacting with the hydrophobic core of the bi-
layer.® It appears likely that there is a concerted insertion of the 3-hairpins from all monomers based
on energetic arguments with recent supporting evidence in the case of the CDCs.5%

The apparent need of B-PFTs to adopt higher order oligomeric states can be explained by the
need to generate sufficiently large hydrophobic surfaces via accumulation of amphipathic -hairpins
and the need to mask the polar edges of the hairpins from energetically unfavourable interactions
with the hydrophobic core of the membrane by forming an enclosed 3-barrel.

CLICs

It is not yet clear which PFP classification best describes the CLICs as existing models of
membrane insertion are highly speculative. Initial sequencing of CLIC genes indicated that there
were two potential TM domains®?° that approximately correspond to helices ol and 0.6 in the
GST-like structure of the soluble form (Fig. 2).** Immunological, electrophysiological and pro-
teolysis studies indicate that in the membrane form CLIC proteins cross the lipid bilayer an odd
number of times and favour the region around helix a1 as the sole transmembrane region.”"” The
N-terminal region has been shown to be necessary for both membrane localisation and biologi-
cal function.>>” However, it is still possible that helix 06 forms the transmembrane domain as it
resides in the all helical C-terminal domain that is similar to a-PFTs such as colicins. Large-scale
structural changes in either the N- or C-terminal domain of the soluble form of CLIC would
be necessary before cither of these helices could insert into a lipid bilayer. CLIC proteins form
chloride channels with maximal activity at low pH, reminiscent of a-PFTs that often require low
pH for pore formation. A radical structural change has been observed in the N-terminal domain
of CLICI after oxidation which results in the formation of a noncovalent dimer that is stabilised
by an intramolecular disulfide bond between a conserved cysteine and another cysteine (Fig. 2).%*
This altered conformation has been postulated to represent the membrane docking form of CLIC1.
Intriguingly, the N-terminal domain looses all its beta structure in the transition and in doing so
adopts a layered a-helical structure not unlike some of the a-PFTs (Fig. 2).

Conclusion

PFTs have developed fascinating strategies to overcome the problem of having to exist in two
mutually incompatable states: a water-soluble state so that the toxin can be transported from host
to target cell and a membrane state in which the toxin expresses its killing activity. o-PFTs generally
hide their TM regions within the fold of the water-soluble state. The TM regions tend to be very
hydrophobic and adopt helical conformations in both water-soluble and membrane pore states.
In contrast, the B-PFTs possess TM regions that adopt quite different folds in the water-soluble
state of the toxin in order to make cryptic potential hydrophobic surfaces that are only revealed
by the appropriate trigger/s that convert these regions into f3-hairpins upon membrane insertion.
The hairpins pair up with neighbouring hairpins of other protomers of the membrane-bound
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oligomer in order to generate a large hydrophobic surface in the form of a -barrel that spans
the membrane. There are a number of features present in members of both families that have the
potential to promote interaction with membranes. For example, low pH triggers are used to make
some toxins more hydrophobic (e.g., DT) and/or to promote unfolding and conformational change
(e.g., colicin A, DT, equinatoxin, PE, PA). The presence of cavities within the three-dimensional
folds might aid conformational change (e.g., colicins, PFO). Location of aromatic residues on
molecular surfaces is another feature that might promote interaction and anchoring to membranes
(e.g., equinatoxins, Staphylococcal o-hemolysin, PFO). In many cases the toxins can form pores in
artificial bilayers suggesting receptors play little role in the membrane insertion event itself. One
of the most surprising discoveries in recent years has been the revelation that Nature has used the
same strategies that it has developed for pore-forming toxins in mammalian proteins of diverse
biological functions from immune protection to chloride channels.
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CHAPTER 2

Energetics of Peptide and Protein
Binding to Lipid Membranes

William C. Wimley*

Abstract

n every living cell, the lipid bilayer membrane is the ultimate boundary between the contents
Iof the cell and the rest of universe. A single breach in this critical barrier is lethal. For this

reason, the bilaycr’s permcability barrier is the point of attack of many offensive and defensive
molecules, including peptides and proteins. Depending on one’s perspective, these pore-forming
molecules might be called toxins, venoms, antibiotics or host defense molecules and they can
function by many different mechanisms, but they share one feature in common: they must bind
to membranes to exert their effects. The thermodynamic and structural principles of polypep-
tide-membrane interactions are described in this chapter.

The Lipid Bilayer Phase

The hydrocarbon core of an unperturbed lipid bilayer membrane is one of the most hydropho-
bic microenvironments found in nature, with water concentration, dielectric constant and charge
density that are very similar to an alkane phase in equilibrium with water. The hydrophobicity of
the bilayer core dominates the membrane interactions of many classes of molecules; from ions and
drugs to peptides and proteins.' Yet, as little as one nanometer away from the truly nonpolar core,
the bilayer membrane contains an interfacial zone rich in polar groups, including water, as well as
lipid hydrophobic moieties.” This broad interfacial region contains a sharp gradient of polarity,
forming an anisotropic transition zone between the polar aqueous phase and headgroup region
and the nonpolar bilayer core. As shown in Figure 1 the lipid bilayer membrane can be represented
by three distinct zones of equal total thickness/volume: the hydrocarbon core, bounded on either
side by a broad interfacial zone.

The hydrocarbon core of the membrane imparts a strict barrier to the permeation of most polar
or charged solutes through the bilayer. Operationally, a “pore-forming” molecule can be defined as
one that increases the permeability of a bilayer to polar solutes. There are at least two fundamen-
tally different mechanisms by which a peptide or protein can alter membrane permeability: (1)
A molecule can work with the hydrocarbon core by utilizing its constraints to drive self-assembly
or folding of a polypeptide into a specific three dimensional structure, such as a protein pore, that
provides a mostly protein polar channel or pathway through the membrane. This mechanism re-
quires a membrane protein-like match between the hydrophobicity profile of the bilayer and the
hydrophobicity profile of the inserted molecule. (2) Alternately, a molecule can work against the
hydrocarbon core by altering the lipid packing and organization such that a mostly-lipid pathway
through the lipids is created that eliminates the requirement for a polar solute to pass through a
nonpolar layer. Molecules with this type of activity are amphipathic, but not perfectly amphipathic,
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Figure 1. The lipid bilayer membrane. Depth profiles across an unperturbed lipid bilayer
membrane. These are experimentally measured distributions of hydrocarbon and polar
groups, including water, across a lipid bilayer membrane.! The center of the hydrocarbon core
is assigned a position of 0 A. Note that the nonpolar core of the membrane is less than 30 A
wide and is bounded on both sides with an broad anisotropic interfacial zone that contains
hydrocarbon, polar groups and water. The charge density profile denotes the polarity gradi-
ent across the bilayer. Given the complexities of the bilayer physical chemistry, many types
of interactions can take place.

such that the bilayer must be deformed and the hydrocarbon core disrupted (i.e., intermingled
with lipid polar groups) to simultancously accommodate the polar and charged moieties of the
polypeptide. Independent of the mechanism, pore-forming peptides and proteins must interact
strongly with membranes and that is the subject of this chapter.

Hydrophobic Interactions

Any pore-forming peptide and/or protein must interact more favorably with membranes
than with either water or themselves in water. Binding is driven by hydrophobic and electrostatic
interactions. Conceptually, it has been useful to consider membrane binding, self-assembly and
folding as separate steps linked by thermodynamic cycles. For example Popot and Engelman de-
scribed a two-state model for insertion and folding of membrane proteins* which was augmented
by Wimley and White'” into a four step cycle comprising interfacial partitioning, folding, inser-
tion and assembly. This four step model is especially appropriate as a foundation to describe the
interactions of pore-forming peptides and proteins with membranes because many of them actually
follow such a pathway.

Partitioning of polypeptides from water to membranes is often dominated by hydrophobic
interactions. To understand or predict interactions with the complex and anisotropic bilayer one
must begin with quantitative measure of the propensity of a polypeptide to physically associate
with a membrane. The Wimley-White interfacial hydrophobicity scale and octanol partitioning
scale are hydrophobicity scales which have been shown to be useful to understand binding, inser-
tion and folding of polypeptides in membranes."¢® These are experimentally-determined, whole
residue scales that include the cost of partitioning the peptide backbone and thus give absolute free
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energies that can be used for predictions and experimental design. These scales also give informa-
tion on the energetics of folding and how it is coupled to partitioning. The free energy values for
the interfacial scale, shown in Figure 2, represent the free energy of partitioning of unstructured
peptides into the fluid phase phosphatidylcholine bilayer interface. Only six amino acids are
significantly favorable for partitioning into bilayers in the context of a random coil peptide: the
aromatic residues: tryptophan, tyrosine and phenylalanine; and the aliphatic residues: methionine,
leucine and isoleucine. The aromatic residues make especially large contributions and essentially
dominate the interactions of peptides with membrane interfaces. In fact, it is unusual to find a
membrane-partitioning polypeptide that does not have at least several aromatic amino acids. The
charged amino acids are the only ones that strongly oppose partitioning into the interfacial region
of the bilayer, although the energies of only 1-2 kcal/mol are not nearly as large as they were once
thought to be. These residues remain fully ionized in bilayers.®

The octanol hydrophobicity scale is based on measurements of peptide partitioning into the
more nonpolar environment of a hydrated octanol phase. This scale has been shown to be relevant
to proteins inserted into the bilayer hydrocarbon core. In fact it allows for very accurate prediction
of membranes-spanning segments of membrane proteins.'” Although hydrated octanol is more
polar than the core of an unperturbed bilayer, it must be similar to the local environment expe-
rienced by a polypeptide and its associated polar groups in the hydrocarbon core. In the octanol
hydrophobicity scale free energy values are roughly double the values for the interfacial scale, except
for the aromatics which have a special interaction with bilayer interfaces.!

Based on these hydrophobicity scale data, shown in Figure 2, one can calculate the contribution
of hydrophobicity to membrane partitioning and predict polypeptide segments likely to interact
with and insert into membranes. If we use the original mole fraction units defined as

Mole-Fraction Partition Coefficient

Kx = Xyitayer! Xaer
Xiiayer = [ peptide] in bilayer/[lipid] in bilayer
Xoaer = [Peptide] in water/[water] in water (55.3 M at R.T.)

AG'=-RT K,

x

then the total free energy of hydrophobic partitioning of a polypeptide can be written as the sum
of the whole residue contributions, shown in Figure 2, plus the sum of the contributions from
the termini.’

Interface residue N terminus Cterminus
AGE o (T AGE )+ AGY ™™ + AGS

Mole fraction free energies of binding in the range of =5 to —12 kcal/mol are typical for
pore-forming peptides and proteins. In practical terms, mole fraction partition coeflicients
can be used to calculate the fraction of peptide that is membrane bound as a function of lipid
concentration,

Fraction of peptide bound = Ky[L]/(Kx[L] + 55.3 M)

where K., is the mole fraction partition coefficient, [L] is the molar concentration of lipid and 55.3
is the molar concentration of water. A water-to-bilayer AG, of —4 kcal/mol (favorable) is equal
to K, = 860, a partition coefficient that describes a peptide which is less than 2% bound at 1 mM
lipid concentration. This level of binding is near the lower limit of detectability and in most experi-
mental systems would not be able to drive membrane permeabilization. A AG, of —10 kcal/mol
provides for a very strong interaction in which greater than 99% of peptide is bound at 1 mM
lipid. Itis difficult to design a hydrophobic peptide with AG, more favorable than about —12 keal/
mol, because loss of peptide solubility makes such extremely hydrophobic peptides very difficult
to use. These limits set the range of useful hydrophobic partition coefficients that are consistent
with the function of pore-forming polypeptides.
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Interface Octanol Terminal Interfacial
Scale Scale Scale
Amino Acid group

(kcal/mol) (kcal/mol) {kcal/mol)
Ala 0.17 0.50 +HN- 0.48
Arg* 0.81 1.81 HaN- -0.02
Asn 0.42 0.85 Acetyl- 0.10
As p~ 1.23 3.64
Aspd  -0.07 0.43 -COO- -0.75
Cys -0.24 -0.02 -COOH 343
Gln 0.58 0.77 -CONH; -2.65
Glu- 2.02 3.63
G0 0,01 0.11 Residues -0.4/residue

with

Gly 0.01 1.15 structure
His* 0.96 2.33
HisO 0.17 0.1
lle -0.31 -1.12
Leu -0.56 -1.25
Lys* 0.99 2.80
Met -0.23 -0.67
Phe -1.13 -1.71
Pro 0.45 0.14
Ser 013 0.46
Thr 0.14 0.25
Trp -1.85 -2.09
Tyr -0.94 -0.71
Val 0.07 -0.46

Figure 2. Hydrophobicity scales. Whole-residue, mole-fraction free energy values for peptide
partitioning into bilayer interfaces or into hydrated octanol from water. These experimentally
determined hydrophobicity scales are described in detail elsewhere."*?> The signs have been
reversed relative to the original publications to reflect free energies of transfer from the water
phase, thus a negative AG is an interaction that favors partitioning. Determination of the free
energy of the termini are described in.? The carboxyl terminal value contains an additional
entropic term possibly related to the reduction in dimensionality upon binding. The per residue
decrease in AG for folding is also experimentally determined. This is an average value that
could vary between peptides. Because these are experimentally determined, whole residue
values, a prediction of the free energy of hydrophobic partitioning of any peptide can be
made from a simple summation of the values, as described in the text.

Electrostatic Interactions

The other major driving force for polypeptide-membrane partitioning is electrostatic interac-
tion. The charged moieties of lipid bilayers are found in the outer-most part of the interfacial zone,
comprising the lipid headgroup moieties along with a high concentration of water and other polar
groups (Fig. 1). This double-layer of concentrated surface charge can drive strong electrostatic
interactions between bilayers and polypeptides. Biological membranes are composed of mixtures
of neutral lipids, zwitterionic lipids and anionic lipids. Cationic lipids are extremely rare in nature.
Thus biological membranes are often anionic; and membrane-interacting polypeptides are almost
always cationic. This is especially true for the small membrane-active peptides such as the lytic
toxins or antimicrobial peptides in which net charges can be as high as +10 can be found.
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Electrostatic interactions are long-range and can guide polypeptides to a membrane surface
where very high interaction free energies can result. Using Figure 1 as a guide, one can consider a
polypeptide that has favorable electrostatic and favorable hydrophobic contributions to membrane
binding. As a peptide approaches the bilayer surface electrostatic interactions increase rapidly and
reach a maximum in the vicinity of the phosphate groups, which reside on the outermost portion
of the interfacial zone. In terms of mole fraction partitioning, energies as high as —10 kcal/mol
can result from electrostatic interactions under physiological ionic strength and modest surface
charge on the bilayers and charge on the peptide. Calculation of electrostatic interactions has been
described by Murray.'?

A universal feature of systems with charged polypeptides binding to bilayers is anti-cooperative
binding.’ This occurs because the net charge on the bilayer surface is reduced by polypeptide bind-
ingand also because the bilayer-accumulated charged peptides disfavor additional binding due to
repulsive interactions. Seeligand others have developed methods to deconvolute such contributions
to bilayer interactions.” A consequence of anti-cooperative binding is that partitioning experiments
will appear to give a saturable binding curve, which one can fit with a classical binding site model.
However, such models are inappropriate to describe peptides partitioning into membranes.’

Additivity between Electrostatic and Hydrophobic Interactions

At the depth in the bilayer interface where electrostatic interactions are strongest, hydrophobic
interactions are weak because the polarity and water content near the charged headgroup moieties
are close to the bulk water values. Hydrophobic interactions will become significant only as a
polypeptide partitions deeper into the membrane, away from bulk water phase. However this
occurs at the expense of electrostatic interactions, which decrease as a peptide moves away from
the headgroup region of the interface. The equilibrium depth of insertion will depend on the
balance of the two interactions and on the ability of the lipids and peptide chain to deform to
accommodate them. Strong electrostatic binding, without a hydrophobic component is gener-
ally not sufficient to perturb the hydrocarbon core because electrostatically bound polypeptides
are bound only to the surface. Importantly, the dissimilar depth profiles for electrostatic and
hydrophobic interactions means that free energies will not be additive, which has been shown
experimentally.'*

The dissimilar depth profiles of the hydrophobic and polar/charged moieties of the lipid
bilayer lends itself to disruption of the hydrophobic core by imperfectly amphipathic polypep-
tides such as the antimicrobial peptides, because these molecules drive the mixing of polar and
charged residues with the hydrophobic core, leading to a situation where the interactions can

only be satisfied simultancously by a highly perturbed bilayer.

The Influence of Peptide and Protein Structure

An open peptide bond is one of the most polar moieties in a polypeptide chain, costing as
much to partition into a bilayer as some of the charged side chains. The cost is about 1.2 keal/
mol per residue in the interface and about 2 keal/mol in the hydrocarbon core. Because the cost
of partitioning a hydrogen-bonded peptide bond is lower, there will always be a strong driving
force for folding that is coupled to partitioning into a bilayer. Based on various experiments with
f-sheet and a-helical peptides, the net free energy change for folding in a bilayer has an average
value of about —0.4 kcal/mol/residue (range: —0.2 to —0.5 kcal/mol). The consequence of this
effect is that partitioning and folding are tightly coupled and peptides that have partitioned
into bilayers will have a dramatically greater propensity for structure in the membrane that
in solution. For example, the 22 residue pore-forming peptide melittin is calculated to have a
mole fraction partitioning free energy as a random coil of —1 kcal/mol, a value that denotes
such weak binding that it is not measurable. In reality, melittin binds very strongly with a AG,
of -8 kcal/mol. Strong binding comes about because the weak random coil binding is coupled
to a contribution of about —0.4 kcal/mol/residue of folding for each the 15-18 residues that
change from random coil to a-helix upon membrane partitioning.”
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Specific Interactions

Pore-forming peptides and proteins that partition into membranes because of hydrophobic in-
teractions will interact with almost any bilayer type. Classical examples of this nonspecific behavior
are the a-helical pore-forming peptides melittin and alamethicin and the beta-helix gramicidin A.
These pore formers will permeabilize almost any fluid phase bilayer membrane, in a living cell or
in a test tube. Some cationic pore-forming peptides, especially the antimicrobial peptides, target
anionic membranes specifically by partitioning into them preferentially due to a strong electrostatic
component. Nonetheless, peptide-membrane interactions that occur by partitioningare, by defini-
tion, relatively nonspecific and will require more than the minimum number of residues to drive
the interaction. For example, a minimum of several aromatics or aromatics mixed with aliphatic
residues are required for moderately good hydrophobic partitioning.

There are many pore-forming proteins and peptides that interact with membranes by highly
specific interactions. For example, diphtheria toxin as well as the pore-forming colicins are targeted
to membranes by a highly specific receptor-protein like interaction. Similarly, the antibiotic peptides
vancomycin and the type A lantibiotiocs, such as nisin, have highly specific interactions with particular
lipid components of bacterial membranes, which they subsequently permeabilize. The cholesterol-de-
pendent cytolysins are pore-forming proteins with a very strict requirement for cholesterol in the
target membranes. All these examples of pore-forming polypeptides coupled to strong and highly
specific interactions with individual components of the membrane should probably be treated like a
ligand-binding-pocket type of interaction rather than an interaction that is dependent on partition-
ing. In any case, once a pore-forming peptide or protein has interacted with a target membrane, the
membrane is subsequently permeabilized by one of the mechanisms described next.

Specificity: The Formation of Ordered Pores
The three dimensional structure of the Staphylococcus aureus a-hemolysin (Fig. 4) is a stun-
ning example of a classical pore-forming protein. However the literature suggests that a stable,

A. Barrel-stave Pore B. Toroidal Pore

2l < A,

C. Carpet Model D. Detergent Model

Figure 3. Some models of polypeptide membrane permeabilization. Some mechanistic mod-
els of membrane permeabilization by polypeptides. There are many different mechanisms
by which membrane permeabilizing peptides and proteins can function. Some of the more
commonly described mechanisms are shown in these schematic images. The driving forces
and implications for these various models are described in the text.
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well structured protein pore with a fixed stoichiometry like a-hemolysin is actually a very rare
counter-example to the majority of known pore-forming polypeptides, which number well over
1000. Most do not form such fixed structures but rather bind to membrane surfaces through specific
or nonspecific interactions and then self-assemble into flexible, transient or flickering structures
which allow permeation of solutes through the membrane. The simplest models of membrane
permeation by polypeptides involve the formation of transbilayer pores or channels through the
membrane as shown by the models in Figure 3. In a barrel stave pore, peptides interact laterally
with one another to form a specific folded structure that is reminiscent of a membrane protein ion
channel. In the toroidal pore model, specific peptide-peptide interactions are not present. Instead
peptides affect the local curvature of the bilayer in a cooperative manner such that a toroid of high
curvature forms through the bilayer. In either case, one can imagine pores that are stable and long
lived or pores that are transient in equilibrium with surface bound or monomeric peptide. In fact
only a very small fraction of the total peptide need be in a pore state at any moment in time to
drive observed rates of leakage through membranes.

D

R-R-G-R-L- -VI-R-
R-G-V-C-V-C-F-

.

Hydrocarbon
core thickness

Figure 4. Transbilayer profiles of some pore-forming polypeptides. The structure of the protein
a-hemolysin from Staphylococcus aureus.?® A) This classical protein pore assembles into a
heptameric ring on susceptible membranes which inserts a B-sheet, barrel stave pore across
the membrane. B) The top view shows a distinct open pore through the protein (and through
the membrane) which allows unrestricted leakage through the membrane and cell lysis.
C) The lipid-facing surface of one of the B-hairpins from a-hemolysin. The thickness of the
hydrophobic face (nonpolar residues in black) matches the profile of the hydrocarbon core
of the membrane. This is why the barrel stave pore can assemble into an ordered pore in
membranes. D) In sharp contrast, protegrin 1, a porcine antimicrobial peptide with a similar
B-hairpin secondary structure has a hydrophobic face (in black) that is far smaller than the
bilayer hydrocarbon core and is bounded by basic arginine residues. Protegrin binds strongly
to bilayer through a combination of hydrophobic and electrostatic interactions. However, in-
stead of forming a transbilayer pore, protegrin disturbs the lipid packing through its interfacial
activity and imperfect amphipathicity.
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Barrel stave and toroidal pores are functionally similar, but are fundamentally different in
structure and membrane interactions. For example barrel stave pores work with the bilayer
hydrocarbon core, using it as a template for amphipathic peptide-self assembly. Specific in-
teractions between amino acids also contribute to self-assembly of the pore. Toroidal pores,
on the other hand, work against the hydrocarbon core, disrupting the natural segregation of
polar and nonpolar parts of the membrane by providing alternative surfaces for lipid to interact
favorably with. Toroidal pores are formed by imperfectly amphipathic peptides.

Protein pore formers can form stable long-lived pores or flickering transient pores.
Diptheria toxin and the pore-forming colicins, for example, can form transient pores across
membranes by inserting interfacially-bound amphipathic helices across the membrane subse-
quent to the initial binding events. Peptides as well can form barrel stave or toroidal pores,'®
although distinguishing them from each other is not straightforward. A classical example of
peptide that forms transmembrane pores is alamethicin, which forms an amphipathic alpha
helix that can exist, depending on hydration and concentration, either mostly parallel or
mostly perpendicular to the lipid bilayer normal.’® The perpendicular structure is consistent
with the image of a transmembrane pore and other evidence suggests a barrel stave pore for
alamethicin.

Promiscuity: Membrane-Permeabilization by Interfacial Activity

In addition to the long held models of transmembrane barrel-stave or toroidal pores, a
number of nonpore models have been proposed to explain or categorize the mechanism of
pore-forming polypeptides in lipid membranes. The mechanism of action of the antimicro-
bial peptides has been especially difficult to explain with specific pore models. The so called
“carpet model” is the most commonly cited phenomenological model and was proposed in
1996 by Shai' to explain the mechanism of action of mammalian cecropin P1 on model
membranes. Cecropin P1 is a helical peptide that is oriented parallel to the membrane surface
and does not form explicit pores. The peptide is active only at high P:L ratios, conditions
under which the peptide forms a carpet on the bilayer surface. The “detergent model” is also
often cited to explain the catastrophic collapse of membrane integrity observed with some
anti microbial peptides at high peptide concentration leading to size-independent, partial
leakage of entrapped contents.'s"

The majority of known membrane permeabilizing peptides are antimicrobial peptides
and most of these function by a mechanism that is consistent with a nonspecific mechanism
of membrane permeabilization.” This nonspecific activity has been described as “interfacial
activity”® and is dependent on the ability of a peptide to bind to the membrane interface
with hydrophobic and electrostatic interactions, followed by perturbation of the bilayer lipid
packing driven by the broken, or imperfect amphipathic nature of the peptide (and bilayer).
Marrink and colleagues have simulated such systems resulting in a very compelling image of
a “pore-forming” antimicrobial peptide (magainin) that permeabilizes membranes by per-
turbing the bilayer’s lipid packing and organization enough to break down the segregation
between interface and core.?! This breakdown allows permeation of polar molecules and
does so without the formation of a transmembrane “pore” or channel. A realistic image of a
peptide “pore” based on the studies of Marrink is shown in Figure 5.

Conclusion

Decades of experiments and modeling of pore-forming proteins and have shown that there
are many different ways for a membrane to be permeabilized. These mechanisms range from
highly specific, stable pore formation to nonspecific detergent-like membrane disruption.
All of these mechanisms occur in nature and have biological relevance. However different
the mechanisms, all pore-forming proteins and peptides must interact with membranes
through binding, partitioning or a combination of the two followed by the formation of a
polypeptide-induced polar pathway through the hydrocarbon core of the membrane. In this
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Figure 5. Asimulated antimicrobial peptide in membranes. A realistic image of a peptide-induced
pore in a bilayer. This image was adopted from the work of Marrink and colleagues®" who
simulated the interaction of an antimicrobial peptide, magainin, with phospholipid bilayers.
Instead of forming a regular, ordered channel, this “pore-forming” peptide acts by using its
imperfect amphipathicity to disrupt the segregation of polar and nonpolar parts of the mem-
brane. Notice the high concentration of polar groups infiltrating the nonpolar core in the
vicinity of the peptides, shown as tubes. Waters are shown as light gray spheres while lipid
polar groups (phosphate, choline and the ester bonds) are shown as darker spheres. Data file
used was kindly provided by Das Sengupta and Siewert-jan Marrink.

chapter, the basic principles of polypeptide binding, partitioning, folding and self assembly
in membranes have been discussed.
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CHAPTER 3

Membrane Association and Pore

Formation by Alpha-Helical Peptides

Burkhard Bechinger*

Abstract
embrane-active peptides exhibit antimicrobial, channel-formingand transport activities
l \ / I and have therefore early on been interesting targets for biophysical investigations. When
the peptide-lipid interactions are studied a dynamic view emerges in which the peptides
change conformation upon membrane insertion, can adopt a variety of topologies and change the
macroscopic phase properties of the membrane locally or globally. Interestingly several proteins have
been identified that also interact with the membrane in a dynamic fashion and where the lessons
learned from peptides may add to our understanding of the ways these proteins function.

Introduction

Despite the importance and abundance of membrane proteins their structural investigation lags
behind that of soluble proteins due to the problems associated with their biochemical preparation
in a functional state and the subsequent difficulties associated with their structural investigation
using x-ray crystallography or solution NMR spectroscopy. As a consequence, the existing membrane
protein structural data bases encompass only a few dozen structures of membrane proteins and these
show the formation of helical bundles or beta barrels within the lipid bilayer.

However, early on a number of membrane-active peptides were available from natural sources,
such as alamethicin and melittin,? or by design®® and their study by biophysical approaches has
provided valuable insight into polypeptide lipid interactions as well as their mechanisms of
membrane permeabilization and pore formation. Up to this day their investigation allows us to
discover unexpected structural and dynamic features of membrane-associated polypeptides ”# and
from such studies a picture emerges with multiple equilibria govern their membrane interactions
and conformations (Fig. 1).

Alamethicin and Other Peptaibols

Peptaibols are peptides of fungal origin rich in a-aminobutyric acid (Aib) and the best-known
member of this family is the dodecameric peptide alamethicin. When added to planar lipid bilay-
ers voltage-dependent conductance changes are observed and these peptides have therefore early
on served as a paradigm for large voltage- or ligand-gated channel proteins (reviewed e.g., in ref.
9). The open alamethicin pore is thought to consist of a ‘transmembrane helical bundle’ in which
the individual helices are grouped with their more hydrophilic side facing the water-filled pore.
Notably, recent molecular dynamics calculations of membrane-bound alamethicin suggest that
the macromolecular arrangement of the helix bundle is less regular and more asymmetric than the
first models suggested."! Similar transmembrane helical bundle arrangements have been observed
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rue Blaise Pascal, 67070 Strasbourg, France. Email: bechinger@chimie.u-strasbg.fr
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Figure 1. Membrane-associated peptides can adopt a number of different topologies and
aggregation states depending on peptide sequence, lipid composition, peptide-to-lipid ratio
and other environmental factors.

for a variety of membrane proteins including potassium channels, the acetylcholine receptor, the
influenza proton channel or the phospholamban pentamer.'*"”

The transmembrane helical bundle model is consolidated by structural investigations which
indicate that alamethicin exhibits indeed a preference for helical conformations with a flexible
hinge region around proline-14."*" Furthermore a strong propensity for transmembrane align-
ments of alamethicin is observed by oriented solid-state NMR spectroscopy.*'** Nevertheless it
should be mentioned that biophysical investigations indicate a high degree of conformational
flexibility where the degree of helix formation is dependent on the physical state of the lipid, the
lipid-peptide ratio, the presence of transmembrane potentials and other environmental parameters
(reviewed e.g. in refs. 3,24).

When alamethicin is added to planar lipid bilayers a step-wise reduction of the membrane
ohmic resistance is observed resulting in a well-defined pattern of successive conductance levels.
Each of them is a few milliseconds in duration and the size of the ionic currents together with
molecular modelling suggest that the smallest conducting structures consist of trimers, tetramers
or pentamers (reviewed in ref. 3). The activation energies for the initial formation and decay of the
lowest conductance state are 50 and 120 kJ/mole, respectively and with this first peptide aggregate
formed the addition and subtraction of units occurs quickly on a millisecond time scale (Fig. 1).

Using a variety of biophysical approaches including oriented solid-state NMR and CD spec-
troscopies it has been observed that alamethicin and related peptaibols can adopt in-planar as
well as transmembrane (TM) alignments, with the latter being favoured at high peptide-to-lipid
ratios.” This led to the idea that the in-planar state of alamethicin is an intermediate during
membrane association and channel gating'® and that a series of subsequent equilibria govern the
polypeptide interactions within the membrane (in-plane <> transmembrane <> TM oligomers,
Fig. 1). Various models for the molecular mechanism of alamethicin pore-formation are based on
interactions of its helix dipole with the TM electric field (reviewed in ref. 3), where reorientation
of the dipole, enhanced partitioning of alamethicin into the bilayer and/or membrane insertion
of the N-terminus result in the voltage-gating of the channel structure.?®

With the transmembrane helical bundle model in mind amphipathic model sequences
composed of leucine and serine residues have been designed.* However, these sequences reside
predominantly at the membrane surface”” although it cannot be excluded that a smaller fraction
inserts in a transmembrane fashion and is responsible for the channel forming properties.”
Indeed, depending on the peptide-to-lipid ratio, the length of the peptide sequence and/or
the lipid composition peptaibols, including zervamicin Ila (15 residues), ampullosporin A (15
residues) and alamethicin (20 residues), can also adopt alignments parallel to the membrane
surface in particular under hydrophobic mismatch conditions.***?* This observation is suggestive



26 Proteins: Membrane Binding and Pore Formation

that also these peptides can cause membrane permeability increases by mechanisms other than
transmembrane helical bundle formation.

Cationic Amphipathic Antimicrobial Peptides

Ampbhipathic peptides are found in many species where they protect the host against a wide
range of antimicrobial infections **” and from a number of observations it was concluded that
these peptides directly interact with the phospholipid membranes rather than with specific recep-
tors (reviewed e.g., in refs. 31, 32). By interacting with the membranes of sensitive organisms these
peptides disturb their bilayer integrity, either by disruption or pore formation and thereby develop
antimicrobial and toxic activities as well as perform entry to the cell interior.®

Discrete multi-level conductances have also been observed when cecropins, magainins, melittin
or other amphipathic sequences are added to preformed bilayers (reviewed e.g., in ref. 31). Whereas
the former two belong to the family of linear cationic peptide antimicrobials, melittin is a 26-residue
peptide found in the toxin of the honey bee Apis mellifera. However, the channel properties of
magainins and cecropins are less well defined and contrast those observed from alamethicin.

In contrast to peptaibols, which adopt amphipathic but mostly uncharged structures in mem-
branes, linear cationic peptide antibiotics are highly charged and soluble in aqueous environments
where they exhibit random coil conformations.* By using oriented solid-state NMR spectroscopy
is hasbeen possible to show early on that these amphipathic peptides intercalate into the membrane
with the helix axis oriented parallel to the membrane surface.” In this configuration the hydro-
phobic region is localized about 10 A above the bilayer center in agreement with the amphipathic
distribution of polar-charged and hydrophobic residues.*® In this configuration the peptides cause
pronounced disordering of the fatty acyl chain packing,’® membrane thinning,* pore formation
and macroscopic phase transitions of the peptide-lipid assembly.*®

When added to preformed bilayers magainins and melittin partition into the membranes
within 10-100 seconds.*** The association of magainin 2 is characterized by a partitioning coef-
ficient of about 10° M in the presence of zwitterionic membranes,* a value that increases by 2-3
orders of magnitude for negatively charged membranes.*? This is easily explained by electrostatic
attraction which causes an increase in the local concentration of positively charged peptide next to
the anionic membrane surface. However, it seems that association with anionic lipids is different
as their membrane permeabilizing activities of negatively charged membranes is reduced when
the number of peptides associated with the membrane is taken into explicit consideration.”*
Furthermore, it has been shown that in mixed model membranes the cationic peptides preferentially
interact with negatively charged membrane surfaces and a segregation of the acidic phospholipids
occurs.* Therefore, electrostatic interactions not only control the membrane association of cat-
ionic amphiphiles, but they also have a pronounced effect on the lateral distribution of the lipids
within mixed bilayers.

When added to lipid bilayers amphipathic peptides have been shown to undergo structural transi-
tions upon membrane insertion as well as membrane alignments that are a function of peptide-to-lipid
ratio and other environmental factors (reviewed e.g., in ref. 3). Furthermore, the peptides induce
alterations in the lipid macroscopic phase properties an effect which has been described in considerable
detail for melittin. Even at very low concentrations (0.1 mole %) this peptide exhibits pronounced
effects on the phase properties of membranes made of dipalmitoylphosphatidylcholine indicating
that the peptide modifies the membrane beyond its immediate neighbourhood.? For other sequences
it was shown that the bilayer packing is disturbed within an estimated radius of approximately 50 A
due to their insertion into the membrane interface.

When amphipathic helices partition into the bilayer they act as a spacer at the level of the lipid
headgroup which would create voids in the hydrophobic region of the bilayer, but the hydrocarbon
moieties compensate for such effects by chain bends, increased #7ans-gauche isomerization or chain
interdigitation.”” Indeed, deuterium and **C solid-state NMR measurements indicate a decrease in
the order parameter at the lipid bilayer interior in the presence of magainins and other amphipathic
peptides. %! These effects depend on the peptide molecular properties but also the size and shape
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of the lipid head groups and as a consequence the membrane lipid composition as well as the peptide
structure have a pronounced influence on the membrane-peptide interactions. When added at high
concentrations disk-shaped particles form and membrane disruptions occur %> an effect that can be
partially compensated for by the presence of inverted wedge shaped lipids.?®>>>

The full plasticity of phospholipid membranes when interacting with peptides is adequately
described by phase diagrams representing the wide range of structures, configurations and mor-
phologies as a function of peptide-to-lipid ratio, the detailed membrane composition, temperature,
hydration and buffer composition.*'#’ Depending on the exact conditions regions can be identified
where bilayers, slightly perturbed or even stabilized in the presence of polypeptide, exist, lysis and
membrane disintegration occur, but also conditions where membrane openings form in a more
regular manner. The peptide-induced phase transitions and lipid—dependent interactions have been
rationalized by the geometries of the molecules involved in membrane assembly and, therefore, the
characteristics of the molecules such as their charge and hydrophobic volume influences how strongly
they interact, how deeply they insert and how much curvature strain they exert on the membrane.®
The resulting phase alterations can be transient and local, or they can affect the full supramolecular
assembly as a whole.

Membrane Proteins

It is intriguing to note that proteins have been described where the partitioning between the
membrane and the water phase constitutes an essential part of their biological regulatory mecha-
nisms. It has even been suggested that in their membrane-associated form some of them resemble
an array of loosely linked helices® and the peptides may therefore mirror the behaviour of defined
regions of such proteins. For example, the pore-forming domains of several colicins have been shown
to form voltage-gated channels in black lipid membranes, a process involving significant structural
transitions.”” The solution structure of these proteins is characterized by 8-10 a-helices arranged
in a three layered sandwich, where the central layer is composed of a hydrophobic helical hairpin,*
a structural fold shared with other bacterial toxins as well as with the Bcl-2 family of proteins, the
latter being key regulators of apoptosis.®¢!

During membrane insertion the colicin pore-domains undergo pronounced conformational
changes®*®* and a structure is observed in membrane environments where the helices all orient ap-
proximately parallel to the surface and form tightly packed structures (pen-knife model).** Additional
structural transitions can cause the alignment of the two hydrophobic helices in a transmembrane
configuration when at the same time the amphipathic helices form a dynamic array of loosely con-
nected helices.”**! In contrast, the structure of the anti-apoptotic Bel-x; protein in the presence of
lipid bilayers resembles a type I membrane protein where the C-terminus anchors the protein in
the membrane but where the global fold remains largely functional.®* An array structure of Bcl-x;
is however observed in the presence of detergents.®* More recent experimental data indeed indicate
that various membrane conformations of the colicin E1 and Ia channel domains co-exist and are in
exchange with each other.” Related structural transitions have also been observed for the diphtheria
toxin T domain®® and such membrane protein structural arrangements agree with pore models
where the lipids are part of the channel lining*® analogous to the propositions made for amphipathic
antimicrobial peptides.”

Conclusion

In conclusion, biophysical investigations have altered our view on peptide-lipid interactions and
point to a highly dynamic situation and where the peptides as well as the membranes respond by
adopting different conformations and morphologies. Whereas the membrane lipid composition
has a pronounced effect on the amount of peptides associated, their penetration depth and their
topology, the insertion of the peptides has been shown to modify the macroscopic phase properties
of the membrane itself.
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Abstract
ilayer lipids, far from being passive elements, have multiple roles in polypeptide-dependent
B pore formation. Lipids participate at all stages of the formation of pores by providing the
binding site for proteins and peptides, conditioning their active structure and modulating
the molecular reorganization of the membrane complex. Such general functions of lipids super-
impose to other particular roles, from electrostatic and curvature effects to more specific actions
in cases like cholesterol, sphingolipids or cardiolipin.

Pores are natural phenomena in lipid membranes. Driven by membrane fluctuations and pack-
ing defects, transient water pores are related to spontancous lipid flip-flop and non-assisted ion
permeation. In the absence of proteins or peptides, these are rare short living events, with properties
dependent on the lipid composition of the membrane. Their frequency increases under conditions
of internal membrane disturbance of the lipid packing, like in the presence of membrane-bound
proteins or peptides. These latter molecules, in fact, form dynamic supramolecular assemblies to-
gether with the lipids and transmembrane pores are one of the possible structures of the complex.
Active peptides and proteins can thus be considered inducers or enhancers of pores which increase
their probability and lifetime by modifying the thermodynamic membrane balance. This includes
destabilizing the membrane lamellar structure, lowering the activation energy for pore formation
and stabilizing the open pore structure.

Introduction

Biomembranes can be regarded as supramolecular complexes where the structure, dynamics
and mechanical properties are dominated by the background physical chemistry of lipids. The
lipids impose liquid-crystal order within the membrane complex, including embedded proteins or
peptides' and may affect their structure, orientation, dynamics and aggregation state.* The bound
polypeptides, in turn, change the composition and the physicochemical context of the membrane
where they are hosted and can end up affecting its molecular organization.>® Such bilayer perturba-
tions or deformations, which can also be related to the membrane material properties, are important
to define the stability and functional structure of the polypeptide-bilayer complex.” Thus, many
dynamic processes occurring in biological membranes result from the mutual adaptation between
lipids and polypeptides. Pore formation is an example of such processes.
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Although with a very low probability, or associated with stress conditions, pores can exist in
lipid membranes in the absence of peptides or proteins.”** It is thus natural to relate polypeptide
induced pores and tension-induced lipidic pores as closely connected phenomena.!® Even for the
cases where polypeptides are clear protagonists, lipids are more than just a passive barrier traversed
by the pore.>'*!¢ However, in analogy with intrinsic membrane-protein channels and transporters,
the mechanisms and structures associated to pore formation have most often been studied using pro-
teocentric views. In this chapter we discuss the possible roles of lipids for the activity of pore-forming
peptides and proteins, here named generically pore-forming polypeptides, or PEPP(s). With the
exception of some specific cases, which will be clearly identified, we will use a general, integrated
view for these two types of molecules, supported among other things by the fact that the essentials
of the membrane activity of pore forming proteins can be reproduced by individual peptide frag-
ments.'”"? Additionally, the large number and diversity of polypeptide molecules exhibiting similar
pore activities over multiple types of membranes shows that this is a weakly specific phenomenon,
loosely codified by the polypeptide sequence. In fact, structure-function relationships in these cases
appear to follow special rules, based on interfacial activity and modulated by physicochemical bal-
ances of properties like hydrophobicity and amphipathicity.* Thus, we will favor a generic discussion
of the role of lipids, instead of detailed descriptions for particular systems and well known cases of
specific roles, like those of sphingolipids (SL), cholesterol (Cho) or cardiolipin (CL), will be just
briefly summarized for some examples. The integrated view extends up to the model of the pore
formation (see below). For this, we will extract the main consensus ideas of previous models by
Matsuzaki, Huang and Shai,” complemented with recent interpretations from molecular dynamics
(MD) simulations,?** kinetics and single-vesicle studies.**?’

With this in mind, the role of lipids in pore formation can be envisioned at three different levels.
First, lipids can be regarded as receptors or dynamic docking-surfaces for the binding of PFPPs to
membranes from the external water milieu. Second, the lipids may condition the structure adopted
by PFPPs upon membrane binding. And third, lipids can participate in the molecular reorganiza-
tion of the polypeptide-membrane complex, to end up with the formation of a pore. Depending
on the particular mechanism and the type of pore structure which is finally formed, the lipids can
be more or less directly involved. For example, participation is clear when lipids act as specific
receptors, like in the cases of Cho for Cho-dependent cytolysins (CDC)* and sphingomyelin
(SM) for actinoporins.?” Lipids play also a very direct role for the so called toroidal pores,**?!
where they form part of the pore wall, a model which appears appropriate for most antimicrobial
peptides?'*32 and many oi-pore forming proteins.'*'#33¢ Once pores are formed, the lipids may
exert a further active role cooperating with polypeptides in the stabilization of the pore.”* We
should bear in mind that the first two levels of lipid participation (docking and refolding) apply
in general to any spontaneous membrane protein binding, insertion and folding. The third level
applies to any case where pores are formed at some stage, even if they are not stable, functional or
final structures. For example, it is known that fusion peptides may induce vesicle perturbations
defined as pore-like structures®?’; as it is also known that cargo peptides work through transient
transmembrane pores.*4!

Membrane Interfaces Are Ideal Binding Sites for Pore-Forming

Peptides and Proteins

Most natural and synthetic pore-forming peptides as well as membrane active parts of
pore-forming proteins are composed of hydrophobic, hydrophilic and cationic residues which
arrange into amphipathic structures.?'*>% The lipid bilayer interface provides an optimal region
where physicochemical properties complement the amphipathicity of PFPPs for an effective bind-
ing (Fig. 1A-D).** The charged and polar residues will prefer to reside in the hydrated headgroup
region, where they may participate in a variety of stabilizing electrostatic forces.** With most
PFPPs being cationic, the positively charged groups (of Lys and Arg residues) interact closely with
the phosphate groups of phospholipids.>**** This binding mode allows simultaneous immersion
of the hydrophobic side-chains into the membrane hydrophobic core, facilitated by the fact that
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Figure 1. The membrane as a docking surface. Structure of a phospholipid bilayer with emphasis
on the physicochemical complexity of the interfaces and its complementarity with amphipathic
polypeptides. (A) and (B) show representations of the polarity gradient and structure, respectively
of a fluid liquid-crystalline dioleoylphosphatidylcholine (DOPC) bilayer from X-ray and neutron
diffraction data.**¢2% The structure in (B) is represented as the time-averaged Gaussian distribu-
tions of the main chemical groups of the lipid projected onto the bilayer normal. The interfaces
are the regions defined by the distribution of headgroup’s water of hydration and the hydrocarbon
core is the center slab where the presence of water drops to zero. From these distributions of
quasimolecular groups, average charge densities and a polarity profile have been derived.** The
profileis represented in (A) by a heavy line and the corresponding polarity gradient is schematized
by a gray scale, which in the interface goes from more polar (pale gray) to more hydrophobic
(dark gray) and in the hydrocarbon core is a constant black slab. For comparison, a circle repre-
senting the cross section of an amphipathic a-helix is drawn to scale and placed at the steepest
point of the polarity gradient, corresponding to the position determined by X-ray diffraction.2%
The experimental membrane structure can be appropriately modelled at atomic detail by MD
simulations, as is shown in (C) for a simulated self-assembled dimiristoylphosphatidylcholine
(DMPC) bilayer taken from work reported in reference 1. Acyl-chains are drawn with light-gray
lines, phosphate groups as light-grey balls, nitrogens of choline as dark-grey balls and water
oxygens as black dots (the oxygens of lipids are not represented). A DMPC lipid highlighted in
(C) with thick lines is shown enlarged with more detail in (D) (same colors as in (C) and glycerol
oxygens as black lines). In (E) we represent lateral and top views (left and right, respectively) of
the amphipathic a-helix structure of magainin 2, solved in detergent micelles*” (pdb ID: 2mag).
Only residues 4 to 20 are represented; positively charged residues (Lys and His) are colored
black, the negatively charged Glu is colored dark gray and hydrophobic residues are pale gray.
Panels (A) and (B) are reprinted with permission from the Annual Review of Biophysics, Volume
28 (ref. 46), © 1999 by Annual Reviews, www.annualreviews.org

the charges in Lys and Argare at the end of long and flexible aliphatic chains and can thus snorkel
toward the interface from relatively deep positions.’®! For amphipathic a-helices (Fig. 1E), the
binding depth is expected to depend on the helix polar angle, which determines the size of the
hydrophobic sector of the helix relative to the polar sector.**>*% Such an adaptation of amphipathic
polypeptides for binding at membrane interfaces has been termed partition-folding coupling™
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and is explained with more detail in the next section (see Fig. 2A). It implies that the stability of
the membrane-polypeptide complex increases as the secondary structure is formed, as it is indeed
observed for a number of different systems.#>¢¢2 Thus, phospholipid membrane interfaces can
be envisioned as ideal binding sites for docking amphipathic, PFPPs (see Fig. 1).%% Supporting a
direct targeting role of phospholipid membranes, with no intervention of receptor proteins, are the
facts that PFPPs are active against pure lipid vesicles and at least in the case of peptides, independent
on chirality (all D-aminoacid peptides are as active as natural L-aminoacid versions).*’

One consequence of the direct lipid-based membrane targeting is a relatively low specificity.
For example, scrambled sequences of pore forming peptides tend to have similar activity**¢ and
in general hundreds of different peptides and proteins, differing in size, secondary, tertiary and
quaternary structure, share a similar mode of binding.**>¢>% Morcover, the similarity extends
outside the family of PFPPs to cell penetrating peptides®® fusion peptides’” and with striking
relationships to membrane active proteins of different types and across disparate organisms.®
Nevertheless, lipid-based targeting can be also the source of complex binding schemes, including
high affinity, cooperativity and lipid-dependent protein assembly.®””® The general non specific
interfacial binding can in some cases superimpose to additional interactions with a different degree
of specificity, from strong electrostatic effects, like in the case of negatively charged membranes, to
sophisticated and efficient control mechanisms through specific interactions with receptor lipids
or lipid-anchored proteins. Some examples of these, more specific, roles are summarized below.

General Effects of Negatively Charged Lipids

Because most PEPPs are cationic, a way to increase their binding from solution is by presence
of negatively charged lipids. In neutral membranes, binding of PFPPs depends mainly on their
hydrophobicity, which accentuates the importance of structural parameters like hydrophobic
moment and helicity.*? Partitioning cationic peptides into zwitterionic lipids is generally weak,
corresponding to dissociation constants of up to 1 mM. However, the presence of negatively
charged lipids, like those with phosphatidylglycerol (PG), phosphatidylserine (PS) and phos-
phatidylinositol (PI) head groups, pose an electrostatic attraction over the peptides which
increases the strength of their binding up to dissociation constants in the WM range. A careful
kinetic analysis shows that the stronger binding of cecropin and magainin to acidic lipids is due
mainly to a reduced desorption rate.?*”" It is also seen that the main contribution of electrostatic
interactions is increasing the concentration of the interfacially adsorbed peptide. Thus, discount-
ing this effect on the basis of Gouy-Chapman theory™ (ie., replacing bulk concentrations by
surface concentrations) yields similar binding constants and pore activities regardless of the
membrane surface-charge density.?”*¢7374

The electrostatic contribution is the main basis for the selective binding of peptide anti-
microbials to bacteria,” since the outer membrane of these microorganisms is abundant in
negatively charged lipids, in contrast to the plasma membranes of eukaryotic cells, abundant in
neutral lipids.”> However, this alone cannot explain the selective killing of peptide antibiotics
against bacteria, compared to host cells. Such a selectivity can be understood considering the
characteristic strong, membrane-mediated cooperativity of these systems, observed as a nonlinear
concentration dependence with a rapid rise of activity passed a threshold concentration value.®”’
Thus, the different affinity for neutral compared to acidic membranes places normal extracel-
lular peptide concentrations well above the threshold for bacteria, but below the threshold for
cukaryotic cells. The cooperativity originates from the effect of peptide binding on the bilayer
material properties®®”® and is discussed below with more detail in connexion to the mechanism
of pore formation. An additional factor explaining cell-type selectivity of antimicrobial peptides
is the presence of Cho in eukaryotic cells, which in general reduces peptide and protein binding
to the membrane and affects as well their oligomeric assembly, membrane insertion pattern and
pore activity””” (see below).

A preferential binding to negatively charged membranes is also observed for some pore
forming colicins®® and for active fragments of the Bcl-2 family."® However, in these cases the
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Figure 2. Chaperon-like foldase activity of membranes. Lipid membranes control refolding
of polypeptides partitioning into them. A) Partitioning-folding coupling of amphipathic pep-
tides at the bilayer interface. The membrane is represented by three slabs colored light-grey
(interfaces) and dark-gray (hydrocarbon core). Curled lines are coil structure and cylinders
represent a-helices. The peptides are mostly unstructured in water. Immediately after binding
to the membrane surface, the interface promotes the appearance of secondary structure, most
often through a coil-to-helix transition, which accentuates amphipathicity and strengthens
binding following the interface polarity gradient (see Fig. 1). In some cases the helices might
interact with each other forming oligomers. B,C) Partitioning-refolding of globular water-soluble
pore-forming proteins as they bind to the membrane. The structure change can be dramatic
(B) upon adsorbing into the interface (may also include a molten-globule intermediate'),
like in the case of a-helix bundle proteins (for example channel domains of colicins or Bcl-2
proteins). These form a dynamic two-dimensional array of helices, which may evolve further
through intermediates to insert the most hydrophobic helices across the membrane. In (C),
sticholysin Il (initial structure from ref. 87) suffers a partial refolding upon specific interfacial
binding to SM through a cluster or Tyr residues (highlighted with thick black lines). The change
of structure affects mainly an N-terminal amphipathic helix, which detaches from an almost
unchanged B-sandwich core and lays flat in the membrane. In all cases successive molecular
reorganizations give rise to transmembrane pores (not shown), which depending on the case
may also involve protein oligomerization.
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electrostatic interactions may have also an inhibitory effect on activity, since the strong inter-
facial binding appears to hinder pore formation. It has been also suggested that some effects of
negatively charged lipids are connected to their intrinsic curvature properties, as it seems to be
the case for the enhanced activity of Sticholysins I and II in presence of PS, PI, phosphatidic
acid (PA) and CL.*?

Some Specific Roles of Lipids for Membrane Binding

In a number of cases, binding of PFPPs can be influenced specifically by the presence of
particular lipids. Among them, Cho and SL, which are main constituents of liquid-ordered (L)
microdomains, also called lipid rafts, are interesting examples. Cho is characteristic of the plasma
membrane of mammalian cells, where it represents up to 40 mol %> and is known to be important
for the modulation of membrane fluidity through a general condensing effect that stiffens the
bilayer and promotes the formation of L, phases.®**? Due to its effect on the membrane mechani-
cal properties, Cho-rich membranes are generally resistant to leakage induced by polypeptides, by
way of reducing their binding to the membrane” and hindering pore formation.”” In membranes
containing SM and Cho, pore-forming peptides of different families,® as well as the active frag-
ment a-helix 5 from Bax,* bind preferentially to the liquid-disordered (L) domains and induce
coalescence of the Ly domains by reducing the line tension at domain boundaries. Cho has been
also reported to hinder the membrane insertion of the B-hairpin antimicrobial peptide PG1 and
its oligomerization into a 3-barrel.”®

On the other hand Cho is necessary for the effective binding and activity of f-pore forming
toxins from the large CDC family, which are highly toxic for mammalian cells.?® The selective
binding of CDC to Cho-rich regions, presumably lipid rafts, serves as a mechanism for cell
discrimination, as these toxins do not affect the Cho-free bacterial membranes of the source
organisms. With the notable exception of intermedilysin, which binds to a specific glycosyl
phosphatidylinositol (GPI)-anchored protein receptor,* membrane targeting of CDCs occurs
through a direct recognition of Cho via a Trp-rich conserved undecapeptide sequence.*>*¢ This
is found as a protruding loop at the tip of a -sandwich domain (domain 4),% commonly used
for the shallow interfacial binding of many peripheral membrane proteins.®® Actinoporins, a
type of a-pore forming proteins,* share with CDCs the use of a -sandwich domain to at-
tach to membranes. However in this case the specificity is toward SM,?#” where it binds via
lipid rafts® and lipid phase coexistence.?***?* SM in lipid rafts is also responsible for binding
of a-hemolysin to erythrocyte membranes.” In this case the site of binding is thought to be
configured by phosphocholine (PC) head groups clustered in SM-Cho microdomains, which
provide a two-dimensional spatial arrangement able to promote protein oligomerization and
simultaneously increase the affinity to the membrane. A similar role of Ly domains as concentra-
tion platforms may be common to other toxins exhibiting raft-related activity (see below).”

The mitochondrial permeability increase caused by proteins of the Bel-2 family during apop-
tosis is regulated by specific lipids and membrane properties.”* CL is a characteristic lipid of
the mitochondrial inner membrane and has been related to the apoptotic release of cytochrome
2490190 This negatively charged lipid provides specific targeting of tBid to mitochondria through
a high aflinity binding domain.”® The protein gets access to CL at the contact sites between inner
and outer mitochondrial membranes. This, in turn, causes membrane remodelling and reordering
of lipids, specially CL, which is mobilized to the outer membrane.””” Experiments with vesicles
reconstituted with mitochondrial lipids show that CL is also necessary for Bax action,’ participat-
ingin the recruitment and activation of the protein.!” However, the definition of a specific role of
CL for the pore activity of Bcl-2 is complicated, since this lipid is related to multiple other func-
tions, like mitochondrial metabolism, oxidative stress, anchoring and regulation of mitochondrial
proteins.'® For example, CL anchors cytochrome ¢ to the mitochondrial inner membrane and is
likely involved in the mobilization and release of this protein from its membrane attachment.!®
Additionally, it appears to be connected to the mitochondrial oxidative metabolism, via CL per-
oxidation, due to exposure to reactive oxygen species.'®®
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A Membrane Foldase Activity Configures Peptide and Protein

Active Structures

Pore-forming polypeptides can be found in alternative water soluble and membrane bound
species with different corresponding structures (Fig. 2). Because their function is performed in
the membrane, the change of structure associated to membrane binding is an important step for
their activation. The question of how membrane-mediated activation takes place is connected
to the more general question of how solvent influences protein folding.* Pore-forming peptides
change from an unfolded state in the high dielectric water medium to an organized structure, in
most cases at-helical, in the hydrophobic membrane environment (Fig. 2A). Pore-forming proteins
have globular compact structures in water, which largely reorganize in the membrane-bound state
(Fig. 2B,C). In both cases the structural readaptation follows a multi-step process which typically
involves deeper insertion in the membrane and in some instances oligomerization. This role of
the lipid membrane in promoting protein activation through a control of protein folding can be
described as a chaperon-like foldase activity. How these conformational changes take place can
be very different depending on the case, especially for the pore forming proteins.'® Here, again,
we will distinguish a generic role of the membrane, valid for all cases at least to some extent, from
other more specific roles.

Structure Remodelling at the Membrane Interface

As we have discussed above, the membrane interface is the receiving surface for PFPPs reaching
the lipid bilayer. This chemically heterogeneous region, where physicochemical properties vary dra-
matically with depth (Fig. 1A-D),** is ideal for stabilizing polypeptides in different conformations
and thus for facilitating their molecular re-adaptation. Because partitioning of free backbone-peptide
groups to this environment is very unfavorable, compared to H-bonded groups, there is a strong
tendency to form secondary structures. 1% Moreover, folding (typically as a-helix) is accompanied
by the accentuation of amphipathicity (Fig. 1E), which then increases the stability of the polypep-
tide in the interface and, following the hydrophobicity gradient, favors a deeper binding.**® The
membrane-dependent coil-to-helix transition of peptides has been described as partitioning-folding
coupling (Fig. 2A).* It has been characterized experimentally’®**7>1% and also studied in detail by
MD simulations.’>*>!”1% Membrane-induced o-helix formation is exothermic and energetically
favorable, with reported free energy changes for folding in the range of —0.14 to —0.4 kcal/mol
per amino acid residue.*¢7741% Although with more modest thermodynamic consequences,
[-structure is also favored by membranes.¢10>11%111 Thys, for pore-forming peptides, interfacial
bindinginvolves a large increase of their secondary structure with respect to their state in water (where
they are largely unfolded).365752607374106109 Nevertheless, molecular dynamics simulations of pores
formed by magainin and melittin suggest that well structured a-helices are not a prerequisite for
pore formation.”** In line with that conclusion a D-amino acid synthetic analog of melittin, having
predominant B-structure, has been found to be active,* although membrane binding in this case is
indeed largely decreased compared to that of the native o-helix peptide.>

Pore-forming proteins also reorganize their structure due to membrane binding, which we
can name partitioning-refolding (Fig. 2B,C). For a-pore forming proteins such a structural
reorganization is in some cases preceded by a pH-dependent molten-globule intermediate!'>!'?
and may include the detachment of a single preformed o-helix from the protein core (case of
actinoporins, illustrated in Fig. 2C), a general increase of the proportion and average length of
various O-helices (case of colicin E1 channel domain)'* and several pH-dependent refolding
states (case of Diphtheria toxin T-domain).®*!"> On the other hand, f-pore forming proteins
must often refold part of their structure so that different subunits can donate (3 strands to form
oligomeric B-barrels.'™ This, in the case of CDCs, occurs through a switch of secondary structure
from o-helices to B-hairpins.**!!¢

Another important characteristic of the membrane interface is anisotropy, which constrains
the possible molecular configurations in the membrane complex to a small number. This selects a
flat arrangement of amphipathic polypeptides (Fig. 2A), with the main axis of peptide segments
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running near parallel to the membrane plane. Such is the configuration most often found experi-
mentally for pore-forming peptides.!"” In these cases, changes into a perpendicular alignment have
been seen accompanying pore formation over a threshold peptide concentration'"® (see below and
Fig. 6) or associated to a change of the phase of the lipids."”'** For helix-bundle a-pore forming
proteins, this corresponds to extended two-dimensional arrays of helices (Fig. 2B), which have
been characterized as membrane-dependent refolding intermediates for some colicins'**'222 and
members of the Bel-2 family.'**"* Because the hydrophobic length of at-helices in these proteins is
relatively short (with the exception of a C-terminal helix in some Bcl-2 members), binding across
the membrane should be disfavored, at least in monomeric prepore states. However, a characteristic
central hairpin of helices is often found in a transmembrane fashion. 22126130

The Lipid Membrane Controls Inter-Protein Interactions

As another way to reshape peptides and proteins, membrane interfaces can promote inter-mo-
lecular association of these molecules. Oligomerization is in many cases a characteristic step for the
activation of PFPPs. However, with a few exceptions,'?! the water soluble states are monomeric
and oligomers form as prepore structures which are strictly dependent on membrane binding.'*
In general the membrane controls oligomerization at the level of protein (or peptide) folding,
by reconfiguring the structure to shape the binding sites and/or by making such binding sites
accessible. In the case of pore forming peptides the presence and possible role of oligomers is not
always clear.”® In molecular dynamics simulations of pore formation by magainin and melittin the
appearance of interfacially adsorbed aggregates is a prerequisite for pore induction.”*** A charac-
teristic endothermic step in the calorimetric titration of melittin has been assigned as a reversible
peptide aggregation (coupled to pore formation), occurring after membrane binding and o-helix
formation.* In that study peptide aggregation is described with a phase diagram depending on the
total peptide and lipid concentrations, with three phases corresponding to monomers, aggregates
and coexistence of monomers and aggregates and phase boundaries defined by threshold values
of the peptide-to-lipid molar fractions (P/L).>® Such boundaries correspond to the threshold
peptide-to-lipid mole fraction (P/L*) in the two-state model of Huang and colleagues,"® which
has been recently reformulated also as a two-phase model.®”

In some CDCs the release of the oligomerization site is performed through proteolytic cleavage
ofa propeptide by a membrane-restricted protease.?® Another powerful mechanism for promoting
inter-protein oligomerization is by two-dimensional clustering.” As mentioned above, some toxins
bind selectively to lipid rafts, which may function as protein concentration platforms and enhance
oligomeric assembly. Reduction of dimensionality, as corresponding to binding in the membrane
two dimensional surface, can lead to an effective increase of concentration of about 1.5 x 1031
Additionally, recruitment of proteins in membrane microdomains can largely increment the
concentration factor. This has been described for aerolysin, whose GPI-anchored receptor associ-
ates transiently with lipid rafts?® and can also be the case for other toxins which bind to SM-Cho
microdomains, like CDCs,* actinoporins,?” a-hemolysin,” Cryl A toxin'®* and lysenin.'**

The Complex Membrane-Dependent Regulation of Bcl-2 Proteins

The lipid membrane exerts also a principal role for the intricate mechanism of action of
pore inducers and inhibitors of the Bcl-2 family. This uses a complicated allosteric mechanism,
explained by the “embedded together” model' where the capacity of the pore receptor (tBid),
executor (Bax) and inhibitor (Bcl-xL) proteins to interact with each other changes after binding
to the mitochondrial outer membrane, as this causes conformational changes that alter and/or
expose new binding surfaces.’**'¥” Docking of tBid to mitochondrial membranes converts this
protein into a high affinity receptor for Bax. A subsequent membrane dependent interaction of
Bax to tBid is responsible of further activation involving the formation of a Bax oligomer, which
can finally form a pore.”**'¥” The inhibition of this process by Bcl-xL can occur at different levels,
but it is in any case also membrane dependent. This may consist, on the one hand, on the block-
age of membrane-bound Bid, which can no longer receive Bax and on the other hand on a direct
binding to Bax, which abolish the formation of the Bax oligomeric pore.'3¢!¥



Role of Membrane Lipids for the Activity of Pore Forming Peptides and Proteins 39

Role of Lipids in the Formation and Stabilization of Pores

The Latent Membrane Pores: Relatives of Pores Induced by Polypeptides?

Although rare, spontaneous pores are inherent to lipid bilayer membranes. They occur indepen-
dently of the presence of peptides or proteins, although in the absence of tension their frequency is
very low. In pure lipid membranes pore formation is kinetically hindered by a large energy barrier,
which cannot be easily overcome by thermal energy (Fig. 3).!121%14 However, the fluctuation of
bilayer lipids gives a chance for stochastic disruptions of the equilibrium bilayer structure, explain-
ing, among other things, the spontanecous formation of pores.'®'*!* For example, the transbilayer
movement of lipids, known as flip-flop, which in cell membranes is accelerated by a number of
specialized catalytic proteins,'* can occur in pure lipid vesicles in time scales from hours to days,
depending on the type of lipids and experimental conditions.'*'* Such unassisted flip-flop has
been proposed to be mediated by lipid-packing defects.'®!*” MD simulations have shown recently
that this process may occur via transient water-pores (Fig. 4A) which allow passage of the hydrated
charged groups of the lipids across the membrane hydrophobic slab.'? The pores are structurally
similar to the ones simulated under mechanical and electrical stress (Fig. 4B),'"'*? a type of bilayer
disruption which is well known experimentally.”*5!5! These flip-flop coupled pores might also be
responsible for the passive ion permeation through membranes,'>!¥152153 although they represent
a negligible contribution to water permeation.'?

The background spontancous lipid flip-flop and pore formation can be largely affected
by the phase state and composition of the membrane. For example, the passive permeability
of lipid bilayers exhibits a maximum at conditions of coexistence of gel domains and fluid
domains.'"">*55 On the other hand the presence of Cho increases the free energy barrier for
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Figure 3. Free energy of pore formation along the reaction coordinate. Relative stability of
intact and porated states of a lipid bilayer in the absence and presence of PFPPs. Pore forma-
tion in pure lipid bilayers with no tension (black, dotted line) is unfavorable and kinetically
hindered by a large activation energy barrier. Membrane-bound PFPPs destabilize the bilayer,
increasing its energy via elastic deformations (left, arrow pointing upwards) and pore forma-
tion may then become favorable (gray, continuous line). The likelihood of the pore state
increases if the PFPP stabilize the pore once it is open (right, arrow pointing downwards).
The rate-limiting step is the rearrangement of the lipids and the PFPP through a high energy
transition state (middle). Such pore activation energy is, in a first instance, reduced by the
changes of the relative stability of intact and porated bilayers, caused by the PFPP and could
be decreased even further if the PFPP stabilizes the transition state. Note that the intact and
porated bilayer states may correspond to the S-state and /-state in Huang’s model,®'"® as
well as to the B.,-state and P-state in Tamba and Yamazaki’s model.?*?” However, there are
fundamental differences between these two models in the definition and properties of the
states (see the text). Thus, we think that this open and more general definition of the states
would in either case be valid.
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Figure 4. Comparison of flip-flop assisting, stress induced and peptide induced pores. All
structure models are from MD simulations of DOPC bilayers. Flip-flop assisting pores (A)'? are
transient defects which form as the charged groups of a phospholipid (constrained in position
during the simulation) traverse the low dielectric membrane interior. Neighboring lipids rear-
range moving deeper into the membrane and allowing the formation of a water-pore defect,
which is highly dynamic. In the graph, small blue spheres are water oxygen atoms, orange
spheres are nitrogen and phosphate, red spheres are oxygens in the lipid glycerol linkage,
brown bonds are lipid chains and the constrained lipid is represented in space-filling cyan
color. Similar structures can be seen in pores induced by electrical stress, shown in panel
(B) as a snapshot of the trajectory ~3.35 ns after applying an electric field of 0.5 V/nm (water
shown in blue, lipid chains in purple and lipid headgroups in orange)." Lipidic pores are
also observed in simulations of 128 DOPC lipids in presence of 4 magainin peptides, when
they are placed either initially near the membrane in the bulk water (C, top view in D) or
self-assembled with the lipids form initially random configurations (E, top view in F).2? These
peptide induced pores are largely disorganized, with variable positions of the peptides with
respect to the rim of the pore. The unfolded peptide structure in (C) and (D) is probably due
to the system being far from equilibrium. Colors in (C-F) are as follows: The backbones of the
peptides are shown in yellow, orange, red and white. Lipid tails are gray. Water oxygens are
green. In (C) and (E) the phosphate atoms of the headgroups are pink or purple depending
on the monolayer where they initially resided. In (D) and (F) the gray spheres represent the
glycerol moieties. Figures reprinted with permission from the Journal of the American Chemical
Society, Volume 128 (A, ref. 12; C-F, ref. 22), © 2006 by the American Chemical Society and
Volume 125 (B, ref. 11), © 2003 by the American Chemical Society.

water pore formation®'>® and on the contrary, the presence of ceramide facilitates flip-flop
and the formation of large and stable lipidic channels.””'¢! Including proteins in the mem-
brane composition has also been observed to affect lipid flip-flop, like in presence of ai-helical
proteins, in principle not related to pore formation, from the plasma membrane of bacteria.'®
This latter effect appears weakly specific, since it is also found for other polypeptides, like
glycophorin'®® and synthetic model transmembrane peptides.'® It has been speculated that
this type of protein-facilitated flip-flop is due to a much lower barrier for defect (water-pore)
formation'? as a consequence of the protein-membrane interaction. Induction of lipid flip-flop
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is also a common phenomenon associated to the activity of many PFPPs.>*!¢1¢8 The large
increase of transbilayer movement observed in these cases is often explained as due to lateral
diffusion of lipids at points of monolayer fusion existing in the edge of the pore and it is one of
the preferred tests to distinguish different types of pores'*®'7 (see below). Additionally, similar
to intrinsic lipid flip-flop, pore formation by peptides and proteins is in many cases described
as an stochastic process related to membrane disruption and nucleation of defects.?224267!

The basic action of specialized pore-forming peptides and proteins may then overlap with
the intrinsic pore-formation capacity of membranes. A number of specific examples support this
idea: osmotic tension and class L amphipathic peptides act synergistically as they induce pores
in vesicles."”! The general attenuation of membrane permeability exerted by Cho affects also the
activity of pore forming peptides.”””” For more sophisticated protein pores, like those formed by
the Cho dependent Vibrio cholerae cytolysin, the pore inducer ceramide enhances the activity of
the toxin.””” On the other hand, the lipidic pores induced by ceramide can be disassembled by
Bcl-2,' the physiological inhibitor of the a-pore forming protein Bax. And in some other cases,
pore formation is favored by defect-rich domain boundaries” and at the phase transition tem-
perature.'”* The lipopeptide syringomycin E, which forms a characteristic lipidic pore, provides
an interesting example linking intrinsic membrane pores and polypeptide induced pores.'” The
charge and dipolar moment of host membrane lipids modifies the effective gating charge of the
syringomycin E ionic channel. Additionally the channel is inhibited in the presence of nonlamellar
lipids with negative spontaneous curvature. Similarly, effects of lipid charge and intrinsic curvature
have been observed for channels formed by peptides'® or proteins.'®*

Can we then establish mechanistic connections between intrinsic membrane pores and pores
induced by peptides and proteins? In an attempt to do that, we make now an overview of different
proposed models and extract from them a minimum general consensus from the point of view

of the role of lipids.
A Consensus View of Pore Formation Stressing the Role of Lipids

There have been a number of different classical (general) models of pore formation by membrane
active polypeptides. Previous work has often stressed the differences between particular models,
amplified by detailed (not always justified) drawings. Instead, we want to underline here their
common points, as many of their apparent contradictions can be regarded as either superficial or
arising from the use of different experimental conditions. Although mostly developed for mem-
branolytic peptides, many of these ideas can be extended to pore-forming proteins'*?#¢; they
essentially leave a prominent role for lipids around the postulate of more or less stable and more
or less organized, lipid-based pores.

Matsuzaki proposed a supramolecular peptide-lipid dynamic complex in order to explain
the simultancous transbilayer diffusion of magainin and membrane lipids, coupled to leakage of
vesicles. In this model both, lipids and peptides form the pore wall, where the presence of acidic
phospholipids may counteract repulsion between the positively charged peptides and explain the
cation selectivity of the channel.!”® This is basically the same as the toroidal wormhole model,
proposed almost simultaneously by Huang’s group on the basis of neutron in-plane scattering
and oriented circular dichroism (OCD) data.?! Huang’s view is sustained on the membrane
thinning that accompanies peptide embedding in the head-group region (S-state). Above a
certain threshold P/L* this triggers a molecular reorganization which involves the re-orientation
of some peptide molecules (I-state) and formation of a pore.'”””® Noteworthy, from a similar
S-state the model postulates different I-states for alamethicin-type peptides: barrel stave of
interacting transmembrane peptides forming a relatively small pore, than for magainin-type
peptides: larger pore where the two monolayers fuse like in a torus and the curvature strain is
alleviated by peptides bound across the membrane, in the interface of lipids making the pore
wall.""® From the membrane side, these two alternative pore states correspond to the two possible
lipid structures at the edge of a pore, which have been experimentally observed by reconstruct-
ing the lipid electron density profiles from X-ray diffraction'”*!* (Fig. 5). This thermodynamic
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Figure 5. Bilayer structure at the edge of peptide-induced pores. The two paradigmatic types
of pore, for long time postulated as alternative models (here illustrated with drawings (A) and
(C) are viewed from the electron density of brominated lipids resolved by grazing angle X-ray
diffraction*'® (B and D). The bromine labels in the acyl-chains of lipids are represented as
small balls in lipids within dashed-line boxes in (A) and (C). Two distinct membrane structures
at the pore edge are found. The alamethicin induced pores leave bilayer holes with no con-
tact of electron density between the two monolayers (B). This corresponds to the schematic
drawing in (A) and indicates that the pore wall is formed exclusively by peptide molecules,
in agreement with a barrel-stave arrangement of alamethicin peptide units (not shown in the
drawing). In contrast, the structure induced by the a.-5 active fragment of the protein Bax shows
continuous electron density between the two monolayers at the pore edge, as expected for
the case of toroidal pores with a wall lined (at least partially) by lipids, drawn schematically
in (C). Because these experiments do not provide data about the peptide part, this is omitted
in drawings (A) and (C) (the reader can see possible models for the peptide arrangement in
Figure 6C,D. Figures (B) and (D) are reprinted with permission from PNAS, Volume 105 (ref.
180) ©2008 National Academy of Sciences, USA.

model,'>*'8! derived from equilibrium experiments, has been complemented by kinetic experi-
ments performed with single giant unilamellar vesicles (GUVs) in the presence of melittin.”
The kinetic analysis presents pore formation as a probabilistic phenomenon dependent on the
nucleation of defects on the lipid bilayer, which occurs after area expansion, due to interfacial
binding of the peptides, reaches a limit value. Thus, the pore is the response of the bilayer to a
polypeptide-induced internal tension, which in turn helps to maintain a stable pore and with a
defined size."**?! Direct evidence and a low resolution structure for such a lipid-based arrange-
ment, in this case induced by an active fragment from the protein Bax,'®!% have been provided
by grazing-angle X-ray diffraction'® (Fig. 5D).

Disruption of the bilayer is also the main ingredient of the carpet model proposed by Shai
et al,? which is similar to the so called sinking raft,'® or more generally the detergent-like activ-
ity.!%1%4 It essentially consists on an extensive surface coverage at the level of the head group
of phospholipids by cationic peptides, up to the point of yielding the disintegration of the
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membrane.* In this case the toroidal pore is adopted as a disordered early transient stage, before
membrane rupture occurs through micellisation. Leaving this latter complete disruption aside, as
itis observed only at very high peptide concentrations,'*'® both Matsuzaki and Shai coincide on
proposing pore formation as due to asymmetric membrane disturbance or mass imbalance over
the external (accessible) monolayer, where the peptide primarily binds. It follows that pores are
necessarily transient, because they will close at equilibrium as soon as mass imbalance dissipates
through the pore. This is supported by recent kinetic interpretations of content release experi-
ments from large unilamellar vesicle (LUV) suspensions by Almeida’s group,**”" as well as kinetic
studies with single GUVs by Tamba and Yamazaki,?**” which also introduce the idea of stochastic
pores (or pores opening at random after a threshold stress). The latter authors propose a two
state B,,—P transition model*® where the B,, state corresponds to the peptide bound only to the
external monolayer, the rate-limiting step is the insertion of the peptide across the membrane and
the P state is a metastable transient pore.*?” Although these ideas have some resemblance with
Huang’s two state model,>>*>'®° there are two main contrasting points: (i) In Huang’s S-state the
peptides are assumed to reequilibrate fast across the membrane’ through small transient pores
occurring even at low concentration,'®® meaning that the stress responsible for pore induction
is exerted symmetrically in the two monolayers. (ii) The pores in Huang’s I-state correspond to
minimum energy and are thus stable once they are formed.3"18018!

The toroidal “pores in action” reported by MD simulations also form stochastically and after
the asymmetric attack to the bilayer.?? In this case the interesting feature is the low level of
molecular organization within the pore, both for lipids and peptides (Fig. 4C-F),” which is put
in contrast to Huang’s view. However, the disagreement may be illusory. Thus, on the lipid side
the regular torus reported by Huang is an averaged structure which cannot be directly compared
with single pores in non-equilibrium, relatively short MD trajectories.'® On the peptide side,
there is no precise information about the number of peptides involved per pore, or their position
and orientation with respect to the pore. For example, in the case of melittin, the estimates of
the peptide aggregation number accompanying pore formation vary from 5 to 8 in an analysis
of membrane thinning® and up to 20 in analysis of calorimetry data.’® It should also be noted
that Huang’s measurements of peptide reorientation upon pore formation, performed by OCD,
do not give accurate orientation values, but rather inform of a change of tilt.”77-178187188 Thys,
the OCD results, normally interpreted as a transition between two extreme states, parallel and
perpendicular to the membrane, might as well be compatible with other linear combinations of
extreme tilts, or even a distribution of peptide orientations at or near the pore rim," perhaps
similar to that seen in simulations (Fig. 4E,F).*** Membrane insertion of pore forming peptides
at tilts other than perpendicular to the membrane has been described in the case of PGLa!!!58
and for an active fragment of Bax."®

Thus, the three main classical models of pore formation have important elements in com-
mon, recognized by Zasloff, who termed them collectively as the Shai-Matsuzaki-Huang (SMH)
mechanism.?! Considering the new ingredients from MD simulations?** and kinetic and single
vesicle studies,***”7! the emerging main consensus ideas are as follows: membrane disruption
due to interfacial binding is the basic mechanism of polypeptide-induced pore formation. It
proceeds through a stochastic cooperative transition, assisted by bilayer defects, in a two-state
process modulated by the membrane elastic properties (see below). This, depending on the
type of protein or peptide, may form barrel-like pores (stable cylindrical peptide or protein
aggregates) or disordered mixed lipidic-proteic (or peptidic) pores. These ideas are valid for
most (if not all) membranolytic peptides. Among the pore-forming proteins, the -type form
preferentially barrels of interacting B-strands®®!'** while the a-type seem to prefer toroidal
pores, so far described for colicins,'®® actinoporins®*** and Bcl-2 apoptotic regulators®™!*!1% as
well as their active fragments.'$#31¢61%0 In any case, the importance of membrane disturbance
and nucleation of defects to facilitate protein insertion and pore formation, modulated by the
membrane elastic properties, should be of general validity.
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Physical Properties of Polypeptide-Induced Pores Related
to the Role of Lipids

Surface Tension, Line Tension and the Stability of Membrane Pores

As we have discussed above, the lytic pores induced by polypeptides have many ingredients of
general lipidic pores, like those formed under tension (mechanical or electrical tension or osmotic
swelling). According to proposed mechanisms,'"'* pores form after a build up of a critical surface
tension (~10 pN/nm),”! which increases the probability of appearance of nucleation sites of
packing defects. Theoretical models describe these pores as meta-stable arrangements, with free
energy of formation being a function of the pore radius (r) as: £, = 27ty — r°0. The first term
is the energy needed to expand the rim of the pore and y is the line tension, opposing the pore.
The second term, proportional to the pore area, represents the work done by the membrane to
open the pore, O being the membrane tension, which favours pore opening and expansion.”>*!%?
This model predicts an intrinsically unstable pore which tends to close for r < y/0 and expands
indefinitely for » > y/0. Thus, while external tension effects increase the pore lifetime and can lead
to vesicle rupture, different lipids as well as non lipid inclusions, like detergents, may affect the
pore stability by changes in the line tension.'>

In a generalization of this model to polypeptide-induced toroidal pores, it has been proposed
that pore forming peptides (we may extend it to PFPPs) act by affecting both, the line tension
and membrane tension terms and making the open-pore state energetically favourable (see Fig.
3)." This can occur through an effect of the PFPPs on the membrane elastic properties (see also
below). The membrane thinning (area expansion) accompanying the interfacial binding of PFPPs
is a source of (internal) surface tension which above a threshold value (~8 pN/nm in DOPC,'!
similar to the rupture tension of vesicles of the same lipid'') overcomes the energy barrier to open
the pore. Additionally, the binding of PFPPs at or near the pore rim may act by reducing the line
tension.>**% Evidence of this latter effect has been obtained as shape changes and coalescence of
L, domains in phase-separated lipid bilayers, observed by fluorescence microscopy of GUVs and
in situ atomic force microscopy (AFM) in presence of the Bax-at5 fragment and the reduction
of line tension was quantified using AFM-film rupture experiments.® A extensive AFM study of
membrane remodelling for a variety of pore-forming and cell penetrating peptides suggests that
line-tension activity may be a common ingredient of the mechanism of these systems.

Lipid-Driven Cooperativity: A Many-Body Effect Triggering Pore Formation

Kinetic,?*%%7! structural’7* and thermodynamic> studies agree on describing pore formation by
active peptides as a cooperative process. It is manifested as a nonlinear concentration dependence of
activity and a rapid rise to saturation as the concentration exceeds a threshold value and it consists on a
steep transition between two main structural states of the peptide-membrane complex.”®!71781% This
cooperativity phenomenon is not due to direct peptide-peptide binding, but rather to a membrane
mediated peptide-peptide interaction which originates on the elastic properties of the membrane,
in the form of area expansion®*'** and membrane thinning (Fig. 6).2!*>! The interfacial binding
of the peptide in the S-state (below a threshold P/L*) expands the membrane area and causes a local
thinning. This corresponds to a positive energy of elastic deformation, proportional to the ratio of
peptides bound per lipid. The consequence is an increase of the free energy of the S-state (Fig. 3)
which reaching a threshold value (corresponding to a limit tension, see above) triggers a molecular
reorganization (/-state) with the opening of lipidic pores and a change of orientation of a few peptides
per pore.'8"'%3 This has been recently interpreted as similar to a micellisation process (and the two
states have been renamed phases).®” The new analysis allows an estimation of the number of peptides
per pore (a minimum of 4) involved in the transition.”

Interestingly, the membrane-mediated cooperativity of pore-forming peptides suggests a model
for the activity of a-helical pore-forming proteins, like proapoptotic Bax, pore-forming colicins and
diphtheria toxin.®” The prepore state of these proteins is thought to consist on an extended two-di-
mensional array of helices, which has been characterized for some colicins!*!?"'?2 and members
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Figure 6. Lipid-dependent cooperativity of pore formation by polypeptides. The general nonlinear
concentration dependence of the activity of PFPPs has been described for the case of antimi-
crobial peptides as a phenomenon arising from the deformation of the bilayer.®*7¢'8" A) Upon
the initial interfacial adsorption of the peptide, a non homogeneous monolayer expansion at
the level of the headgroups causes disordering of the acyl chains, which occupy the space left
below the peptide and thus membrane thinning (Ah).>°® The local thinning effect extends up
to a persistence length (/) depending on the membrane elastic properties and it is the origin
of lipid mediated peptide-peptide interaction (repulsive or slightly attractive depending on the
peptide-peptide distance). The corresponding positive elastic energy destabilizes the bilayer
proportionally to the amount of adsorbed peptide (B, see also Fig. 3). Close to a threshold
peptide density (B) the stressed lamellar state is close in energy to the transition state for pore
formation (Fig. 3) and the pore will eventually open (C, D). (A) and (B) correspond to Huang’s
S-state and (C) and (D) to the two alternative /-states (barrel-stave and toroidal pore). These,
are essentially similar to the Tamba and Yamazaki’s B,-state and P-state? (the main differences
between the S and B,, and / and P states, discussed in the text, are not relevant for this model
of cooperativity). This model explains the formation of both barrel-stave (C) and toroidal pores
(D) and although formulated for peptides can also be extended to proteins.®

of the Bcl-2 family.’**'* Such a configuration would correspond to the S-state, where each helical
segment of the array contributes to membrane thinning. Moreover, because the different segments
are linked within the same polypeptide chain, they keep confined in a small membrane area, which
corresponds to a high effective density of amphipathic a-helices. This should facilitate the transi-
tion to the pore (I-) state which can be expected to occur at a low threshold protein-to-lipid ratio.
In fact, these proteins are known to be active at nanomolar concentrations.'”” A similar effect may
be valid for the pore formation by protein toxins from other families.
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Figure 7. Classical and nonclassical lipid curvature effects in pores formed by polypeptides.
The tendency of lipids to bend the monolayer can be measured by the radius of spontaneous
curvature, R,. This depends on the lipid morphology (A) and can be near zero (cylindrical
shape, like PC lipids) positive (inverted-cone shape, like lysolipids) or negative (cone-shape,
like diacylglycerols and PE lipids). The classical interpretation of the effect of lipid spontaneous
curvature3*10019 arises from the fact that toroidal pores are highly curved structures (B). The
curvature strain in the plane perpendicular to the membrane (B, top) is alleviated by lipids with
positive curvature, which are said to stabilize the pore. On the contrary, negatively curved lipids
would destabilize the pore. The opposite is expected for the lipid arrangement in the bilayer
plane (B, bottom), although the effect in this case would be important only for small pores. The
spontaneous curvature of lipids can also affect the strain produced by polypeptides adsorbed at
the interface (C, nonclassical effect).®*'®* In this case, the cross-sectional area occupied by the
polypeptide inclusion is larger at the level of the head-group region, producing disordering of
the acyl tails and membrane thinning (see Fig. 5). The polypeptide inclusion can be viewed as
introducing positive curvature strain,?** which can be compensated by negatively curved lipids.
Thus, these latter lipids would generally stabilize the adsorbed state and oppose the pore state,
while positively curved lipids would destabilize the adsorbed state and promote the pore.

The Elusive Role of Spontaneous Curvature: Classical and Nonclassical Effects

Because the pores imply bilayer deformations, they are also related to bilayer elastic (mechanical)
properties, namely the isothermal area compressibility modulus (K), the bending modulus (£.)
and the monolayer spontaneous radius of curvature (R,).”'7!% These three parameters depend
on the bilayer composition.”” The energy of bilayer deformation contains terms accounting for
area changes, proportional to K, and curvature-elastic effects, proportional to £./R,and both have
been observed to correlate linearly with the melittin-induced leakage.” It is proposed that the
interfacial adsorption of the peptide induces a bending moment in the bilayer causing deforma-
tions which act as a nucleation site for pore opening. The opening probability, stability and size
of the pores is then determined by the deformation energy of the lipids and it thus depends on
the intrinsic lipid curvature.”” This observations are in line with the characteristic high curvature
strain of lipidic and proteo-lipidic toroidal pores!#!>*2% (Fig. 7).

Strong positive curvature arises from the bending/fusion of the two monolayers at the pore
edge, forming a structure with a radius of approximately half of the membrane width as it can
be visualized in a plane perpendicular to the bilayer traversing the pore (Fig. 7B).>*!¢!1% Thus,
the pore rim would be stabilized by lipids with wedge or inverted-cone shape, which are said to
have positive spontancous curvature (most generally lysolipids, Fig. 7A). This concept predicts
also that cone-shaped negatively curved lipids, which are those that induce the hexagonal Hy,
phase,® should have an opposite effect, i.c., destabilize the pore.’*'* For the case of PFPPs the
activating/stabilizing effect of positively curved lipids has been shown to be valid in a number of
instances.””'¢¢18%200202 However, the effect of negatively curved lipids seems to be less general and
they have been reported to both, inhibit”7166:189200202 an facilitate!$3>1¢1%8 pore formation. This
heterodox role of negative curvature has been related to the fact that a toroidal arrangement of
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lipids in the pore edge posses also regions of negative curvature strain in a plain parallel to the
membrane (Fig. 7B).3*1%1% Such an effect is predicted to be strictly dependent on the pore size,
being comparable to the positive curvature effect for a pore radius of ~2 nm (approximately half
of membrane thickness) and vanishing small as the pores increase in size.””” Thus, it has been
argued that the activating effect of negatively curved phosphatidylethanolamine (PE) lipids in
pores formed by a Bax a5 fragment,'*!% compared to the classical inhibitory effect observed for
complete Bax,'*”!%” may be due to the formation of smaller pores in the former. However, the pores
induced by Bax 0.6 (another active Bax fragment), despite being apparently of a size comparable
(or even smaller) to that of Bax a5 pores, are inhibited by the presence of PE.!* Other conflicting
examples have been explained by additional properties of lipids complementing or compensating
the curvature effects. Such are the cases of the stimulated opening of large conductance 600 pS
ion channels of colicin E1 at increased lipid negative curvature, compared to the case of small
conductance 60 pS channels'® and the increased activity of pores formed by sticholysins I and
IT in the presence of negatively charged PA, PS PG, PI and CL as well as zwitterionic PE. In the
case of the colicin E1 600 pS channels, the increase of opening probability has been related to a
simultaneous stimulating effect due to hydrophobic mismatch.!®® With respect to the pores of
sticholysins, the observed behavior is attributed to intrinsic negative curvature of the assayed lipids,*
which due to their negative charge, is enhanced in the presence of positively charged residues of
the membrane-bound protein.?”*** Additionally, the existence of distorted toroidal pores™ might
also explain the heterogeneity of negative curvature effects, since they are related to the local pore
radius which will be variable in a complex manner for noncylindrical pores.

Based on structural measurements (membrane thinning), Huang et al have described a different
effect of lipid spontaneous curvature, which we term nonclassical curvature effect (Fig. 7C).* In
agreement with leakage experiments, negatively and positively curved lipids increase and reduce,
respectively, the threshold P/L value for the S-state to I-state transition. However, the observed
correlations are similar for barrel-stave pores (alamethicin, Fig. 6C) and toroidal pores (melittin,
Fig. 6D) and in cither case the relative stabilities of the S and [ states appear weakly dependent on
lipid curvature.”*'%* So, it appears that the bending stress of the toroidal pore is efficiently released
by the peptides,** in agreement with a reduction of the line tension (which implies that the pep-
tides stabilize the lipidic pore, see Fig. 3).%*% Instead, the major effect of varying the spontancous
curvature of lipid is a change of the degree of membrane thinning that accompanies the interfacial
adsorption of the peptide (Fig. 6)."* This can be understood by considering that cone-shaped
negatively curved lipids, with a smaller head-group area, compared to the area occupied by the lipid
tails, accommodate better the interfacially adsorbed peptides (attenuate membrane thinning and
increase the threshold for the S—1 transition) and the opposite occurs for inverted cone-shaped
(positively curved) lipids (Fig. 7C).

Conclusion

On the functional scene, pores formed by peptides and proteins have a lot in common, as they
all are systems for defense and attack, or in a more general sense related to cell death. In contrast,
reports about these functions often put the accent on diversity, helped by an ever increasing
number and variety of structures and mechanisms. Membrane lipids and the lipid bilayer proper-
ties are a unifying ingredient in this Universe of pore forming peptides and proteins and we can
find a minimum of convergent ideas concerning the role of lipids. The compromise of the bilayer
integrity is an intrinsic capability of lipid membranes, which can be modulated at a basic level by
the lipid composition and phase changes. Polypeptides employed for pore formation use in part
this intrinsic capability, while adding different levels of complexity which allow specificity and
regulation. These ideas have benefited from recent improvements of structural techniques and the
incorporation of new powerful methods, like single vesicle approaches and multiscale molecular
simulations. Thus, the lipid part can now be studied as a protagonist of pore-formation, rather
than a mere passive medium, which will surely introduce a new focus to help understanding this
complex function.
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CHAPTER S

Cholesterol-Dependent Cytolysins

Robert J.C. Gilbert*

Abstract

he cholesterol-dependent cytolysins (CDCs) are part of a large family of pore-forming

proteins that include the human proteins perforin and the complement membrane attack

complex. The activity of all family members is focused on membranes, but the proteins are
themselves involved in a diverse range of phenomena. An overview of some of these phenomena is
provided here, along with an historical perspective of CDCs themselves and how our understand-
ing of their mechanism of action has developed over the years. The way in which pore formation
depends on specific characteristics of the membrane under attack as well as of the protein doing
the attacking is emphasised.

The cholesterol-dependent cytolysins (CDCs) have been the focus of a renewed keen research
interest for over ten years now.' Their importance has been even further enhanced by the homol-
ogy now identified between them and the membrane attack complex/perforin (MACPF) family
of proteins, which includes several components of the complement cascade as well as perforin
itself>? In this chapter I aim to provide an overview of our understanding of the interaction
between CDCs and other members of what is now called the MACPF/CDC superfamily, with
their target membranes.

CDC:s (also in the past known as thiol-activated toxins or cholesterol-binding toxins) were
originally identified from four Gram-positive bacterial genera (Clostridium, Listeria, Bacillus
and Streptococcus). Well-known examples include listeriolysin, perfringolysin, streptolysin and
pneumoysin. Listeriolysin from L. monocytogenes is responsible for the escape of bacteria from
the phagosome to colonise the cytoplasm'® and has been applied as a protein adjuvant in the
development of vaccines against cancer and tuberculosis, for example."""* Perfringolysin from
C. perfringens (Fig. 1A) has become perhaps the most studied CDC* and has an important role
in pathology associated with infection (gangrene).'*'¢ Streptolysin from S. pyogenes is another
intensely studied CDC and has been applied widely in experimental permeabilisation of biological
membranes.'”'® Pneumolysin is a major virulence determinant for §. preumoniae, allowing bacterial
invasion of tissues and mediating inflammation and the activation of the complement cascade.””?
However, CDCs have now, for example, been identified in the bacteria Arcanobacterium pyogenes
and Gardnerella vaginalis® and there also appear to be homologues outside prokaryotes such as
the sea anemone Metridium senile pore-forming toxin metridiolysin.*' The homology with the
MACPF family was unknown until the first structures of the canonical fold of that family were
solved, revealing the now characteristic MACPF/CDC fold of a twisted B-sheet around which
helices are clustered (Fig. 1A and D). Without any significant other sequence homology, the
fold of this superfamily of pore-forming and membrane-binding proteins has been conserved by
compensatory mutation around a handful of key conserved glycines.**” The glycines presumably
act as critical hinges during the dramatic refolding that CDCs are known to undergo and which
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Figure 1. A) Atomic structure of perfringolysin”® depicted as a grey ribbon. The two helical
regions which refold into the membrane as a B-hairpin are coloured red, the loops at the
base of domain 4 implicated in cholesterol binding blue with an expanded coil radius and the
tryptophan-rich loop upon which cholesterol impacts in pore formation in cyan. B) Atomic
model of the prepore state of CDCs when a full ring oligomer is formed, modeling the per-
fringolysin crystal structure into a cryo-EM map for the prepore.?” Regions of the structure are
coloured as in panel (A). C) Atomic model of the pore state of CDCs as a full ring, as in (B)
for the prepore. D) Atomic models of complement protein C8a. (left), a complex of C8a and
C8y (center) and the Plu-MACPF domain, a prokaryotic MACPF protein (right). The regions
of each structure correlating to the membrane-inserting regions of CDCs are coloured red in
each case and in the central panel C8y is coloured a lighter shade of grey.

is presumably the selective advantage of this specific structure that has caused it to be conserved
over such a vast evolutionary timescale. While not all MACPF domains are involved in pore
formation—for example, C6 and C83—they are all apparently involved in action on membranes.#?
The dramatic refoldingundergone by CD Cs is tightly coupled to their oligomerisation and results
in the conversion of the helices hemming the core -sheet of the MACPF/CDC domain into a
pair of B-hairpins which in tandem and alongside those from other subunits within the oligomer
insert into the membrane to create a pore****? (Fig. 1A-C). It is obviously the basic assumption
that where nonCDC members of the superfamily—such as complement proteins and perforin—
act on membranes they do so by a mechanism involving similar refolding.>® Even where a member
of the MACPF/CDC superfamily is not known to form a pore, or has been shown not to—at least
alone—the same conformational change could have other adaptive functions during activity on
or at membranes. However, the bicomponent nature of some pore-forming toxins® alerts us that
showing an absence of activity for one pure protein does not mean that they do not contribute
to pore formation quite directly, since that may require the presence of another MACPEF/CDC
family member or members from the same specific system. Complement acts by a combination of
the C5b-8 complex of proteins preassembled on a target membrane recruiting C9 to form alesion,
which may be a complete ring of C9 associated with the C5b-8 or an arc—electron microscopy



58 Proteins: Membrane Binding and Pore Formation

images show both possibilities.?>* Perforin acts in concert with granzymes, to trigger apoptosis
when delivered by cytotoxic cells at their targets (damaged, transformed and infected host cells).
Incomplete rings are visible for perforin also®** and there are many unresolved issues concerning
its mechanism and the dependence of granzymes on it for their delivery.?*3*

Functional Studies on CDCs

CDCs were the subject of kinetic and electron microscopy studies in the 1990s, which sought
to define their mechanism and to interpret it in terms of a molecular/mechanical model. Earlier
images of ring-shaped and arc-shaped structures on membranes clearly represented oligomers,*
but the question was how did they assemble and what was the temporal and therefore mechanistic
relationship between their assembly and the appearance of pores? Some kinetic studies indicated
that the oligomerisation process preceded the appearance of pores, i.c., was complete by the stage
at which pore activity appeared® and this key insight has only been strengthened by subsequent
data.>* However, other studies showed that incomplete rings (arcs) may be functional or have some
distinctive kinetic role,*! leading to a model of pore formation in which arcs were inserted into the
membrane and formed pores and they could increase in size after a pore had formed.*# This was
in fact a model for CDC activity that had been current for several years,?” alongside the model in
which the oligomer formed completely before a pore was generated.® For some time it appeared
that these two views of CDC activity were irreconcilable, which left inexplicable either the data
showing that arcs had functional significance®®#"# or the data showing that oligomerisation was
complete when pores form.2*#264%% However, all the available data are potentially explicable if
the two models are combined whereby arcs can form pores, but oligomer growth is halted when
they do.2 On this view, a distinctive prepore structure does precede the appearance of a pore, but
it is not necessarily a full ring as it can also be an arc (Fig. 2), as strikingly seen in an atomic force
microscopy study of perfringolysin.** Yet this synthesis leaves open a number of key questions,
many of them to do with the way in which the CDCs interact with the membranes they target.

Membrane Binding by CDCs

The coining of the name ‘thiol-activated toxin’ as the first term by which CDCs were known
derived from the observation that they became inactivated in impure preparations and could be
re-activated by addition of cysteine or hydrogen sulphide.* It was later shown that the single
cysteine possessed by most CDCs is not in itself critical for activity,” but clearly reaction with it
blocks or hinders in some other way a key step in the process by which they act on membranes.
Not only that, but it also appears to prevent self-oligomerisation,* which for some CDCs occurs
spontancously at high concentrations in solution to produce structures that are closely related
to those formed during pore formation itself.>*”* This cysteine is found at the bottom of the
C-terminal fourth CDC domain, as part of a tryptophan-rich loop (ECTGLAWEWWR) that
haslongbeen implicated in the process by which CDCs adhere to membranes and which is highly
conserved. Some mutations within this 11-residue motif have severe effects on CDC activity and
aspontancously-occurring mutant form is found in the human-specific CDC intermedilysin from
S. intermedius, where it reads GATGLAWEPWR.* Intermedilysin does not use cholesterol as its
membrane receptor, but instead the protein CD59—a GPI-anchored molecule responsible for
inhibition of complement activity at host cell membranes,” but the altered specificity does not
derive from mutations in the conserved undecapeptide. Instead, mutations elsewhere at the base
of domain 4 (Fig. 1A) are presumably responsible, since the location of cholesterol recognition in
the other CDCs is found there.” And yet, despite the fact that intermedilysin does not bind to
cholesterol in order to attach to a target membrane, it requires it for pore formation subsequent to
binding.**! That cholesterol is otherwise the receptor for CDCs remains the general view, though
this is accepted more by default than acclamation. Nevertheless, the cholesterol specificity of the
CDCshasbeen tested thoroughly and historically was one of the earliest aspects of them to be well
characterized. For some it has been directly observed®>* and features of cholesterol that appear
necessary include a 3 conformation of the cholesterol hydroxyl group on carbon-3 and the aliphatic
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Figure 2. A) Cartoon of pore formation by a CDC oligomeric arc, in which the prepore (middle
panel) is an incomplete ring, presumably due to a lack of further monomers for incorporation,
and the pore consists of a protein arc abutting a lipid membrane in a toroidal arrangement of
lipids (see panel C). The membrane is yellow, the CDC red and the pore blue. B) Cartoon of
pore formation by a CDC oligomeric ring, in which the prepore (third image) is a complete
ring due to sufficient monomeric toxin being present. Colours as in panel (B). C) Top cartoons
of the arrangement of lipids expected to form the wall of a lipid-only or proteolipid mosaic
pore, in which the upper and lower leaflets of a bilayer are joined through the lumen of the
pore. Second image how this would look from above in the case of electroporation”; the
whole wall surrounding the blue pore would be formed from this arrangement of lipids. Third
image how this would look in the case that a mosaic of peptides and lipids form the pore, as
with Bax”? (red objects represent inserted peptide). Bottom image how this would look in the
case argued for CDCs in which an arc of protein triggers pore formation.

chain found on carbon-17.%¢ In direct measurements, it was possible to show a 1:1 stoichiometry
between cholesterol and pneumolysin, which again supports the idea that it acts as a receptor for
such CDCs.” The affinity profile of CDC (perfringolysin) binding to membranes also suggests
that a lipid receptor is involved, since there were two different affinity binding sites (of ~100 nM
and ~1 nM Kd) and the balance between them is modulated by the lengths of the lipid aliphatic
chains.’® For example, with just C(18) lipid tails the high affinity sites appeared when the choles-
terol was at a mole-percentage of 31, 40% for 0.4:0.6 C(16):C(18) and 43% for just C(16) tails*®
and high affinity sites did not seem to arise at all with C(14) tails,”” while carbon-carbon double
bonds promoted binding of CDCs.* This suggests that it is possible a transmembrane dimer of
cholesterol is the high affinity site structure.” A more recent study® has strikingly recapitulated
many of these findings previously made by Ohno-Iwashita and colleagues, underscoring that the
lipid composition, besides cholesterol itself, affects the availability of cholesterol for CDCs to
bind to. It seems that the cholesterol preferentially bound is free cholesterol (i.e., not in rafts/
microdomains) and the high concentrations of sterol required to sustain CDC binding in model
liposomal systems is due to the need to have such free cholesterol.! This is effected by having
saturated lipids otherwise forming close associations with cholesterol which may be achieved in
living target cells by the presence of proteins and other lipids which are not recognized by CDCs
but which can bind to phospholipids in similar ways to cholesterol.*!
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Pore Formation by CDCs

The interaction of the CDCs with the membrane is a two-stage process, firstly involving the
C-terminal domain (domain 4; Fig. 1A) binding the bilayer surface and then the insertion of the
pendant domain 3 from above its surface through its depth.??>%% Three loops at the base of do-
main 4 associate with cholesterol in the binding event and a fourth loop containing the conserved
11-residue CDC signature motif is especially critical in cholesterol-dependent prepore-to-pore
transition.”® This chimes especially neatly with the detailed characteristics of some of the mutant
forms of CDCs that have been modified in this region; the pneumolysin mutant in which the first
of the three tryptophans was modified to phenylalanine displays only 1% wild type activity but
forms larger pores in general. ¢ This suggests that by affecting the prepore-to-pore transition for
which this region of the protein is critical® it allows time for more larger (more complete) pores to
form and less arcs are able to form pores, as previously argued.? The fact that pore size is affected by
the effects of mutations on the prepore-to-pore transition is a striking piece of evidence that arcs of
CDCs can form pores, alongside the fact that mutations which cap oligomerisation tend to reduce
the measured pore size.” It has in contrast been argued that only large pores are found, for example
by the use of cargo leakage studies on liposomes® but that conclusion rather depends on what large’
means. Even pores formed by arcs might be large’ and may not be easily differentiated from those
formed by rings by these means, particularly given the likelihood that the lipids completing the
pore wall where the arc runs out will display flexibility and fluidity. A finer resolution readout on
pore size might be provided by electrical conductance measurements and there is evidence from
such readings that pore size varies significantly enough that a role for arcs is indicated in creating
pores significantly smaller than CDC oligomeric rings®**“—which might still seem ‘large’ by leak-
age. In addition, the effects that cations have on pores—for example causing them to close®%—is
very hard to explain if the large CDC oligomeric ring equates always to the pore—a zinc ion, for
example, will hardly be capable of sterically blocking such pores. If however zinc ions interacted
with the charged headgroups of lipids participating in the pore structure and caused them to be
reorganized then this phenomenon would be explained. Another key piece of evidence in favour of
pores forming by the action of incomplete rings comes from what happens when prepore-to-pore
transition is deliberately halted by locking the prepore state. This was achieved by introduction
of a disulphide into perfringolysin that prevents the conformational change leading from the
prepore to the pore.” The resulting structures are far more predominantly rings, both as prepores
and when pores are subsequently allowed to form by reduction of the disulphide, than they are
when the CDC is allowed to go through from prepore to pore in an uninterrupted fashion. This
demonstrates a kinetic aspect to pore formation by CDCs, by showing that kinetic interruption
affects the end result of oligomerisation.” It also neatly therefore links back to the earlier study
that suggested that arcs are ‘kinetically significant intermediates’*!

Proteolipid Pores

If arcs are capable of forming pores then the interface between the arc and the membrane must
somehow define the pore lumen (Fig. 2A,C). How this is achieved is unknown but data from other
systems suggests a mechanism, while also highlighting the way in which the interaction of CDCs
with the membrane is a two-way phenomenon, similar to the way that the phospholipid composi-
tion also affects the number and the nature of binding sites formed by cholesterol.’** It is not a
matter of the protein acting on an inert membrane, which is the model implicitly behind thinking
of pore forming proteins as if they were in the end a special kind of facultative integral membrane
protein, but of the collision of two active systems—the dynamic membrane environment and the
affinity-driven process of coupled oligomerisation and membrane insertion of the CDC. Other
systems in which a similar clash occurs include the process by which enveloped viruses fuse with the
cell membranes of their hosts and by which SNAREs and other proteins mediate vesicle fusion—for
example the fusion brought about by the vacuolar AT Pase c-ring®® (Fig. 2C). With both cellular
and viral membrane fusion the focal point is a highly curved toroidal arrangement of lipids in
which alongside the fusion proteins a continuous surface of phospholipid headgroups extends over
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the surface of the fusion pore. A similar arrangement of lipids is envisaged for the pores formed
by equinatoxins,” as part of a proteolipid mosaic and for the pores created in electroporation,”
but obviously without any proteins being specifically involved. Direct evidence for a mosaic of
lipids and a peptide being responsible for the structure of a pore has been obtained by X-ray
crystallographic analysis of pores formed by a fragment of the apoptotic regulator Bax, the lipids
being explicitly observable due to the presence of bromine atoms in their headgroups.” The kind
of structure envisaged for a CDC arc-generated pore would in a sense be a third kind of structure
to those already described for viral and vesicle fusion and electroporation; halfway between the
two, instead of alternating protein or peptide and lipid (Fig. 2B), or just electrically-perturbed lipid
(Fig. 2A), there would be protein on one side and lipid on the other (Fig. 2C). The remaining
problems with this interpretation of how arcs form pores concern satisfaction of the hydrogen
bonding patterns found in B-sheets and the long term stability of proteolipid pores. Unlike
a-helices, B-sheets rely on hydrogen bonds formed between spatially adjacent but sequentially
separate portions of the peptide chain, rather than spatially and sequentially contiguous regions.
The unclosed edges of a CDC pore-forming arc would therefore have unsatisfied permanent dipoles,
except that the presence of the charged lipid headgroups in the surface of the pore could provide
countercharges for them. The arc pores, if they exist, do appear relatively stable since they can be
observed using atomic force microscopy® and electron microscopy.**#7* This might be surpris-
ingif they consist in a proteolipid mosaic, but since we know that Bax can induce such structures
stably so that they can be studied using X-rays’” it may just be a feature of these novel structures.
If arcs form pores by inducing a toroidal lipid surface as found in the presence of Bax peptide,
duringvesicle fusion and during electroporation, then this would explain where the lipid from the
centre of the oligomcr is removed to, since it would be free to move away from the protein ring
and leave behind a pore. It also suggests a mechanism for this movement since the charged nature
of the luminal face of the inserted B-sheet could even function, as a localized electrical charge, in
away directly analogous to electroporation.

Oligomerisation—A Mechanism for Membrane Insertion

Complete ring-shaped oligomers formed by CDCs consist of 30-50 subunits. These were first
visualized in detail by rotational correlation analysis of perfringolysin’ and pneumolysin” oli-
gomers. Later three-dimensional studies of pneumolysin by cryo-EM?*¥” and of perfringolysin by
atomic force microscopy* confirmed their large size (for the pore up to 44 subunits) and showed
in detail how the crystal structure is essentially maintained in the prepore but dramatically altered
in the pore. Alongside fluorescence data showing the insertion of the transmembrane hairpins into
the membrane*?¢¢7¢7 these data allowed the overall mechanism to be characterized by which
CDCs reorganize themselves from a soluble aqueous monomer or dimer (for example pneumo-
lysin is monomeric but perfringolysin is dimeric>’**) into a membrane-inserted oligomer. The
first three-dimensional structure determined was of pneumolysin as a helical oligomer? in which
it adopts a conformation apparently very similar to that found in the pore.>?” It is hard to believe
that the helix exists at any stage in a prepore-like conformation, since no such helical structures were
observed and the helices were on occasion very long (300 nm and more) which would require very
extensive cooperativity in the prepore-like-to-pore transition within a rather open structure. This
means that pneumolysin (at least) has the structural plasticity to convert from the soluble mono-
mer to the aggregated pore-conformation oligomer in a single step. On membranes, however, the
prepore is a necessary staging post, because penetration of the membrane represents a significant
energetic barrier which the CDCs vault over by their strong affinity for self-association coupled to
an energetically favourable and irreversible conversion to a membrane-inserted state. Whether arcs
or rings form pores is kinetically governed by the continuingability to recruit further protomers toa
nascent prepore oligomer? (Fig. 2A,B). If the source of new protomers dries up, then prepore-to-pore
conversion will occur even if the ring is incomplete, but this can be inhibited either stringently but
reversibly, as with the locking of domain 3 against conversion,”® or incompletely as is the case with
the mutant W433F in pneumolysin referred to above.®*% The membrane therefore constitutes a
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new challenge to CDC oligomerisation, one which these proteins are adapted to deal with and
which again underscores the way in which their action needs to be viewed from both sides—the
activity of the protein on the membrane and the effects of the membrane on the protein. The
reason why pneumolysin appears to be particularly susceptible to oligomerisation in solution is
likely that it is a monomer, whereas those CDCs which are antiparallel dimers (like perfringolysin
is) are antoinhibited until their constitutive subunits separate on cholesterol binding.* Therefore
the demonstration that anthrolysin from B. anthracis is a monomer like pneumolysin® would sug-
gest that it too will have enhanced capacity for self-association in solution. Clearly, native CDC
activity is on membranes, but if an aspect of that activity, such as oligomerisation, can be induced
in solution then that provides insights into how it occurs at all.

Complex Effects of CDCs and Related Protiens

While it is attractive to think of the CDCs as facultative integral membrane proteins, the
variety of effects on cells observed with them indicate that they are far more complex a system
than that approach alone allows. Even in a simple model liposomal system a range of effects are
observed, such as blebbing of membranes and the shedding of oligomeric toxin complexed with
lipids into solution.***% To take one specific example, when images of pneumolysin forming pores
were being collected by cryo-EM it was frequently observed that liposomes covered with protein
structures could be found adjacent to liposomes with none. This suggests that the liposomes with
none either had no cholesterol, which seems unlikely, or that they resulted from the action of the
toxin; this would agree with solid-state NMR data showing that protein-free liposomes persisted
after mixing of liposomes and pneumolysin but that they were smaller than the liposomes before
mixing.***® Furthermore, the same images also contained distended, elongated lipid structures
with pneumolysin oligomers peppering their surfaces with the appearance that the lipids were
festooned from the CDC oligomers, as if the whole structure had been assembled by them. In any
case the variety of forms taken by the liposomes once pneumolysin had been mixed with them was
much greater than that pertaining before its addition, as shown by NMR and EM.#%3 Add to these
observations that pores in membranes can apparently be resealed or shed or endocytosed—even
possibly in a way involving the CD C itself (data in a recent paper would support this interpretation,
see ref. 84)—and the cellular effects of these proteins must be understood to be possibly a great
deal more complex than simply forminga hole. Beyond the individual cell, the fact that CDCs are
known to induce inflammatory cytokines and in the case of pneumolysin at least to activate the
complement system, adds further complications to our attempts to understand how they really
act in health and disease.””® It also means that with the discovery that the same domain is used
by CDCs and MACPFs, the assumption that it is necessarily simply deployed in pore formation
per se needs careful examination. As argued already, the MACPF/CDC domain is doubtless
adapted for deployment against membranes, but beyond that level of insight a range of different
effects could actually be in play, including things like inducing membrane fusion events—or, as
already documented for the perforin-like proteins of apicomplexan parasites, facilitating exit of
toxoplasma from human host cells® or plasmodium gliding through the human dermis®” or into
the mosquito gut.® Functions of this kind are much easier to understand if MACPF/CDCs as a
superfamily are not facultative integral membrane proteins whose pores possess defined perimeters,
but have versatile activity against membranes and act in a way attuned to the pre-existing dynamic
lipid mosaic bilayer environment.

Conclusion

CDCs are a family of protiens that act in a well-conserved way to induce diverse effects on
membranes, a selective pressure being the biophysics of their target lipid bilayers. The critical role
of cholesterol and the possibility that pore structures incorporate lipids as well as protien affirm
this, and may underlie the versatility of phenotype conferred by members of the broader MACPEF/
CDC superfamily.
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CHAPTER 6

Laetiporus sulphureus Lectin
and Aerolysin Protein Family

José Miguel Mancheno,* Hiroaki Tateno, Daniel Sher and Irwin J. Goldstein

Abstract

he parasitic mushroom Laetiporus sulphureus produces a family of lectins (LSLs) sharing

80-90% sequence identity that possesses a low but significant sequence similarity to the

bacterial pore-forming toxins mosquitocidal toxin Mtx-2 from Bacillus sphaericus and o
toxin from Clostridium septicum. The crystal structure of one member of the L. sulphureus lectins
family (LSLa) reveals unexpected structural similarities to the B-pore-forming toxins from the
acrolysin family, namely, aerolysin from the Gram-negative bacterium Aeromonas hydrophila,
e-toxin from Clostridium perfringens and parasporin from B. thuringiensis. This similarity pre-
sumably indicates that the hemolytic activity of LSLa proceeds through a molecular mechanism
that involves the formation of oligomeric transmembrane 3-barrels. Comparison of the crystal
structures of the above mentioned proteins reveals common pore-forming modules, which are
then distributed both in bacteria and fungi. Currently, it can be stated that the above three
dimensional structures have been key in revealing structural similarities that were elusive at the
sequence level. A potential corollary from this is that structural studies aimed at determining
high resolution structures of acrolysin-like pore-forming toxins, whose biological activity involves
large conformational changes, are mandatory to define protein domains or structural motifs with
membrane-binding properties.

Introduction

The isolation and partial characterization of a lectin with hemolytic and hemagglutinating
properties produced by the mushroom Laetiporus sulphureus were first reported by the Konska
group.! The isolated lectin was stated to be a heterotetrameric species of 190 kDa composed of
two distinct types of subunits (about 36 and 60 kDa, respectively). This analysis also revealed
that the lectin was specific for N-acetyllactosamine residues and that both hemagglutinating
and hemolysis activities were supported by the same site. More recently, the Goldstein group?
undertook a detailed analysis on the sugar binding specificity of the hemolytic lectin and closely
related lectins from L. sulphureus and also carried out the corresponding cDNA cloning, heterolo-
gous expression and characterization of the recombinant lectin proteins. Analysis of the protein
sequences revealed that the L. sulphureus lectins contain three tandemly repeated subdomains at
their N-termini. Each subdomain possesses the highly conserved QXF motif, which resembles
the QXW motif present in the ricin B-chain. Therefore, the L. sulphureus lectins are members
of the R-type lectins, the lectin family found in both prokaryotes (bacteria) and eukaryotes (C.
elegans, Drosophila, vertebrates, plants). Due to the high degree of conservation in structure and
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in sugar-binding function, a gene encoding an R-type lectin has been thought to have moved lat-
erally between species. Conversely, the sequence analysis of the C-termini of the lectins revealed
the lack of close homologues and only a low sequence similarity was identified with sequences
from bacterial pore-forming toxins, in particular with mosquitocidal toxin Mtx-2 from Bacillus
sphaericus and o toxin from Clostridium septicum. Recent high resolution structural analysis on the
hemolytic lectin finally rendered the novel crystal structure of the protein at 2.6 A resolution.’ The
structure revealed that the lectin is a highly symmetrical hexameric species, with each monomeric
subunit being composed of two functionally and structurally distinct domains: an N-terminal
p-trefoil lectin domain and an elongated C-terminal domain which unexpectedly revealed clear
similarities with domains present in members of the aerolysin family of 3-pore-forming toxins.
These findings permitted for the first time to delimit 2 minimum pore-forming domain in this
family of toxins and also to reveal structural similarities in spite of very low levels of similarity in
the primary amino acid sequences.

Pore-Forming Hemolytic Lectins

Lectins are defined as glycan-binding proteins or glycoproteins of non-immune origin,* which
have ability to discriminate extremely diverse glycan structures; stereoisomers and branch numbers
and positions. Though recognition of glycans on cell surfaces and glycoconjugates, lectins have
ability to agglutinate cells and/or precipitate glycoconjugates. Some lectins are also known to have
cytotoxicity as represented by ricin.’ Ricin is a type II ribosome-inactivating protein isolated from
Ricinus communis, consisting of two disulfide-linked polypeptides, A-chain and B-chain. Binding
of ricin to B-linked galactose at the cell surface mediated by the two lectin (QXW); domains of
B-chain, is a prerequisite for the membrane translocation of the enzymatically active A-chain. Upon
reaching the cytosol, active A-chain specifically inactivates the ribosomes. Conversely, other cyto-
toxic lectins have ability to lyse as well as agglutinate cells. Such lectins are called hemolytic lectins.
Hemolytic lectins make pores within the membrane of the target cells, such as the one produced
by the marine invertebrate Cucumaria echinata (CEL-III),*” or those produced by the mushroom
L. sulphureus* (LSL). In both cases, the hemagglutinating and hemolysis activities are mediated
by binding of the protein to specific carbohydrate chains of the cells, followed by the formation
of discrete ion-permeable pores in the cell membrane of the target cells through oligomerization
of the protein. After formation of the pores, erythrocytes are ruptured by colloid osmotic shock.
Osmotic protection experiments indicated that LSLa formed pores with a functional diameter
smaller than 3.8 nm in the cell membrane of human erythrocytes.?

Analysis of the primary structures of LSLa and CEL-III revealed a negligible level of similar-
ity between them. Nevertheless, in both cases a substructure of tandemly repeated subdomains at
their N-termini was identified analogously to those from the B-chains of the toxic lectins ricin®
and abrin® from Abrus precatorius: three subdomains in LSLa? and six in CEL-IIL.? The recently
described crystal structures of both hemolytic lectins*!® supported this conclusion (Fig. 1). The
structure of CEL-III reveals a three-domain architecture with two carbohydrate-binding domains
at the N-terminus (domains 1 and 2, respectively) and a C-terminal pore-forming domain (do-
main 3) which has no structurally similar proteins in the Protein Data Bank. Domains 1 (residues
1-149) and 2 (residues 150-283) share an identical B-trefoil fold (r.m.s. deviation of 0.77 A for 115
aligned C,, atoms), despite sharing a 33.8% sequence identity for 145 residues. The C,, backbones
of the three basic motifs constituting the B-trefoil fold (see below) are almost identical (average
pairwise r.m.s.d. 0.62 A for 29 aligned C,, atoms) and with the exception of motif 1B, bound one
Ca? jon through coordination by two conserved aspartic acid residues.'® These complexes may
help explaining the dependence of the carbohydrate-binding activity on Ca?* concentration.

The pore-forming modules (PFM’s) of LSLa (residues 151-314) and CEL-III (residues
284-432) are dissimilar, probably indicating unlike molecular mechanisms of membrane
pore-formation. Whereas PFM from LSLa shows structural similarities to acrolysin-like proteins
(see below), that from CEL-III has no related protein domain. This last domain comprises two
a-helices and an eight-stranded B-sandwich? whose 3-sheets are held together by hydrophobic
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LSLa

Figure 1. Modular architecture of the hemolytic lectins LSLa and CEL-IIl. Protein molecules
are shown as cartoon representation. A) CEL-1Il from C. echinata possesses two lectin B-trefoil
folds and a C-terminal pore-forming domain comprised by two a-helices and an eight-stranded
B-sandwich whose B-sheets are held together by hydrophobic interactions. Calcium atoms are
shown as spheres. B) LSLa from L. sulphureus possesses an N-terminal B-trefoil lectin domain
and a C-terminal pore-forming domain which shows structural similarities with bacterial toxins
from the aerolysin family.

interactions. The two helices lic on the surface of the 3-sandwich in parallel with the B-sandwich
surface. A C-terminal helical loop of 25 residues is stabilized by two disulfide bonds what clearly
restraints its flexibility.

Two different pore-formation mechanisms have been proposed for CEL-III by the Hatakeyama
group.” The first scenario considers that after an initial recognition of the carbohydrate molecular
receptor mediated by the lectin domains 1 and 2, CEL-III would behave as a B-pore-forming toxin,
with the a-helices from domain 3 making a conformational change to a 42-residue amphipathic
[-hairpin. Six such hairpins then associate to make up a 3-barrel with 1.7 nm in diameter within
the erythrocyte membranes. After formation of the pores, erythrocytes are ruptured by colloid
osmotic shock. Conversely, the second mechanism would involve insertion of the complete domain
3 into the erythrocyte membrane after a similar alpha-to-beta conformational transition.

A distinct feature of these two pore-forming hemolytic lectins when considered in the con-
text of acrolysin family of proteins is that they can be defined as linear modular proteins, i.c., the
modules that make up the final complex architecture of the protein are independent from each
other at the primary level.

A New Member within the Aerolysin Family: The Crystal Structure
of LSLa

The acrolysin family of 3-pore-forming toxins unexpectedly received a new member as a result
of the crystallographic studies on the hemolytic lectin LSLa produced by L. sulphurens.>" The
crystal structure revealed that LSLa is a homohexamer endowed with 32 point group symmetry,
composed of noncovalently bound subunits of ~35 kDa. Sedimentation equilibrium analyses
carried out in a wide range of protein concentrations confirmed this finding as the results indicate
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that LSLa behaves in solution as a monomer-hexamer associative system essentially displaced to
the oligomeric form, in perfect agreement with the crystallographic results.

The structure of each monomeric subunit consists of two different modules corresponding to
the functional modules, lectin and pore-forming (Fig. 1). The lectin module (residues 1-150) has
aglobular structure (39 x 32 x 32 A?), consisting of a 3-trefoil fold. Conversely, the pore-forming
module (residues 151-314) has an elongated shape (72 x 23 x 23 A?) and can be effectively di-
vided into two distinct domains: domain 2 is a twisted five-stranded antiparallel -sheet and a
long amphipathic loop and domain 3 consisting of a 3-sandwich with one two-stranded and one
three-stranded sheet. This last module reveals clear structural similarity between LSLa and the
large lobe of acrolysin'* a B-pore-forming toxin from the Gram-negative bacterium Aeromonas
hydrophila, despite negligible sequence identity. This structural analogy together with previous
results'? suggests that LSLa is indeed a 3-pore-forming toxin (B-PFT).

The N-Terminal Lectin Module

The N-terminal module of LSLa consists of a 3-trefoil (Fig. 2), a well known protein fold within
the lectin realm.'>" It is formed by a six-stranded antiparallel $-barrel capped on one end by three
two-stranded hairpins (strand pairs 32 and 33, 6 and 7, $10 and B11). The global structure of
the B-trefoil results from the tandem repetition of an underlying motif (called o, 8, y, respectively)
composed of four strands separated by three loops, the third one containing a single-turn 3, helix
(Fig. 2). Each basic motif may have evolved from a primordial galactose-binding peptide of ~40
residues,' with the -trefoil being the outcome of successive gene duplication cycles. Obviously, the
[-trefoil architecture provides the structural basis of the subdomains previously found at the primary
level.? Analysis of the primary and tertiary structure of these three motifs reveals that in effect they
are homologous with each other, but also reveals the existence of notable divergences. Thus, pairwise
sequence comparisons between motifs reveal identities around 20%, with only four residues being
conserved in the three motifs. Yet, despite this degeneration, the three dimensional structure of the
C,, backbone is essentially conserved. Structural comparison with known folds with DALI" reveals
high homology with sugar-binding domains of toxins that exert their cytotoxic action by binding
glycoproteins, such as C. botulinum cytotoxin'®" and the above mentioned ricin,” abrin® or CEL-IIL"
In all these cases, the level of similarity at the primary level is very low, which suggests that the -trefoil
is versatile protein architecture that withstands dramatic sequence departures.

Previous work demonstrated that lactose, N-acetyl-lactosamine and other galactose-related
saccharides inhibited the hemagglutination and hemolytic activities of LSLa,? indicating that
sugar-binding is involved in both molecular processes. Presumably, a specific recognition of car-
bohydrates would precede the formation of pores within the erythrocyte membrane.

Figure 2. The lectin B-trefoil fold. Two orthogonal views of the N-terminal B-trefoil fold of
LSLa are shown in cartoon representation. The structure of the LSLa B-trefoil is based on the
tandem repetition of a basic motif composed of four strands separated by three loops. As a
result, the structure exhibits a pseudo three-fold symmetry clearly identified when viewed
along the molecular symmetry axis (right panel).
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Figure 3. Sugar-binding to the lectin module of LSLa. A) Structure of the N-acetyllactosamine
bound (A) to the y-motif and (B) to the 3-motif of LSLa. The two critical amino acid residues
for sugar-binding from each motif are shown as stick representation. Tyr91 and Phe139 stack
against the galactose ring of N-acetyllactosamine and Asp93 and Asp141 hydrogen bonds
with the axial C4 hydroxyl group of galactose.

The crystal structures of LSLa complexed with lactose or N-acetyl-lactosamine show sugar
binding at two (P and y) of the three possible sites® (Fig. 3) and have permitted identifying resi-
dues directly participating in sugar-binding and also explaining the lack of sugar binding to the
a site. This binding mode presents close structural similarities to others previously reported for
lectin-lactose complexes.*** Among others, the main common interactions identified are stack-
ing interactions between the galactose ring and an aromatic side chain (Tyr-91 and Phe-139) and
hydrogen bonds between the axial C4 hydroxyl group of galactose and an acidic lectin side chain
(Asp-93 and Asp-141).

The C-Terminal Pore-Forming Module

The pore-forming module (PFM) of LSLa (residues 151-314) is elongated (70 A long and
20-40 A in thickness) and can be split into two domains containing mainly B-sheets (Fig. 4).
Domain 2 is a five-stranded antiparallel 3-sheet with an amphipathic loop on one side (residues
212-241). Besides, domain 3 is a 3-sandwich with a two- and a three-stranded sheet, respectively.
Although positive hits (in terms of Z-score) were not detected in structural comparisons carried
out with the DALI server, structural similarities can be readily identified between domains 2 and
3 of LSLa with domains 3 and 4 of acrolysin,'> domains 2 and 3 of ¢-toxin from C. prefringens*
and domains 2 and 3 of parasporin from B. thuringiensis®> (Fig. 4). As can be observed in this
last figure, all these proteins exhibit a virtually identical arrangement of the secondary structures
within the compared domains despite a low sequence identity (<20%). Nonetheless, it is inter-
esting to note that in contrast to the large lobe of acrolysin, &-toxin or parasporin, the PEM of
LSLa is composed of a continuous stretch of the protein sequence. We believe that this finding
is remarkable as it may indicate the existence of an acrolysin-like pore-forming module structure
whose defining characteristics are essentially topological (secondary level) and physico-chemical
(primary level) and thus only loosely dependent on specific primary structures. Obviously, this
finding raises important questions regarding protein folding and stability as to how essentially
unrelated amino acid sequences yield a common protein fold both structurally and functionally.
This last issue is especially relevant within the context of membrane pore-forming proteins as these
macromolecules experience dramatic conformational changes between a (meta)stable water-soluble
state of the toxin and a membrane-embedded functional protein.2*

Regarding the specific role of the above mentioned structural elements of LSLa in pore forma-
tion, analysis carried out on the aerolysin-like C. septicum o. toxin® and aerolysin® shows that the
amphipathicloop in domain 2 lines the channel when inserted into the membrane. The loop pres-
ents an almost perfectly conserved alternating pattern of hydrophobic residues that is characteristic
of amphipathic transmembrane B-hairpins.>? The crystal structure of LSLa shows that the size
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Figure 4. Three dimensional modular architecture of -pore-forming proteins of the aerolysin
family. The protein structures are shown in cartoon representation. A) Proaerolysin' from
A. hydrophila, (B) LSLa* from the mushroom L. sulphureus, (C) e-toxin** from C. perfringens
and (D) parasporin from B. thuringiensis.*> The structural similarity appears when the cor-
responding pore-forming modules are compared; in all cases this module can be split into a
L-domain (see the text) composed of a five-stranded B-sheet and an amphipathic loop that
lies on it and a B-domain based on a p-sandwich fold.

of the amphipathic f-hairpin, ~30 residues, is similar to Staphylococcus aureus a-hemolysin,™ the
anthrax protective antigen® and the two transmembrane hairpins of the cholesterol-dependent
cytolysin perfringolysin O.%2%

Oligomeric State of Water-Soluble LSLa

The crystal structure of LSLa shows that it is 2 homohexamer endowed with 32 point
group symmetry, i.e., LSLa subunits are first organized around 3-fold symmetry axes forming
tripoid-like trimers which in turn associate forming a dimer of trimers which are organized
around a 2-fold symmetry axis (Fig. 5). The overall dimensions of the hexameric assembly are
70 x 80 x 150 A’ which implies that LSLa has an overall cylindrical shape. Conversely, sedi-
mentation equilibrium analyses in a wide range of protein concentrations indicate that LSLais a

T0A

Figure 5. Oligomeric structure of LSLa. Two orthogonal views of the hexameric assembly of
LSLa are shown. The three subunits that make up one tripoid-like trimer are shown as cartoon
representation and the other three as ribbon models. The dimensions of the oligomer are also
shown. The left panel shows the hexamer when viewed perpendicular to the molecular two-fold
symmetry axis and the right panel when viewed along the three-fold symmetry axis.
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monomer-hexamer associative system, essentially displaced to the oligomeric form (equilibrium
dissociation constant 10 uM?>).

Previous biochemical characterization of LSL has shown that both native and recombinant
LSL are tetramers in solution with subunits of ~35 kDa as determined by gel-filtration combined
with SDS-PAGE."* The discrepancy between these results and the crystallographic studies may
be explained by the clearly nonglobular hydrodynamic behavior of LSLa.

The main contacting interface between subunits (~680 A?) is contributed by their domains
3, particularly through interactions between strands -21 and (-23, which acting as “sticky”
adapters between the two contacting sandwiches determine the formation of a large intersubunit
-sandwich. The contacting interface is mainly hydrophobic yet polar residues, in particular
threonine and serine residues, are also identified. In this regard, it is remarkable the abundance of
these small and polar residues in the region flanking the amphipathic loop, constituting the 42%
and 46% of the total residues of strands $16 and $21. As shown below, this feature is shared by
the other members of the aerolysin-like proteins which suggests this physicochemical property
may be a requisite for pore-forming activity. It is obvious that the oligomeric state of LSLa in so-
lution raises questions regarding the structural rearrangements required for pore-formation and
the nature of the factor(s) that trigger such process. In this sense, the magnitude of the area of the
contacting interface between protomers (~680 A?) and its hydrophobic nature agrees well with
strong and non-obligate complexes.>**

A Common Aerolysin-Like Pore-Forming Module Structure?

As above mentioned, the structural results described so far point to a structural similarity at
the secondary level between domains 3 and 4 of acrolysin'? from A. hydrophila, e-toxin® from C.
prefringens, domains 2 and 3 of parasporin from B. thuringiensis®> and domains 2 and 3 of LSLa.?
For the sake of simplicity, we define as L-domains (from loop-containing domain) those analogous
to domain 3 of acrolysin and B-domains (from f3-sandwich-containing domain) those analogous
to domain 4 of acrolysin.

L-Domains

The L-domains of the members of the acrolysin-like pore-forming toxins are formed by a
four or five-stranded f3-sheet on one face and a long loop on the other face (Fig. 6). As can be
observed in the figure the topology of the sheet is strictly conserved in all the proteins. Two main
features are easily identified within this region: first, a cluster of aromatic residues located in the
contacting interface between the inner face of the sheet and the amphipathic loop and secondly
a predominance of serine and threonine residues mainly distributed in the outer face of the sheet
(Table 1). It is noteworthy that with the exception of LSLa where the PFM is continuous in the
primary structure, the rest of the PFM’s are not delineated on the primary structure® but results
from the three dimensional arrangement of the corresponding secondary regular elements and
therefore are necessarily interconnected with other protein modules. This observation points to
the working hypothesis that this group of -pore-forming toxins may represent the evolutionary
outcome of structural convergence to a common module notably efficient in membrane-binding
and pore-formation. Although the possibility of a common ancestor cannot be discarded the
discontinuous nature of the PFM architecture of aerolysin, &-toxin and parasporin does not fit
well with recent studies that strongly support the notion that multidomain proteins have evolved
mechanisms to minimize the problems of interdomain misfolding.*” On the contrary, the con-
tinuous modular nature of LSLa agrees well with the protein having evolved from shuffling of
domains with individual functions whose association renders a protein with a new level of func-
tional complexity. The modular structure of LSLa suggests that the PEM may be an autonomous
folding unit, a hypothesis that is partially reinforced by the fact that the domain interface is small®
and also because the lectin module of LSLa properly folds when heterologously produced in E.
coli (unpublished results).
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Figure 6. Structure of the L-domains of the areolysin pore-forming module. The Ca backbone
is shown as cartoon representation. The scaffold of the L-domain is based on an antiparallel
five-stranded sheet with a long loop lying on one of its faces. Aromatic and serine/threonine
residues present in the domain are shown as stick models. A) L-domain from proaerolysin
from A. hydrophila, B) from LSLa from L. sulphureus, C) from greek epsilon toxin from C.
perfringens and D) from parasporin from B. thuringiensis.

As can be observed in Figure 6, both the length and the three dimensional structure of the
long loop that lies on the -sheet of the L-domains is highly variable. The structural complexity
of these regions makes the very definition of its boundaries a difficult and rather arbitrary issue
which somehow explains the different alignments reported in the literature.>*** Thus, we herein
operatively define these boundaries in terms of their three dimensional structure as the sequence
stretches comprised between residues: V239-W265 (aerolysin); A215-N239 (LSLa); A127-S147
(e-toxin) and G102-E122 (parasporin). In Table 2 are shown the residues from these loops
whose side chains are mostly buried. It is obvious that an imperfect, alternating pattern of buried
hydrophobic residues is observed what would parallel only partially the behavior expected for a
membrane-spanning -hairpin.*® As above mentioned, it has been reported for o toxin® from
C. septicum and aerolysin® that this loop becomes the transmembrane f3-hairpin when inserted

Table 1. Aromatic and hydroxylated amino acid residues present in L-domain
of aerolysin-like proteins

Protein Aromatic Residues Serine/Threonine

Aerolysin F184; W227; W247; W265; Y304, T190; S228, T230; T232; S264
Y306; F404 S267; S272; T274

LSLa Y158; F202; F216; F223; F228; W238; S167; S168; T169; T197; T199;
W240; F246; F279; W290; W304 S200; T205; T245; S247; S302; S303

e-toxin Y79; F131; F135; Y146; F-148; Y244 S76; T110; T112; T114; T116; T151;

T153; T155; S157; S245

Parasporin Y104; F105; F109; F110; F121; T51; T83; S84; T86; S87; S88; T90;

Y131; F164 T98; T101; S115; T132; T136; T168

T228; 5230
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Table 2. Buried residues from the loop within the L-domain of aerolysin-like proteins

Protein Buried Residues

Aerolysin T241; F245; W247; P248; V250; T253; L255; 1257; 1259
LSLa F216; L220; P221; F223; F228; V234; W238

e-toxin A127; F131; V133; P134; F135; V140; L142; T144; Y146
Parasporin Y104; A106; L108; F110; 1119; F121

into the lipid bilayer what is consistent with a mechanism involving the formation of a 3-barrel
within the membrane similarly to o-hemolysin from S. aureus.* If this is the case, the mechanism
of pore-formation by aerolysin-like proteins would necessarily involve large-scale conformational
changes of the loop that should translocate to the lipid bilayer in order for oligomer contacts to
be established. In this sense, the need for the loop movement for acrolysin’s toxic activity has been
demonstrated by mutagenesis studies that incorporated a disulfide-bridge between the loop and
the wall of the sheet.” The reduced form of the double mutant behave as wild-type toxin but the
oxidized form could not oligomerize. Furthermore, the movement of the loop would also demand
the existence of a hinge region that supposedly should be located around the boundaries of this
structural motif. The identity of this hinge region remains nowadays unknown for acrolysin-like
proteins and in this regard, it is noteworthy that no region around the loop shows sequence simi-
larity to the putative hinge region of 0-hemolysin (around residues 103-111 and 147-152) and
temperature factors of the structures do not permit to deduce highly flexible or dynamic regions
around the loops.

B-Domains

The basic structural fold of the B-domains is based on a $-sandwich scaffold. The structures
of the sandwiches shown in Figure 7 reveal a minimum common 3-sandwich core composed of
a three-stranded and a two-stranded antiparallel 3-sheets, respectively together with additional
specific elements present in proaerolysin and €-toxin which are related to the proteolytic step
required for their respective activation. In the case of acrolysin, the C-terminal activation pep-
tide adopts a strand-helix-strand, with the proteolytic reaction taking place in the loop between
residues 422-440.%® Conversely, in the case of &-toxin the position of the last two strands lie
on opposite sides of the sheets.?* Doubtless, one of the most conspicuous characteristics of the
B-domains is the abundance of serine and threonine residues (‘Table 3) which are mainly located
in the exposed face of the two-stranded (3-sheet (Fig. 7). Precisely, these last two strands are the
ones which flank the amphipathic loop from the L-domain. A potential role for these residues in
oligomerization may come from the detailed analysis of the crystal structure of LSLa, in particular,
from the analysis of the subunit interactions within the hexamer. LSLa subunits essentially inter-
act through their B-domains, specifically through interactions between strands $-21 and $-23

Table 3. Hydroxylated amino acid residues present in B-domain of aerolysin-like

proteins
Protein Serine/Threonine
Aerolysin T218; T223; T275; S276, S278; S280; T284; S461; S463
LSLa T175; T177; T181; S182; T185; S189; S193; T195; T196; T249; T251; T253; S255;
T263; S268; T269; S270; T309; T311; S312; T314
e-toxin T91; T94; S102; S104; T106; T161; S166; S287; S289

Parasporin S65; T67; S69; S71; S77; S79; S142; T144




76 Proteins: Membrane Binding and Pore Formation

-

Figure 7. Structure of the B-domains of the areolysin pore-forming module. The Ca backbone
is shown as cartoon representation. The scaffold of the B-domain is based on a f-sandwich
fold. A conspicuous feature of this domain is that they are rich in serine/threonine residues
(stick model), mainly located at the two-stranded sheet of the $-sandwich (see the text). A)
B-domain from proaerolysin from A. hydrophila, B) from LSLa from L. sulphureus, C) from
e-toxin from C. perfingens and D) from parasporin from B. thuringiensis.

which are exceptionally rich in serine plus threonine residues ((3-21: 249-TYTATFSVRA-258;
B-23:306-LRHTLTSVTA-314). We believe that the overall hydrophobicity of these sequences
together with the presence of small and polar residues (potential hydrogen bond acceptors and
donors) makes them suitable adapters for intermolecular interactions. In fact, this mechanism
is the one proposed for the aggregation of B-barrels into amyloid-like fibrils by the Dobson*#
group. Interestingly and in agreement with this hypothesis, the intermolecular interactions
between parasporin molecules identified within the crystal structure are established exclusively
through p-strand 5 from the B-domain which is both hydrophobic and contains two serine
residues. Additionally, this proposal would agree with the scenario proposed for the protcolytic
activation of proaerolysin® where the loss of the activation peptide would determine the expo-
sure of a large hydrophobic surface which then would promote protein oligomerization. Also, it
has been shown that in C. septicum o toxin the C-terminal peptide has an inhibitory effect on
oligomerization when applied in excess, indicating the importance of removal of the C terminus
for successful oligomerization.*!

Other New Members in the Aerolysin Family: Basic Aerolysin

Pore-Forming Motifs?

Considering the above results that indicate structural similarity despite very low sequence simi-
larity between the members of the aerolysin family, the search for new homologous B-pore-forming
proteins exclusively by sequence analyses is not a straightforward task. In this regard, the work car-
ried out by the Zlotkin** group on hydralysins (Hln’s) from the cnidarian Chlorohydya viridissima
has been especially valuable. Hydralysins are 3-pore-forming proteins which make oligomeric pores
within the erythrocyte membrane, with an internal diameter of ~1.2 nm.** Unlike other cnidarian
toxins which are found in nematocytes, hydralysins are produced by digestive cells surrounding the
gastrovascular cavity of C. viridissima and have been suggested to be involved in prey digestion.*
Once the pore-formingactivity of hydralysins had been demonstrated, an exhaustive search of related
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proteins within public databases permitted to conclude that HIn’s are indeed B-pore-forming proteins,
revealing similarities with members of the acrolysin family (Fig. 8). The same search also detected
additional proteins sharing what can be defined as a putative “pore-forming motif >, This motif can
be described as a region with an alternating pattern of hydrophobic residues flanked by two regions
exceedingly rich in serine/threonine residues. In addition, the C-terminal flanking Ser/Thr-rich
region is followed by another region rich in hydrophobic residues, with a highly conserved diad of
proline residues in the center.”® The three dimensional interpretation of these results indicates that
the aerolysin pore-forming motif identified would be made up of the complete two-stranded sheet
from the B-domain together with two strands from the other sheet and also by the loop from the
L-domain. It is interesting to note that according to the scenario proposed previously, these regions
would provide structural elements directly participating in pore-formation (the loop from the
L-domain) and oligomerization (f3-strands from the B-domain) which reinforces the suggestions
that this alignment reveals key features of pore-forming proteins.

Conclusion

One promising future avenue for research is elucidating the biological roles played by
pore-forming proteins, in the context of the producing organism and the ecosystem in which it
lives. Pore-forming proteins produced by pathogenic bacteria are often part of the chemical arma-
ment used to establish infection.” However, the role of other pore-forming proteins is unclear—
proteins suggested to contain the aerolysin pore forming motif* (as described above) are found
in the skin and gut of amphibians,***” as subunits of moth yolk protein® and as components of
carthworm innate immunity.” Even the role LSLs play in the biology of the L. sulphureus fruiting
body is unclear. The ability of pore-forming proteins to create de-novo transmembrane channels
in a receptor-mediated, spatially and temporally-restricted manner enables them to perform many
different tasks, including the formation of intracellular chloride®® and calcium channels®*? and
participation in apoptosis, e.g., Bcl-2 family.>** Havinglearned how different pore-forming proteins
contain similar structural motifs, further research will help elucidate the way the structures of the
proteins have evolved to enable them to fulfill what we believe to be diverse biological roles.
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CHAPTER 7

Interfacial Interactions of Pore-Forming

Colicins
Helen Ridley, Christopher L. Johnson and Jeremy H. Lakey*

Abstract

olicins are water soluble toxins secreted by E. co/i cells to kill other E. coli and related

species. To do this they need to cross the outer membrane, periplasm and inner membrane.

Pore forming colicins, as their name suggests form a voltage dependent pore in the in-
ner membrane. This chapter deals with the interfaces, both lipid and protein, that the colicins
experience as they make the short but complex journey that brings them to the point of pore
formation. The succession of molecular interactions with lipid and protein receptors causes a series
of conformational changes which allow these large >40 kDa proteins to outwit the normally
tight defensive shield of the target cell. This is done by combining general physico-chemical
interfacial interactions, such as the use of amphipathic helical peptides, with precisely targeted
protein-protein interactions involving both rigid and natively disordered protein domains.

Introduction

Colicins are toxins encoded on plasmids that infect Escherichia coli and related species. The
plasmids enable their host cells to kill related bacteria and also provide them with immunity to their
own colicin type.! The result is therefore a selective advantage for the survival of the bacteria and the
plasmid is thus a very simple “selfish gene” system.” They belong to the bacteriocins family which
have representatives in other gram negative bacteria (Pyocin = Pseudomonas;’ Pesticin = Yersinia
pestis*®). Colicin proteins comprise three domains correlating with three activities, the transloca-
tion domain, the receptor binding domain and the toxic domain.

The two major groups of colicins are named after the nature of their toxic activity, the nuclease
colicins kill by digesting host nucleic acids and the pore-forming toxins create ion channels in the
E. coli inner membrane.®” The three domains work in concert to deliver this toxic moiety to the
inner membrane where the pore-forming domain creates a voltage dependent ion channel and the
enzymatic domains translocate to digest intracellular nucleic acids.

The first interaction with target cells is the binding to an outer membrane beta barrel membrane
receptor such as FepA, BruB, Tsx, OmpX or OmpE." This is largely a function of the central receptor
binding domain but for colicin N both the pore-forming C-terminal'® and N-terminal translocation
domains" have also been shown to contribute. Some proteins require the presence of two distinct
outer membrane proteins and, of these, one seems to act as an independent translocator. The second
stage is the binding of an intra periplasmic protein of the Tol or Ton families by the translocation
domain. This step is considered critical for the import of the toxic domain. Thus all colicins employ
a set of similar components to create the so called translocon which provides the pathway across
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the outer membrane. The nature of this step is still unclear and how the pore-forming domain is
presented to and inserts in the inner membrane is the subject of this review.

Structures

There are currently four high resolution structures known for pore-forming colicins $4, B,
N and Ia'*"® and two pore-forming domains E1 and A'®'7 (Fig. 1). The latter was the first to be
determined.””"” The pore-forming domain consists of ten alpha helices arranged in three layers
the middle one being a pair of hydrophobic helices (numbers 8 and 9). Similar structures are
found in the Bcl family of apoptosis regulators® and the diphtheria toxin B subunit.?! The colicin
pore-forming domains have homologous sequences and structure with the major differences
being the shorter hydrophobic helices in colicins K, E1, Ia and Ib (Fig. 2). This motif of a very
hydrophobic core surrounded by (and solubilised by) an outer shell of amphipathic helices will
be discussed in more detail later.” The structures of some representative colicins shown in Figure
1 make it clear that, although the pore-forming domain is conserved, its relationship with the
other domains is highly variable. Thus as well as exploiting a variety of import pathways it is also
clear that the pore-forming domain’s relationships with the receptor binding and translocation
domains is also highly variable. It is also known from several publications that significant unfold-
ing occurs after receptor binding in order to present the pore-forming domain to the plasma
membrane.*?** The variation in structures and translocons might suggest that this unfolding is
also done in different ways.*

Receptor Binding

The receptor binding step has been studied in detail but the crystal structures for the receptor
binding domains of Ia, E2 and E3?”*’ are all very similar. They reveal a common mode of binding
involving the insertion of the end of a coiled coil helical hairpin into the high affinity beta barrel
receptor such as BtuB or Cir. In BtuB, high affinity receptor binding is followed by translocation
via OmpF whilst Cir appears to be the only protein required. Isothermal titration calorimetry data
has been measured'! but no high resolution structure is yet known for the lower affinity colicin
N receptor complex.'® The receptor binding domain is quite different and composed of a beta
sheet structure.’>° This resembles the structure of colicin B which has been solved'? and is a short
compact two domain structure. In a similar way to the relationship between colicin N with OmpF,
colicin B appears to use FepA as its one receptor and translocator. Thus it might be thought that
a more compact structure may be associated with the use of a single receptor. However, not only
does the very long colicin Ia use just Cir but recently the structure of pore-forming colicin S4,
which binds OmpW and requires OmpF, was solved and shown to be very compact. Although its
pore domain is unexceptional it unusually has a tandemly repeated receptor domain. Experiments
show that only one of these two R-domains is required for toxicity and sequence analysis shows
this to be a relatively recent duplication event. Thus there currently appears to be no common
mechanism following receptor binding. Colicins 5, 10 and E1 do not use OmpF after binding
to their receptors (Tsx or BtuB) but instead are translocated via TolC.! Although common to
many gram negative bacterial species this is an otherwise unusual protein in that it is composed
of a trimer which forms a single outer membrane pore and a long helical structure which spans
the periplasm.*! TolC is a pathway for the export of many molecules from protein toxins to drugs
because it associates with a range of inner membrane transporters which feed molecules for export
into the bottom of the 140 A long TolC tunnel. From here they diffuse outwards through the
beta-barrel outer membrane pore into the exterior.

Translocation

The translocation domains at the colicins’ N-termini bind to periplasmic receptors, either
TolA or TolB or Ton B and is generally a disordered structure. How it enters the periplasm is not
clear, but is has been proposed to insert via the pore of OmpF in examples where this protein is
implicated. It is needed for OmpF binding in colicin N'**? and more recently the translocation
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Figure 2. Amphipathic property of colicin N. The plot shows the hydrophobicity and hydro-
phobic moment (a measure of amphipathic nature)® of the C-terminal region of colicin N.
The plot uses a window of 13 residues (which is shorter than normally used to predict trans-
membrane helices but suitable for the size of helix found in colicins) and plots the result at
the central residue. This means that data is not plotted for the six residues at either end. The
hydrophobicity scale used was PRIFT®” and a repeat of 3.6 residues per turn used for helix.®
Note the trend towards greater hydrophobicity and lower ratio of amphipathicity to hydro-
phobicity from N to C-terminal of this region. Melittin is presented as an example of a lytic
peptide but due to its short length a tandem repeat of the sequence was used.

domain of colicin E9 was shown to have OmpF binding regions on either side of the TolB binding
site.’ Isolated T-domains®® as well as full length colicin N* have been shown to occlude OmpF
channels in planar lipid bilayers and biosensors. Thus at least two (T+R) and in the case of colicin
N, all three domains play a role in OmpF binding. The Tol A binding colicin N T-domain, invisible
in the X-ray structure,” has been investigated by NMR spectroscopy.®*?” This revealed that the
27 amino acid TolA binding region is not only immobilised in the receptor complex but also in
uncomplexed colicin N. This suggests a self recognition mechanism where the mobile domain is
kept close to the fully folded structure.”” This might be needed to protect the flexible T-domain
from protease activity or to simply increase the diffusion rate in solution. This finding is supported
by isothermal titration calorimetry data which showed that free T-domain has a higher affinity for
TolA than the full length protein. Analysis of the T-domain by the PONDR algorithm® which
detects possible regions of natively unfolded structure, shows the Tol A binding region to have the
properties of a folded protein and thus is predisposed to undergo an unfolded to folded transi-
tion upon binding. Thus, this part of the colicin becomes more ordered during translocation and
this combines with ITC evidence that colicin N and OmpF form a more ordered complex with
areduction in entropy." It is therefore likely that the disordered regions of colicins play a specific
and possibly structural role in the translocon.

Recent data has shown that colicin N (either full length or just the pore-forming domain)
displaces bound LPS from OmpF and may bind to the outside of the protein leading to the pos-
sibility that it may translocate down the outside of the OmpF beta barrel.!®* Disulphide bonds,
introduced into the P-domain by mutagenesis to stabilise the X-ray defined structure, also stop
translocation in colicins A and N* and prevent in vitro complex formation with OmpF in the case
of colicin N." The pore-forming domain is also essential for OmpF binding by colicin N in ITC
experiments.'"** Thus a series of binding and refolding events involving the pore-forming domain
precede its interaction with the target cytoplasmic membrane. The translocation domains of colicins
that use the TolA protein (colicins E2, A, N) do so via the last domain, of about 120 amino acids,
called Tol AIIL. This globular domain is also the binding site of the g3p protein from filamentous
phage which also use TolA to attack bacteria. Preceding this domain are domains I, which spans
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the inner membrane and II, which is proposed to be highly helical and may resemble the helical
region of TolC.* This implies that the helical region is folded so that it crosses the periplasm three
times. The parallel with TolC was rendered more believable by experiments with different colicins
carried out on mutants which had increasingly large regions of Tol AIl removed.* Colicin E1, which
requires TolIll, was nevertheless unaffected by the loss of Tol AII whereas colicin A was sensitive
to small deletions in Tol AIl and colicin N sensitive to large deletions. The discovery that the TolC
dependent colicin E1 does not need the long periplasmic helices of Tol AIl strongly suggests that
these structures are similar. TolAII has been shown to form complexes with OmpF and related
trimeric porins in SDS detergent.”? This was later shown to be true for P-domains from colicins
A, B and N. It was also shown that the two complexes could not be formed on the same OmpF
trimer and thus Tol A and P-domains were competing for overlapping sites. Assays with colicin N
fragments showed that the first helix of the P domain was capable of binding GST to OmpF and
as mentioned above, disulphide bridges which hold the helix in its native structure prevent pore
formation. This helix which extends to varying lengths beyond the pore-forming domain is not
strongly conserved and in colicin S$4 is very short indeed.

Crossing the Periplasm

In order for the pore-forming domain to reach across the periplasm and insert into the inner
membrane it has been proposed that the two helices extend and unfold from the rest of the pore
domain to provide a long helical linker.* The need for a linker was suggested in order to span the
periplasm (i.e., the distance indicated by the long helices of TolC) and to explain an intriguing
result of studies with colicin A. This was revealed by examining the kinetics of killing as revealed
by potassium ion release.” As the colicin pore opens it increases the loss of potassium from cells
several fold and this can be recorded by a potassium selective electrode submerged in a few ml
of a bacterial suspension. The efflux of potassium begins after a lag phase, thought to reflect the
translocation of the colicin to its open state in the inner membrane and when plotted against
time rapidly reaches an almost linear slope whose gradient is determined by the ratio of colicins
per cell. Above a ratio of 400 toxins per cell the gradient no longer increases and this is consid-
ered to be the saturation of the number of binding sites per cell.*** Since in the case of colicin
N there are between 70-100 thousand receptors (OmpF) per cell it is thought that this limiting
factor is the number of Tol complexes. Once the rate of potassium release by colicin A is stable
it is possible to add a protease, such as trypsin and soon the release of potassium is slowed down
or even halted. This was proposed to represent the inhibition of already open channels by the
digestion of some part which was still exposed at the surface, e.g., the receptor binding domain
and has led to the dogma that colicins span the bacterial envelope during toxicity.” It is however
surprising that the cells thus released from colicin attack do not at least partially reaccumulate
the lost potassium and it seems possible that the results can be explained by trypsin preventing
new cells from being intoxicated rather than blocking existing channels. In the case of the smaller
colicin N the protease experiment revealed a different result. Here addition of protease after 20
seconds incubation with colicin resulted in there being no inhibition of toxicity even though
potassium release had not become significant by this stage. Thus it appears that colicin N rapidly
gains access to a protected compartments and this was also investigated by Western blot of the
remaining colicin and it was found not to be degraded.® Thus it is in some form of protected
compartment either at the surface of the cell or in the periplasm. However colicin N is unusual
in that it only binds to OmpF whereas the general rule is to bind to a high affinity receptor (e.g.,
BtuB) and then to OmpFE.** The T-domain of the BtuB dependent colicin E9 has been shown to
bind to OmpF and may show how this complex formation is accomplished.” The more usual state
for a colicin may therefore be with extracellular domains coexisting with the inner membrane
inserted toxic domain. This requires unfolding of the first two helices of the pore-forming do-
main and this coincides with data that shows colicin A channels to be formed from the seven or
five C-terminal helices.***” One study purified a shortened fragment which was so hydrophobic
that it needed to be prepared by phase separation of Triton X-114 detergent.” On addition to
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bilayer lipid membranes single channel events could be recorded which closely resembled the
wild type pore-forming domain. This displays voltage and pH dependent channels in which the
voltage required to open the channel is the correct size and polarisation to account for activa-
tion by the resting potential of a respiring bacterium. The only difference observable for the
shortened peptide is slower kinetics of opening and closing. A later study used signal peptide
fusions with truncated colicin A peptides to show that deletion of the first four helices has no
effect on activity in vitro and in vivo.%

The lack of a role for the initial peptides in the channel formation is also supported by their
behaviour in the lipid bound P-domain as detected by fluorescence energy transfer distance
measurements. Here the tryptophans of the pore-domain were used as fluorescence donors and
an acceptor fluorophore (IAEDANS) bound to a site directed cysteine mutations on helices 1,
2 8 and 9.%° These studies were able to measure the distance between the donors and acceptors
and showed that the earlier helices unfold easily at lower lipid to protein ratios than the helical
hairpin at the core.

Inner Membrane Inserted Forms

Thus the final seven helices are thought to encompass the pore-forming segment. In the closed
pore membrane bound state when the majority of protein is at the surface this is accomplished with
little change in the helix content according to circular dichroism data.’' However the near-UV CD
signal, which reports the tertiary structure via the signals from aromatic residues shows a complete
collapse and hints at a molten globule state for the protein. This is supported by DSC data where
the sharp thermal transition of the pore domain in solution is replaced by a broad transition in
the membrane bound form. In colicin A this molten globule state is provoked before insertion
by low pH at the interface, finding further supported by the discovery that this colicin requires
acidic lipids to act in vivo. The basis for this instability at low pH is very interesting as colicin A is
unusual in that it is stabilised by surface negative charges and when these are lost, by mutagenesis
or protonation at low pH, the domain unfolds.’> Colicin N is not sensitive to low pH in solution
nor acidic lipids in vivo so some other effect promotes its membrane insertion in vivo. The only
treatment in vitro to accelerate insertion is pre-incubation with detergents which also promotes a
molten globule state.” Thus a loosely folded group of helices is found at the surface of the lipids
but there is no evidence that they form a perfectly circular ring around the transmembrane helical
hairpin. This hairpin is not long enough to span the bilayer easily and has no polar groups at its
tip to keep it in a transmembrane state so its likely to be as dynamic as the rest of the molecule.
Whether the hydrophobic hairpin crosses the bilayer in the closed state is less clear and different
results have been found for this step for other colicins.#*%>*> However it is likely to span the
membrane in the voltage dependent open state.’® The tryptophans of all the pore-forming domains
reside exclusively in the essential pore-forming region of the last seven helices (Fig. 3).*” Since these
are the amino acid side chains with the greatest interfacial affinity®” it hints that they could play a
key role in this initial membrane bound state. They certainly insert into the bilayer as it has been
shown that brominated or nitroxide labelled lipids are able to quench the tryptophan fluores-
cence signal of colicin, A% N, B and E1.*! The level of quenching approaches the maximum
efficiency and thus indicates that they are all exposed to the lipid core. For E1 this study has used
mutant colicin P-domain peptides containing single tryptophans and depth dependent measure-
ments have established that they are all situated near the interface with one deeply buried.**¢* The
single tryptophan mutants which lack the native three tryptophans were all active, but detailed
information of their relative toxicity is not available. The helices are also characteristic in that they
are amphipathic apart from the central helical hairpin (Fig 1). Thus, on average every 3rd or 4th
residue is hydrophobic and this provides a face which in solution stabilises the hydrophobic core
and in the membrane promotes an interfacial interaction. This resembles the melittin peptide from
bee venom which is a representative of amphipathic lytic peptides. Colicin E1 has been studied
in most detail for its surface topology in vesicles and the helices generally follow the interface.®®
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Figure 3. Tryptophan distribution in colicin A. Tryptophans are important interface residues for
many membrane interacting molecules® and essential for the activity of melittin. In colicins
the tryptophans are found in the minimal channel forming segment but not generally on the
hydrophobic hairpin (Fig. 1). They are found on one side of the soluble domain (A)" (PDB:1col).
They are thus to be found at the membrane-water interface in any model of the closed state
(B,C)"™® but more deeply buried in the voltage dependent open channel form.®®4

Some helices are tilted in the closed state and this correlates with an increased hydrophobicity at
one end. The trptophan at position 424 is in a region of interfacial interaction.

The molecule thus delivered by a translocation pathway involving unfolding events and
protein-protein interactions is presented to the surface so that it is sufficiently exposed to the
transmembrane voltage for the next voltage dependent step to occur, the pore to be formed and
the target cell to feel the toxicity of the colicin. This has been estimated to be so efficient that
only one colicin may be required to kill the target cell and may justify the complexity of the
system in comparison with smaller antibacterial peptides which act in greater numbers. The next
pore-forming stage is beyond the scope of this article and has been well described elsewhere.®¢
Finally the membrane interactions of this family of proteins should be compared with the Bel
proteins reviewed elsewhere in this volume. The two protein families share a common fold and
possibly, in some case a common membrane interaction mechanism. The lipid interactions of
colicins and related proteins have been reviewed recently elsewhere.®

Conclusion

Colicins have evolved into highly efficient killers of E. co/i such that it is possible that only one
molecule is sufficient to kill a cell. The combination of highly specific protein-protein interactions,
protein unfolding and amphipathic helical peptide behaviour succeeds in delivering a large toxin
into the cytoplasmic membrane of E. co/i.
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CHAPTER 8§

Permeabilization of the Outer
Mitochondrial Membrane by Bcl-2
Proteins

AnaJ. Garcia-Sdez,* Gustavo Fuertes, Jacob Suckale and Jesus Salgado

Abstract
¢ proteins of the Bcl-2 family regulate the release of the apoptotic factors from mitochondria
duringapoptosis, akey event in physiological cell death. Although their molecular mechanisms
remain unclear, the Bcl-2 proteins have been proposed to directly control the permeability of
the outer mitochondrial membrane by pore formation. Indeed, they share structural features with
the pore forming domains of some bacterial toxins and they can give rise to proteolipidic pores in
model membranes. The complex level of regulation needed to decide the fate of the cell is achieved by
an intricate interaction network between different members of the family. Current models consider
multiple parallel equilibria of activation and inhibition that determine whether the permeabilization
of the mitochondrial outer membrane is induced or not.

Introduction

Apoptosis is a morphologically defined form of programmed cell death that is highly conserved
in eukaryotes.! The biochemical pathway of apoptosis ultimately induces the activation of caspases,
afamily of cysteine proteases that selectively cleave a concrete set of target proteins leading to the
dismantling of the cellular components and to cell death. Depending on the nature of the apoptotic
stimulus, the signaling pathway proceeds via two different routes. On the one hand, the extrinsic
pathway functions downstream of death receptors, like Fas or the tumor necrosis factor receptor
family and activates caspase-8 at the death-inducing signaling complex (DISC). On the other
hand, the intrinsic pathway is triggered by diverse stress signals, like DNA damage, viral infection
or growth factor deprivation. A key event in this latter pathway is the release of the apoptotic fac-
tors, like cytochrome ¢ and SMAC/DIABLO, from the mitochondrial inter-membrane space.
Once in the cytosol, these factors induce the activation of caspase-9 in the apoptosome complex.
Both pathways are interconnected, since during apoptosis Bid is cleaved by caspase-8 to yield the
truncated form tBid that induces mitochondrial outer membrane (MOM) permeabilization.

Under normal conditions, the outer mitochondrial membrane is permeable to molecules smaller
than 5000 Da due to the presence of numerous porins, which are transmembrane proteins that
form relatively big channels (2-3 nm in diameter). However, during apoptosis, the permeability of
the MOM is altered to allow the release of cytochrome c and other apoptotic factors.> This MOM
permeabilization is thought to be selective, because the mitochondrial integrity is maintained dur-
ing the first steps of apoptosis in order to provide the energy required for the process. Based on
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extensive work, it is now widely accepted that the proteins of the Bcl-2 family control the MOM
permeability during apoptosis.

Bcl-2 (B-cell lymphoma-2), that gives name to this family, was first discovered because of its
involvement in follicular lymphoma.’ The finding that Bcl-2 over-expression does not induce
cell proliferation, but promotes cell survival was fundamental for our understanding of tumor
formation.” Since then, more than 20 proteins have been assigned to the Bcl-2 family and their
importance in cancer has become clear.! Indeed, the proteins of the Bcl-2 family are important
drug targets for anticancer therapies. Moreover, their role in the regulation of programmed cell
death during essential biological processes, like development, tissue homeostasis and immunity,
has been established during the last years.

The Bcl-2 proteins are conserved in evolution (C. elegans contains the homolog CED-9) and
show a high level of sequence and structure similarity. Despite this, the members of the family have
opposing activities in apoptosis. Depending on their function and on the number of Bcl-2 homol-
ogy (BH) domains they share, the Bcl-2 proteins are further classified into three subgroups. First,
there are pro-survival members, like Bcl-2 itself, BclxL, Bel-w, Al or Mcl-1, which contain all four
BH domains and inhibit apoptosis. Second, proapoptotic Bax and Bak, which contain BH1-BH3
domains, are thought to participate directly in the permeabilization of the outer mitochondrial
membrane. These two proteins exhibit partially redundant activities, but are essential mediators of
apoptosis because cells lacking them are resistant to all apoptotic stimuli that activate the intrinsic
pathway.’ And third, the BH3-only proteins, like Bid, Bim, Bik, PUMA or Noxa, that only share the
BH3 domain and have evolved to sense the different apoptotic stimuli and initiate apoptosis.! Figure
1 shows a schematic representation of the functions of representative members of the family.

The realization that the release of cytochrome c into the cytosol induces apoptosis was a big step
forward in our understanding of the role of mitochondria in the regulation of cell death.® Indeed,
MOM permeabilization is considered a “point of no-return” in cell death induction,"” which shows
the importance of the Bcl-2 proteins in governing commitment of the cell to apoptosis. This chapter
describes our current understanding of how Bcl-2 proteins control MOM permeabilization. First,
it discusses the current structural knowledge of the Bcl-2 proteins in aqueous solution and in lipid
membranes. Then, it focuses on their pore-formingactivities and on how membrane permeabiliza-
tion is regulated through a complex interaction network of Bcl-2 family members.

The Structure of the Bcl-2 Proteins

The proteins of the Bcl-2 family, like other pore-forming proteins, can be found in at least
two conformations, one in the aqueous environment and the other in the membrane milieu.
Thus, refolding in the lipid bilayer is an important step in the activation of these proteins, which
can then be classified within the class known as amphitropic.® This holds true even although
some members of the family (Bcl-2, Bcl-xL, Bak) can be constitutively bound to intracellular
membranes via a C-terminal anchor.? In this case, the latent inactive form retains the core of
the protein with a globular structure outside the membrane. Other members, like Bax and Bid,
reside in the cytosol and translocate to the MOM in response to apoptotic stimuli.'*" In all cases
several membrane-bound conformations with distinct functionality have been proposed.

A number of structural studies have been performed with versions of the proteins in which
the C-terminal anchoring domain was removed in order to increase the solubility of the protein
for structure determination. So far, the only available high resolution structures of Bcl-2 proteins
(BclxL, Bid, Bax, Bcl-2, Bcl-w, Mcl-1 and Bak) correspond to that of water soluble species.'*

Structures of Water Soluble Forms

All members of the Bcl-2 family display a similar folding in aqueous environment in spite of
their diverse functions (for a review see Petros et al?*) (Fig. 2, top). The protein core consists of an
a-helix-hairpin surrounded by a bundle of amphipathic o-helices. The central anti-parallel hairpin s
often described as being hydrophobic. However a more careful sequence analysis shows that, although
hydrophobic residues predominate in these segments, there are also many ionizable residues placed
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Figure 1. Control of MOM permeabilization by the proteins of the Bcl-2 family. This scheme
depicts the functions of representative members of the Bcl-2 family during apoptosis. Bid is
inactive in healthy cells. During death receptor induced apoptosis, it is cleaved by caspase-8
to yield the active form tBid. tBid translocates to the MOM, where it activates Bax and induces
the release of cytochrome c. Bax is also inactive under normal conditions and during apoptosis
it translocates to the MOM, where it oligomerizes and probably participates directly in MOM
permeabilization. Bcl-xL is an anti-apoptotic member of the family that inhibits tBid and Bax.
The details of the molecular mechanisms of these proteins still remain poorly understood.

in positions that render the two central helices as clearly amphipathic (Fig. 3A). Another important
feature of these structures is that the BH1, BH2 and BH3 domains are in close proximity and shape a
hydrophobic cleft carved in the protein surface, which has been shown to be the site for docking BH3
domains of other Bel-2 proteins.*** Interestingly, the helix 9 of Bax, which resembles the C-terminal
hydrophobic domain of BclxL, is buried in the hydrophobic cleft, which has been proposed to have
implications for the regulation of membrane binding through BH3-dependent interactions. However,
arecent structure of Bax complexed with a BH3 peptide suggests that, apart from that groove, there
may be other regions involved in BH3-dependent protein-protein interactions.?® Except for Bid,
which has an overall organization similar to multi-domain Bcl-2 proteins, most BH3-only proteins
seem to be intrinsically unstructured proteins and fold only when they engage appropriate Bel-2
partners.” Overall, the water soluble structures of Bcl-2 family members correspond to the fold class
of membrane translocation channel formation domains in the SCOP classification. Specifically, it
resembles the pore-forming domain of colicins and diphtheria toxin. The striking similarity between
these proteins with very divergent and even opposite functions remains a major mystery.*
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Bel-xL Bax Bid

& ‘
soluble : t“- Bax conformational change
Bax ) % & membrane insertion

Figure 2. Structure of the Bcl-2 proteins. Top, structures of the soluble form of Bcl-xL, Bax and
Bid.'"*'*"” The putative membrane-interacting fragments are shown in yellow. Bottom, model for
Bax structural reorganization associated to membrane insertion and prior to oligomerization
and pore formation. When soluble Bax interacts with the surface of the lipid membrane, it
unfolds and exposes epitopes in the N-terminal region. Deep extensive insertion is achieved
by further conformational changes. The detailed structure of the membrane-inserted confor-
mation is still unclear.

Membrane-Associated Conformations

Since the pore-forming domain is hidden in the interior of the water-soluble structure, it
seems obvious that Bcl-2 proteins must unfold in order to make this domain accessible for
membrane interactions. However little is known about the membrane-bound structures of the
Bcl-2 proteins.

Upon interaction with the MOM, Bax unfolds exposing N-terminal epitopes but without
major structural rearrangements and conserving the BH3 domain fold.>"** The sequence of
events leading to extensive insertion of the protein is unknown, but the membrane-inserted form
of Bax probably involves helices 1 and 9 and the hairpin of helices 5 and 6 (Fig. 2, bottom). This
proposal is based on in vitro glycosylation assays using microsomal membranes.* Additionally,
cysteine accessibility studies have shown that the central hairpin can adopt a membrane inserted
conformation in isolated mitochondria.’® Also, helices 1 and 9 have been involved in MOM
targeting®*¥%? and their corresponding peptides insert deeply into MOM-mimicking model
membranes.** Currently, it is widely accepted that helix 9 will be almost in a transmembrane
configuration, while the insertion depth of helices 1, 5 and 6 is more controversial. Since the
central hairpin is considered to be the pore-forming domain, it is often imagined (and drawn) as
a transmembrane domain within an intact membrane. In fact, the hydrophobic length of these
helices is too short to span the bilayer and the only way to avoid exposing charged residues to the
lipid acyl chains would be for it to reside at the interface, including at the edge of a pore. In the
latter case the tilt angle with respect to the membrane normal is expected to decrease compared to
the transmembrane configuration. Oriented circular dichroism experiments suggest that 30% of
the helical components of a peptide encompassing helix 5 from Bax were oriented perpendicular
to the plane of the bilayer.* Under different conditions, this peptide showed two orientations
with tilt angles of 80 and 30 degrees.”
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Figure 3. Toroidal pore formed by helix 5 from Bax. A) Edmundson'® helical wheels show
the amphipathic nature of helices 5 and 6 from Bax. B) Normalized electron density distribu-
tion of Br atoms in a unit cell of a membrane containing peptides corresponding to helix 5
from Bax (Bax-a.5).* C) Model for the toroidal pore formed by Bax-a5.** D) AFM image of a
supported lipid bilayer with phase coexistence. The deformation of the lipid domains upon
addition of Bax-a5 indicates a decrease in the line tension at the phase boundary.'® Panels
B and C reproduced from Qian S et al, Proc Natl Acad Sci USA 2008; 105(45):17379-83;*
with permission from the National Academy of Sciences, USA.
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In vivo, membrane insertion and oligomerization of Bax and Bak are triggered by Bid, Bim and
perhaps other BH3-only proteins.**# In vitro, Bax activation can be induced by incubating the
protein with non-ionic detergents® or by heat.”! Importantly, once Bax is bound to the membrane it
can auto-activate by recruiting other soluble Bax molecules.”* A number of experimental techniques,
including size-exclusion chromatography, chemical cross-linkingand FRET, have shown that Bax,
as well as Bak, is able to oligomerize both in mitochondria and in model membrane systems and
this is intimately connected to the formation of pores.*****®° However, a recent study cautions since
in cells undergoing apoptosis Bax was found to be oligomeric, but in a non-active state.”!

Lipids influence the different steps that eventually lead to Bax adopting the membrane
conformation responsible for forming the pore. Cardiolipin appears to be important for the
recruitment of Bax and its oligomerization,** while phosphatidyl ethanolamine inhibits Bax
oligomerization at concentrations larger than 20% mol.* Cholesterol does not affect mem-
brane binding, but inhibits deep insertion and oligomerization of the protein thereby reducing
pore-formation.®*® Surprisingly, the effect of cholesterol on cholesterol-dependent cytolysins
is exactly the opposite.®

The proposed model for antiapoptotic members suggests that these proteins are initially
anchored to the MOM through the C-terminal domain while the rest of the protein is folded
as in the crystal structure. It is not clear whether the anchored protein is a competent apoptosis
inhibitor, but recent pieces of evidence suggest that duringapoptosis the protein inserts extensively
into the membrane to inhibit apoptosis.””* In vitro, acidic pH and negatively charged lipids were
found to be essential for membrane binding of a Bel-xL version lacking the C-terminal anchor.®”
For insertion to occur, the protein is believed to unfold so that the central hairpin inserts into the
membrane while the other helices remain surface-bound. Pioneering studies in micelles showed
that helices 1, 6 and possibly 5 were partially buried in the hydrophobic interior.”! Glycosylation
mapping experiments suggested that helix 5, the hairpin of helices 5 and 6 and the C-terminus of
Bcl-xL were able to insert into the membrane while helix 6 alone could not.* Similarly, cysteine
labeling showed that helices 5, 6 and 9 of Bel-2 inserted deeply in the MOM and that this structural
rearrangement is required to inhibit Bax oligomerization.*”¢

BclxL dimerizes in water via interactions between the C-terminal domain and the BH3 binding
groove” and by three-dimensional domain swapping either at alkaline pH” or after heat induc-
tion.”* In non-ionic detergent micelles, Bel-xL forms two types of dimers distinguishable by the
presence or absence of BH3 binding activity.”> Similarly, Bcl-2 can homodimerize through two
distinct surfaces.”® Both, Bcl-2 and BelxL can heterodimerize with Bax partly explaining the ability
of Bel-xL to block Bax pore formation.”*¢” The fact that antiapoptotic Bcl-2 proteins cannot form
higher-order oligomeric species may explain their inability to permeabilize the MOM.

Bid has received considerably less attention in structural terms than the previous proteins. It
is made competent for membrane insertion by proteolytic cleavage. The resulting fragment, tBid,
translocates to the MOM and cardiolipin seems essential in promoting both tBid bindingand activ-
ity.!*”78! In general, structural studies agree on a shallow insertion of Bid into the membrane,**
though glycosylation mapping assays showed that the hairpin of helices 6 and 7 inserts into lipid
membranes via hydrophobic interactions.”

Pore-Forming Properties of Bcl-2 Proteins

When the first 3D structure of a Bcl-2 family member became available, its similarity with
the pore-forming domains of bacterial toxins, like colicin and diphteria toxin, was obvious.'¢ This
prompted researchers to study the ion channel activity of Bel-2 proteins.®

Initially, ion channel recordings of Bax were performed with truncated versions lacking the
C-terminus. Bax first formed small anion-selective channels, followed by multiple conductance
levels of moderate anion selectivity and, finally, stable ohmic pores.® Further work with full-length
Bax showed arbitrary and variable changes in membrane permeability with a marked decrease in
membrane stability.® This study suggested for the first time the implication of lipids in Bax-induced
pores. The dependence of Bax-induced pores on lipid spontaneous curvature and the increase
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in lipid flip-flop were taken as signatures of the formation of proteolipidic toroidal pores.*

Besides, cardiolipin has been shown to be necessary for the formation of large pores induced by
a mixture tBid and Bax.®? Other MOM proteins may also play a role in Bid-assisted Bax pores.”
However, Bax alone can also form lipidic pores in the absence of Bid as long as it can be targeted
to the membrane.®?

Accumulating evidence indicates that the buried central hairpin is mainly responsible for the
pore-formingactivity of the Bcl-2 proteins: (i) deletion of the C-terminus domain does not affect
Bax functionality,” (ii) deletion of the central hairpin of Bax abrogates the release of cytochrome ¢
from mitochondria® and (iii) small peptide fragments corresponding to cither helix of the hairpin
can form pores essentially with the same features as the full-length proteins.®®® Compared to
BclxL, Bax-derived sequences show a better “design” for pore formation since positively charged
residues are located preferentially in one face of the helix. Moreover, the Bel-xL central hairpin
possesses a greater proportion of negatively charged residues which may reduce membrane binding
through electrostatic repulsion. However, pore formation may not be the only function associated
with the central hairpin. For example, the mitochondrial localization of Bax, the antiapoptotic
effect of Bel-xL and protein-protein interactions between Bax and other members are thought to
be mediated by the pore-forming domain.”>*’

Bax pores were first observed at low resolution by AFM.*® A more recent X-ray study of a mem-
brane in the presence of a peptide derived from the helix a5 of Bax showed how the two monolayers
bend continuously in the rim of the pore, demonstrating that this peptide forms lipidic pores* (Fig.
3B,C). However, the location of the peptide molecules with respect to the pore is unknown. This
model of the pore satisfactorily explains both the lipid dependence of leakage caused by Bax and the
fastlipid transbilayer diffusion. The toroidal lipid pore has also been proposed to explain the mode of
action of structurally similar proteins like colicins.”*!®® Membrane binding of amphipathic fragments
stretches the membrane surface (and simultaneously reduces the membrane thickness) so that when
a threshold value of area expansion (or decrease in hydrocarbon thickness) is reached, a pore opens
to alleviate the generated tension. Reaching that threshold value is necessary but not sufficient for
pore-formation: pore opening is a stochastic process that depends on nucleation of defects in the
membrane.” In this context, the confinement of the amphipathic helical segments of pore-forming
proteins, like the Bcl-2 proteins, in a reduced area may provoke the same effect as several individual
pore-forming peptides, thus explaining the apparent higher activity of the former with respect to the
latter.*!* Protein or peptide induced pores are supposed to be stable and of well defined size, which
could be explained in terms of Bax-induced decrease of the line tension®'* (Fig. 3D).

The case of the antiapoptotic proteins is somewhat confusing. As discussed above, their
soluble structure is similar to that of proapoptotic members while their function is just the op-
posite. Furthermore, both BclxL and Bcl-2 can form ion channels in planar lipid bilayers and in
liposomes. As with Bax, these channels are pH-sensitive and display different conductance states.
But they differ from those of Bax in that they are cation selective, show no decrease in membrane
lifetime and have a small opening probability at physiological pH.!* In the case of Bcl-xL lacking
the C-terminus, the pH sensitivity was demonstrated to correlate with protein binding.**!* Poor
leakage activity at neutral pH is thus just a consequence of the low membrane affinity in the absence
of the C-terminal anchoring domain. So it seems that full-length Bcl-xL is able to form pores at
pH 7 although with low efficiency. Similarly, Bcl-2 was found to induce the formation of small
pores, which are not cytochrome ¢ permeable, either at physiological pH through tBid-induced
conformational changes or acidic pH in the absence of Bid.'**!*” Interestingly, proteolytic cleavage
releasing the N-terminal part of the protein can transform them into pro-apoptotic partners with
pore-forming properties essentially identical to that of Bax.!®!!!

The pore-forming capacity of Bid has been studied less than that of other Bcl-2 proteins, since in
general it is not able to induce apoptosis on its own.>!*!'>!13 However, both Bid and tBid are able to
destabilize planar lipid bilayers and to induce leakage from and lipid mixing in, liposomes.!*!"" It
hasbeen hypothesized that membrane destabilization by Bid is related to the induction of negative
curvature,'® but its lipid transfer activity between membranes could also be involved.!'>!1%°
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Regulation of MOM Permeabilization by Bcl-2 Proteins

Activation of Bcl-2 Proteins

Under normal conditions, many of the proteins of the Bcl-2 family remain in an apoptosis-in-
active form within cells. While the expression levels of some antiapoptotic members of the family
can be regulated transcriptionally,' Bax and Bak levels are constitutively expressed in cells and
their activity is mainly regulated by other Bcl-2 proteins.” Post-translational modifications may
also alter Bax binding to the MOM.!?*'2 Another way for the cell to control the levels of the
different Bcl-2 proteins is by ubiquitination and proteosomal degradation.'?>!? Increase of the
degradation activity have been shown to have a proapoptotic effect on pro-survival members,
like Bel-2 or Mcl-1, while it reduced cell death in the case of proapoptotic proteins, like Bax,
Bid, Bak or Bik.'?”

In the presence of apoptotic stimuli, the BH3-only proteins are activated first. They are
considered the initial sensors that recognize the diverse apoptotic signals in the cell. The lev-
cls of some of them, like NOXA, PUMA or Bim, are increased in response to transcription
factor signaling.’?1% Others are activated by posttranslational modifications. For example,
Bid is activated via proteolytic cleavage by caspase-8,°! while Bad and Bim are regulated by
phosphorylation.!?133 Bim is also activated by release from the dynein motor complex'** and
Bmf is activated by release from actin-myosin motor complexes.'* Once induced or activated,
these proteins translocate to the MOM, where they engage with other Bel-2 proteins to induce
apoptosis. Based on their ability to activate Bax and Bak, the BH3-only proteins are classified
as “direct activators” or “sensitizer/derepressors”. The latter are unable to directly induce Bax/
Bak activation. Instead, they bind to the antiapoptotic proteins with high affinity leading to
the release of the “direct activators”, which in turn activate Bax and Bak membrane permeabi-
lizing activity.

Translocation to the MOM is also experienced by other family members when activated for
apoptosis induction. Except for a minor fraction weakly associated to mitochondria, Bax exists
mostly in a monomeric form in the cytosol of healthy cells.> During apoptosis, tBid and Bim
have been shown to trigger Bax to translocate to the MOM and to potently induce cytochrome
c release.'?%"% Based on experiments with model membranes, it has been suggested that tBid
and Bim cooperate with Bax to induce membrane permeabilization.®

Bax translocation to the mitochondria is accompanied by conformational changes®' that
lead to extensive insertion into the lipid bilayer (see above). In vitro studies have shown that
interaction with lipid membranes is enough to initiate Bax conformational rearrangements.'?’
Once in the mitochondria, Bax oligomerizes and induces the release of cytochrome ¢ and the
other apoptotic factors, which usually correlates with commitment of the cell to die.*'?

However, the molecular mechanism by which tBid and Bim activate Bax and Bak remains
clusive. It seems to be dependent on interactions with the BH3 domains of the direct activators,
though difficulties in observing direct binding between them' have led to the proposal of a
“kiss-and-run” hypothesis. In an elegant study, Andrews and coworkers have shed light on this
process showing that it follows a set of ordered steps that culminate with membrane permeabi-
lization.* Using a reconstituted in vitro system, they found that the presence of membranes was
necessary for tBid to interact with Bax. The temporal analysis of their data suggested that tBid/
Bax interactions occurred prior to Bax insertion into the lipid bilayer, which was then rapidly
followed by Bax/Bax oligomerization. Then, once a threshold concentration of Bax was inserted
into the bilayer, membrane permeabilization happened very quickly.

On the other hand, the homolog effector protein Bak is constitutively associated with the
MOM under normal conditions. It has been proposed that it is constitutively inhibited through
interactions with VDAC-2 and antiapoptotic Mcl-1 and Bcl-xL.* During apoptosis, Bak forms
small complexes that correlate with cytochrome c release from mitochondria.”#13 It can also
form oligomers with Bax during this process.'**'*! However, due the difficulty of reconstituting
Bak in vitro, much less is known about the molecular mechanism of Bak activation.
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Inbibition by Antiapoptotic Bcl-2 Proteins

The antiapoptotic members of the family, which includes Bel-2, Bel-xL, Bel-w, Al and Mcl-1,
inhibit apoptosis by blocking the activation of caspases. The first hypothesis to explain their mecha-
nism of action was the “rheostat model’, in which the relative levels of pro- and antiapoptotic pro-
teins determine the cell’s fate.!*>!% This was supported by the observation that the over-expression
of antiapoptotic Bcl-2 proteins promotes cell survival in tumor cells, while their genetic deletion
results in an increase in apoptosis.'*!% Also supporting this vision, deletion of the pro-apoptotic
members increases resistance to apoptosis.'® However the “rheostat” model was insufficient to
explain the complex regulation of MOM permeabilization by the Bcl-2 proteins. During the last
years, alternative models have been proposed to describe this process, but still a lot of controversy
remains (see below).

The antiapoptotic Bcl-2 proteins are believed to inhibit the proapoptotic members by direct
complex formation. Available structures show that the hydrophobic cleft formed by the BHI,
-2 and -3 domains of BelxL can accommodate peptides corresponding to the BH3 regions of
Bak, Bad and Bim.?*% This suggests that the hydrophobic pocket is involved in the dimeriza-
tion with other family members via their BH3 domain. Supporting this idea, BH3 peptides of
proapoptotic Bcl-2 proteins have been shown to bind to antiapoptotic members with differ-
ent affinities.'” Also, mutations in the BH3 domain of tBid abrogate their interactions with
multi-domain Bel-2 proteins.>*!%

Interestingly, Bel-xL, Bcl-w and Mcl-1 reside partially in the cytosol and translocate to the
MOM during apoptosis.'®*>° Once there, tBid has been shown to induce conformational
changes in Bcl-2 that are associated with its extensive insertion into the membrane.!* Although
the physiological implications are not completely clear, these observations led to the idea that
antiapoptotic Bcl-2 proteins could be “activated” for inhibition of apoptosis at the MOM in
a similar way to Bax."! This hypothesis is also based on the structural similarities between the
multi-domain Bcl-2 proteins and on the fact that the both pro- and antiapoptotic members
display pore-forming activity. Indeed, Bcl-xL has been shown to compete with soluble Bax for
membrane binding induced by tBid.>* Once in the membrane, Bel-xL is able to interact with
and inhibit both tBid and Bax. As a consequence, tBid is sequestered, Bax oligomerization is
impaired and cytochrome c release is inhibited.

From these experiments, Bcl-xL was proposed to behave as a dominant-negative version of
Bax.>* This very interesting concept assumes that the antiapoptotic Bcl-2 proteins are incapable
of forming high-order oligomers. As a result, they would form small pores after membrane inser-
tion, yet being unable to produce the big membrane pores necessary for MOM permeabilization
in apoptosis. In addition, Bcl-xL binding to Bax would result in small oligomerization-defective
complexes, unproductive for cytochrome c release.

Bcl-2 Interaction Networks Regulate Apoptosis

As described above, the Bcl-2 proteins interact with other family members to induce or inhibit
MOM permeabilization. A major controversy in the field is related to the nature of the interactions
that are essential for the regulation of apoptosis. Which protein/protein interactions between
family members control the outcome of whether MOM permeabilization is induced or not? For
example, do BH3-only proteins induce apoptosis by activating Bax and Bak or by neutralizing the
pro-survival members of the family?

In this context, the “indirect” or “neutralization” model considers that Bax and Bak are con-
stitutively inhibited in cells via interactions with the antiapoptotic members.!?>!4"152 When the
BH3-only proteins are activated, they bind to and neutralize the pro-survival proteins, leading
to the liberation of Bax and Bak, which then induce MOM permeabilization. The main event in
this model is the strong interaction between BH3-only proteins and the pro-survival ones. The
observation that Bak is forming complexes with several antiapoptotic proteins in healthy cells sup-
ports this model.'** Also, it has been shown that BH3 peptides from different BH3-only proteins
exhibit different afhinities for the antiapoptotic Bcl-2 proteins. 153
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On the other hand, the “direct” activation model proposes that Bax and Bak need to be acti-
vated by direct activator BH3-only proteins to induce MOM permeabilization. Here the essential
interaction would be between direct activators and effector proteins.? This model is supported
by Bax translocation to the MOM and by the conformational changes described for Bax and Bak
during apoptosis.®* Also, only tBid and Bim have been shown to be able to induce membrane
permeabilization by Bax in model membrane systems.'* The sensitizer/derepressor BH3-only
proteins would increase mitochondrial sensitivity to the direct activators, while the pro-survival
proteins would then inhibit apoptosis by sequestering the direct activators.

The likely scenario is a combination of both situations, with prevalence of one or the other
dependingon cell type and metabolic state. This implies that commitment to cell death is regulated
by a complex interaction network between Bel-2 proteins that determines MOM permeabilization.
Recent work by Chipuk et al reports on “direct activator/antiapoptotic/derepressor” network
that controls MOM permeabilization in tumor cells.’> They found that sensitizer/derepressor
molecules cooperated with sequestered direct activators to induce MOM permeabilization. In
such system, cancer cells were resistant to apoptosis because they contained high levels of anti-
apoptotic proteins that blocked the direct activators. Apoptosis activation could then be achieved
by sensitizer/derepressor molecules binding to the antiapoptotic proteins and releasing the direct
activators, which in turn activate Bax and Bak.

However, these models pay no or little attention to the role of the lipid membrane in the regula-
tion of MOM permeabilization. The recently proposed “embedded together” model takes this into
account and is becoming widely accepted.’! This hypothesis assumes that the final regulation of
MOM permeabilization takes place in the lipid membrane and is associated with an extensively
inserted conformation of the Bcl-2 proteins. Asa consequence, multiple parallel equilibria between
the different Bcl-2 proteins happen in solution and within membranes. The relative strength of
the interactions in both environments would then shift the equilibrium towards Bax and/or Bak
oligomerization and MOM permeabilization, or towards the formation of unproductive complexes
associated to maintenance of MOM integrity.”’

Conclusion

In summary, several questions still need to be addressed in order to fully understand how the
Bcl-2 proteins regulate MOM permeabilization. It will be necessary to determine the nature of
the pore responsible for the release of the apoptotic factors. Given the increasingly acknowledged
importance of the membrane environment, the implication of mitochondrial lipids in the activity of
Bcl-2 proteins will need deeper investigation. Also, the detailed structure of the membrane-inserted
states of the Bcl-2 proteins is a major question in the field. Finally, it will be crucial to determine
the interaction affinities between the Bcl-2 proteins in solution and within the membrane and to
identify which of these interactions are key to control MOM permeabilization.
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CHAPTER 9

Molecular Mechanism

of Sphingomyelin-Specific Membrane
Binding and Pore Formation

by Actinoporins

Biserka Bakra¢ and Gregor Anderluh*

Abstract

ctinoporins are potent pore-forming toxins produced by sea anemones. They readily form
Apores in membranes that contain sphingomyelin. Molecular mechanism of pore formation

involves recognition of membrane sphingomyelin, firm binding to the membrane accom-
panied by the transfer of the N-terminal region to the lipid-water interface and oligomerization
of three to four monomers with accompanying pore formation. Actinoporins are an important
example of a-helical pore forming toxins, since the final conductive pathway is formed by am-
phipathic a-helices. Recent structural data indicates that actinoporins are not restricted to sea
anemones, but are present also in other organisms. They are becoming an important tool and
model system, due to their potency, specificity and similarity to other proteins.

Introduction

Actinoporins are pore-forming toxins from sea anemones. It is believed that these toxins are
used by sea anemones for preying and defence, but their biological role is not yet completely
understood."? They are soluble in water at high concentration, but are able to undergo a conforma-
tional change, which allows tight membrane binding and creation of transmembrane pores. These
events are dependent on the presence of the membrane lipid sphingomyelin and are enhanced in
the presence of lipid domains.* Their activity is, therefore, tightly regulated and directed mostly to
animal cells. Many actinoporin-like proteins have been found in different organisms by sequence™
or structure comparisons.”'® Of particular interest is a family of fungal lectins, which shares simi-
lar structure and ligand-binding site.”'*'> Due to these properties actinoporins have become an
important model system and have recently attracted a considerable attention. In this review we
will summarise the current knowledge of their molecular mechanism of action and discuss how it
relates to other similar proteins. The interested reader may find additional information in other
reviews of actinoporins, their properties, biological roles, mechanism of action and their use in
biotechnological and biomedical applications.*!*¢
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Structural Properties of Actinoporins

A hallmark of actinoporins (Pfam code PF06369) is that they are an extremely conserved pro-
tein family. The most distant members still share more than 60% of identical residues.> Majority
of the information about their structure and mechanism of action derives from the studies of
equinatoxin II (EqtII) and sticholysins I (StI) and I (StII) from the sea anemones Actinia equina
and Stichodactyla helianthus, respectively. They are 20 kDa proteins and possess no cysteines. The
functional parts that enable formation of pores are largely conserved in the family and most of
the members are highly basic proteins with pI above 9," although one acidic actinoporin was also
described.”

Actinoporins are single-domain proteins composed of a tightly folded 12 strand 8-sandwich
flanked on two sides by a-helices (Fig. 1).!%2° The C-terminal a-helix is attached at both ends to
the §-sandwich, whereas N-terminal o-helix is attached only at its C-terminal end. The helical
wheel analysis of the N-terminal region, from residues 10 to 30, encompassing the N-terminal
helix, revealed it to be amphipathic and that it showed weak sequence similarity to melittin, a
26-residue peptide from the honey-bee venom.?"** This region is the only part of the molecule that
can detach from the core without disrupting the general fold of the protein and the flexibility of
the N-terminal region was shown to be crucial for the formation of pores (see below).

Another interesting feature of actinoporin structure is a cluster of exposed aromatic amino
acids residues at the bottom of the molecule, which were shown to provide the initial contact of
the protein with the membrane.>*? Co-crystallisation of StII with phosphocholine (POC), a
headgroup of lipids phosphatidylcholine and sphingomyelin, enabled the definition of the POC
binding site,° which was later shown to be crucial for the specific recognition of sphingomyelin.’
Residues involved in POC binding (StII numbering; Ser-52, Val-85, Ser-103, Pro-105, Tyr-111,
Tyr-131, Tyr-135 and Tyr-136) are strictly conserved in actinoporins and imply that the same
mechanism of lipid headgroup recognition is followed by other members of the family.?

Actinoporins Specifically Bind Sphingomyelin as the First Step

in Pore Formation

Pore forming toxins form transmembrane pores in several discrete steps*®*” and actinoporins
are no exception to this general rule (Fig. 1). Available functional and structural data imply that
this process involves binding to the lipid membrane by specifically recognising sphingomyelin,
transfer of the N-terminal region to the lipid-water interface and oligomerization of three to four
monomers that finally leads to pore formation (Fig. 1).2+%%28

The membrane lytic activity of actinoporins is highly sphingomyelin dependent (reviewed
in Anderluh and Ma¢ek!). It was proposed that sphingomyelin has a major role in the binding,”
which was later supported by a definition of a POC binding site on the surface of StlI** and recent
description of sphingomyelin recognition by EqtIL.> The initial attachment to the membrane is
achieved by the aromatic amino acid cluster, which includes five tyrosines and two tryptophans
and POC bindingsite (Figs. 2 and 3). Mutations of the most important residues from the aromatic
cluster, Trp-112 and Trp-116 and of the residues that form POC binding site abolished binding
and consequently pore formation (Fig. 2).2**5?*3 Combination of POC binding site and exposed
tryptophan at position 112 enable specific binding of sphingomyelin, but not other lipids, as
shown recently by Bakra¢ et al.> Dot-blot assays showed that EqtlI binds to sphingomyelin in a
concentration-dependent manner (Fig. 2) and does not bind to any other lipid tested, i.e., choles-
terol, phosphatidylcholine, ceramide, monosialoganglioside GM1, etc. Surface plasmon resonance
analysis of chip-immobilized EqtII additionally showed that it is not able to bind a water soluble
phosphatidylcholine analogue, but it bound a comparable sphingomyelin analogue. Actinoporins
must specifically recognize regions below the choline headgroup, which itself is common to both
phosphatidylcholine and sphingomyelin. Residues Trp-112 and Tyr-113, both located on a broad
exposed loop at the bottom of the molecule, are the closest residues to the bindingsite and are within
hydrogen bonding distance of the distinctive hydroxyl and amido groups of the sphingomyelin
backbone (Fig. 3). All other amino acids are too distant to directly participate in sphingomyelin

26,27
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Figure 1. Structural properties of actinoporins and the mechanism of pore formation. A) The
NMR structure of the first 32 amino acids of Eqtll in the presence of the dodecylphospho-
choline micelles.>” B) The crystal structure of Eqtll (PDB code 1IAZ). C) The current model of
actinoporin pore formation. It is a multistep process that involves the binding of the soluble
monomer to the membrane by a cluster of aromatic amino acids and POC-binding site (M1),
translocation of the N-terminal segment to the lipid-water interface (M2) and oligomerization
and formation of the final transmembrane pore (P). Adapted from Malovrh et al.?? D) Final
transmembrane pore as viewed from the above. It is composed of four monomers, of which
each contributes one helix, and membrane lipids.

recognition. Functional analysis of mutants with changes at these two positions confirmed this
hypothesis and showed that Trp-112 and Tyr-113 are crucial for the binding and recognition of
a single sphingomyelin molecule (Fig. 3).°

This mechanism of sphingomyelin recognition puts some previously published data on acti-
noporins in a clearer structural context. The importance of tyrosyl side chains for the toxin func-
tion was shown by Turk et al,*! where chemical modification of three tyrosines in Eqtll almost
completely abolished hemolytic activity. Further, by introducing 'F label on EqtlI tryptophans,
it was recently shown by NMR that Trp-112 is important for sphingomyelin recognition, as it
exhibited changes in NMR chemical shift upon addition of sphingomyelin to phosphatidylcholine
micelles.* Finally, sea anemones are protected against the action of actinoporins by the absence
of sphingomyelin in their membranes. Instead, they possess phosphonosphingolipids that have
an altered phosphorylcholine headgroup.?

Some recent publications, however, show that addition of cholesterol to phosphatidylcholine
liposomes enhance activity of actinoporins, by modulating physical properties of the membrane or
by inducing membrane microdomains.**** Recently, giant unilamellar vesicles (GUVs) have been
used to investigate the role of sphingomyelin for the binding of EqtII and shown that it bound
preferentially to the sphingomyelin enriched liquid ordered phase than to the liquid disordered
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Figure 3. The similarity between actinoporins and fungal lectins. (A) Structure of actinoporin
Stil (PDB: 1072).%° (B) A fungal lectin from Agaricus bisporus (PDB:1Y2V)." The amino acids
that participate in binding of cognate ligand in both proteins are shown with side chains (acti-
noporins bind phosphocholine and the fungal lectin binds the disaccharide Galp1-3GalNAc).
Both ligands are shown with sticks and surface representation. (C) An alignment based on the
structural elements. Amino acids that enable binding of ligands are shown shaded. Amino
acids that are shared between both proteins are boxed. The secondary structures of Stll and
lectin are shown above and below the alignment, respectively. a-helices are shown as coils
and B-strands are shown as arrows. Adapted from: Anderluh G, Lakey JH, Trends Biochem
Sci 2008; 33:482-490;% with permission from Elsevier.

phase.® The presence of sphingomyelin strongly promoted membrane binding, but EqtII was
able to permeabilize sphingomyelin-containing GUVs only when both phases coexisted. There
was no permeabilization when sphingomyelin was only in membranes of only one phase. So,
sphingomyelin can also indirectly modulate the activity of actinoporins, by affecting the physical
properties of lipid membranes.®
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Flexibility of the N-Terminal Region Is Required for Pore Formation

In the next step of pore formation the N-terminal segment translocates to the lipid-water in-
terface???** and flexibility of this region is mandatory for the permeabilising activity. The transfer
of this segment to the membrane was monitored by double cysteine mutants, where cysteines
were introduced at such positions to allow formation of intramolecular disulphide bond and
consequently restrict movement of this region.?**® Mutants within the N-terminal region were
completely inactive, but were still able to bind to membranes, since the membrane binding site
was not affected. The placement of the N-terminal region in a more hydrophobic membrane
milieu was further confirmed by cysteine scanning mutagenesis.” Single cysteine mutagenesis of
the N-terminal region from Asp-10 to Asn-28 has shown that the whole region is transferred to
the lipid-water interface during pore formation and that it is in an o--helical conformation, which
implies that the lipid environment induces additional folding of this segment and prolongs the
a-helix, which extends from Ser15 to Leu26 in solution.'®"” The NMR structure of the peptide,
corresponding to the first 32 residues of Eqtl, has shown that it lacks ordered secondary structure
in water. However, residues 6-28 form a helix in dodecylphosphocholine micelles, thus clearly show-
ing propensity of this part to spontancously fold when in membranes.”” Finally, the interaction of
the N-terminal helix with the membranes was confirmed by introducing tryptophan residues at
various positions along this region.* This approach allowed measurements of changes in intrinsic
tryptophan fluorescence upon membrane interactions and was particularly instructive, since an
intermediate in the pore formation was revealed.** A mutant which possesses tryptophan instead of
valine at position 22 had reduced haemolytic and permeabilizing activities, while lipid monolayer
insertion was not different to the wild-type protein or other mutants studied. Decreased rates
of hemolysis and permeabilization activity arise from the inability to insert the o-helix in the
perpendicular orientation that would give rise to the oligomeric pores in membrane bilayers. So
this mutant is locked in a membrane-bound topology, where the o-helix lies parallel to the plane
of the membrane in a nonlytic state.

Of particular interest for the understanding of actinoporin function is the fact that the pep-
tides that correspond to the actinoporin N-terminal region do not exhibit the same hemolytic
or permeabilizing activity as the intact molecule.””* They showed some residual activity, mostly
to negatively charged liposomes, but they lacked the selectivity for sphingomyelin containing
membranes.””*® Hence, the actinoporin f3-sandwich has an important role in the mechanism of
pore formation, by enabling sphingomyelin-specific binding and stability of the final pore, where
it probably helps to stabilize slightly tilted helices,” as discussed below.

Pore Formation Involves Nonlamellar Lipid Structures

In the final step of pore formation toxin monomers bound to the membrane oligomerize and
the N-terminal helical part is inserted deeply across the membrane to form the ion-conductive
pathway. The secondary structure of the actinoporins does not change much after the binding
to the lipid membranes and formation of pores, according to circular dichroism (CD)* and
Fourier-transform infra red (FTIR) spectroscopy.*** This was inferred also from the electron
microscopy images of 2D crystals of StIL? The reconstructions enabled to provide the model
of pore formed by four molecules of StII, with minimal adjustments of the $-sandwich, which
sits on the membrane, while a-helices are slightly tilted with respect to the membrane normal »
Such arrangement of helices was already proposed by FTIR spectroscopy*! and later confirmed
by cysteine scanning mutagenesis.”” It was recently proposed that the N-terminal part extends
to the trans side of the membrane in the final pore, i.c., to the side opposite to the rest of the
membrane-bound protein.”® The terminal five amino acids were proposed to act as an anchor,
similar to the mechanism recently described for acrolysin, where it was proposed that loops of
the B-barrel stabilize it in the membrane in a rivet-like fashion.*

Pores formed by actinoporins are 2 nm in diameter®*” and, hence, cannot be simply formed by
four helices. Either other parts of the molecule contribute to the final oligomeric conductive pore,
or the pore is composed partially of lipid molecules from the bilayer (Fig. 1). The first possibility
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requires considerable unfolding of the B-sandwich and its rearrangements in such a way that remain-
ing space between helices is filled with the polypeptide chain. A disulfide scanning mutagenesis
was employed to show that apart from the N-terminal segment there are no other parts, specifi-
cally B-sandwich and the C-terminal a-helix, that undergo gross conformational changes.” These
results support a model where the final pore is formed by a-helices and bilayer lipids, as no other
part of EqtIl inserts sufficiently deeply into the membrane to fill the remaining gaps between the
helices.®®# Such, protein-lipid, so called, toroidal pores were also proposed for smaller pore-forming
peptides such as melittin® or larger proteins such as apoptotic Bax proteins.>*>2

Some experimental evidence is consistent with the toroidal pore model and lipid involvement
in pore formation of actinoporins. Stl and StlI were able to induce lipid flip-flop between internal
and external leaflets of liposome membranes and inclusion of small proportions of phosphatidic
acid, a strong inducer of negative membrane curvature, markedly increase the release of fluorescent
markers from liposomes.* Negatively charged lipids were able to increase the cationic selectivity
of the EqtlI pore, thus supporting the proposition that lipids are part of the pore lumen.* Finally,
an isotropic peak was observed in®* P NMR, which was interpreted to occur from lipid disorder-
ing.® The reorientation of lipid acyl chains was also observed by FTIR.*** In conclusion, it is clear
that the actinoporin pore formation is unique and distinctively different from other pore forming
toxins. They are a good model of how membranes may be damaged by a-helices.

Similarity to Other Proteins

For many years it was believed that actinoporins is isolated family of pore-forming toxins present
only in sea anemones. However, first a haemolytic toxin, echotoxin 2, from the salivary gland of
the marine gastropod Monaplex echo was described and found to be homologous to actinoporins.”
Recently, a detailed search of public databases with Eqtll sequence as a probe yielded a number
of sequences similar to actinoporins.® They were from three animal (chordates, cnidarians and
molluscs) and two plant (mosses and ferns) phyla. However, the majority of the sequences were
from teleost fishes. The similarity to Eqtll is confined to the C-terminal region from residue 83
to residue 179, which is roughly half of the B-sandwich and comprises membrane binding site
with a highly conserved P-[WYF]-D pattern, located on the broad loop at the bottom of the
molecule. Such conservation of a membrane-binding region suggested that these homologues
should be membrane-binding proteins. To test this hypothesis, a homologue from zebrafish was
cloned, expressed in E. coli and purified. It displayed membrane-binding behaviour, but did not
have permeabilising activity or sphingomyelin specificity.®

Novel homologues of actinoporins were found in recent years also by structural analysis.” > A
novel family of fungal lectins revealed a remarkable similarity to actinoporins despite having less
than 15% sequence identity.”'"'? The structural similarity is confined to the $-sandwich and the
most important difference in the structures of both groups is that fungal lectins lack the N-terminal
amphipathic region of actinoporins (Fig. 3). The lectins from Xerocomus chrysenteron (XCL) and
Agaricus bisporus (ABL) have antiproliferative properties*** and they both selectively and with high
affinity bind the Thomsen-Friedenereich antigen ('TF antigen),'! a disaccharide (Galf31-3GalNAc)
expressed by about 90% of all human carcinomas.>® The binding site for TF-antigen in ABL cor-
responds to the POC-bindingsite in actinoporins, the residues used for the binding are located on
equivalent sites to the actinoporin residues used for the binding of the phosphocholine headgroup
of sphingomyelin (Fig. 3).5¢

Just recently a novel actinoporin-like protein family was described at the structural level.’’
Many bacterial, fungal and oomycete species produce necrosis and ethylene-inducing peptide
1 (Nep1)-like proteins (NLPs) that trigger leaf necrosis and immunity associated responses in
various plants. The crystal structure of a Nepl-like protein from phytopathogenic oomycete
Pythium aphanidermatum was determined and showed to possess a fold that exhibits structural
similarities to actinoporins. All of these examples indicate that actinoporins fold is widespread
and used by many different protein families primarily for the specific binding to various molecules
of the plasma membrane.
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Conclusion

The lipid cell membrane is the first obstacle that needs to be overcome and the creation of
transmembrane pores is a very efficient way of killing cells, so pore forming toxins are a very
important group of natural toxins.””* In recent years they have been used to study fundamental
biological processes such as protein-membrane and protein-protein interactions within the lipid
bilayer milieu, as well as conformational changes associated with the change of environment from
polar to hydrophobic, as encountered within the core of lipid membranes. While B-PFTs, e.g.,
Staphylococcus aureus o-toxin or cholesterol dependent cytolysins,””” form structurally stable
transmembrane pores, those formed by a-PFTs are not stable. Consequently, there is less structural
information available. Final functional pore of EqtII have still not been visualized. It needs to be
unambiguously determined what is number of monomers in the final pore and what the interac-
tions between the monomers in the final pore are.

Due to their properties, there may be many opportunities to use actinoporins in biotechnologi-
cal and biomedical applications. They were used for selective killing of parasites®® or cancer cells.””
Recently, EqtlI was used to selectively permeabilise red blood cells in order to efficiently deliver
antibodies for efficient staining of parasites in malaria research.® Due to its sphingomyelin-binding
capacity, EqtII could be a useful probe to detect and study the distribution of sphingomyelin
within the cells. Most cellular sphingomyelin resides in the outer leaflet of the plasma membrane,
but is synthesized de novo by a sphingomyelin synthasel in the Golgi complex.®' Sphingomyelin
has an important role in the lipid membrane, by being a main constituent of so-called lipid-rafts,
microdomains enriched with cholesterol and sphingomyelin.®* But sphingomyelin also serves asa
reservoir for lipid signalling molecules, i.e., ceramide, sphingosine and sphingosine 1-phosphate.®*
They are critical regulators of cell proliferation, differentiation and apoptosis. All these facts indicate
the importance of sphingomyelin, hence a probe to detect and study its distribution and synthesis
at the cellular level is crucially needed.
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CHAPTER 10

Hemolysin E (HIyE, ClyA, SheA)
and Related Toxins

Stuart Hunt, Jeffrey Green and Peter J. Artymiuk*

Abstract
( : ertain strains of Escherichia coli, Salmonella enterica and Shigella flexneri produce a
pore-forming toxin hemolysin E (HIyE), also known as cytolysin A (ClyA) and silent
hemolysin, locus A (SheA). HIyE lyses erythrocytes and mammalian cells, forming trans-
membrane pores with a minimum internal diameter of ~25 A. We review the current knowledge
of HIyE structure and function in its solution and pore forms, models for membrane insertion, its
potential use in biotechnology applications and its relationship to a wider superfamily of toxins.

Introduction
Hemolysin E (HIyE; also known as ClyA or SheA) is a novel, pore-forming toxin synthesized
by Escherichia coli and other enteric bacteria." HIyE lyses mammalian erythrocytes, is cytotoxic
toward cultured mammalian cells, induces apoptosis in macrophages and has been reported to
induce slow intracellular Ca?* oscillations in epithelial cells.”® Genes coding for close homologues
are present in the genomes of Salmonella enterica serovar Typhi or serovar Paratyphi A and Shigella
flexneri, the causative agents of typhoid fever, paratyphoid and dysentery respectively.” In addition,
amore distantly related HIyE occurs in avian E. co/i strains'®'! which lack the more widely studied
RTX pore-forming hemolysins.'* Indeed, evidence to date suggests that the hly4 gene, encoding
the RTX protein HIyA, that is an established virulence factor in extraintestinal E. co/i infections is
not found in E. co/i strains that possess h/yE."> Recently it has been shown that antibodies to HIyE
are present in humans that have been infected with cither S. Typhi or S. Paratyphi A and that b)E
is expressed in S. Typhi infected human macrophages, where it is thought to constrain bacterial
growth and thereby contribute to chronic infection.' Furthermore, following the demonstration
that all wild-type S. Typhiand S. Paratyphi A strains tested so far possess functional HIyE proteins
it has been suggested that HIyE plays a role in pathogenesis of these bacteria."'¢ However, hlyE is
apparently not associated with sudden infant death syndrome!” and screening for the presence of
functional AlyE genes suggests that is likely to act as a virulence factor in a relatively small group
of Enterobacteriaceae.'

Regulation of hlyE Expression

Regulation of hlyE expression in E. coli K-12 is complex and is influenced by several envi-
ronmental signals. A single site in the h/)E promoter enhances expression in response to oxygen
starvation when occupied by FNR (regulator of Fumarate Nitrate Reduction)>! and in response
to glucose-starvation when occupied by CRP (cAMP receptor protein).'*? In addition, the
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nucleoid structuring protein H-NS has a negative effect on FNR-driven h/yE expression and a
positive effect on CRP-driven h/yE expression.””? Furthermore, H-NS-mediated repression is
antagonized by a fourth transcription factor, SlyA, that responds to amino acid starvation.>'>?"*
In S. Typhi expression of hlyE is activated by the PhoPQ two-component system that is also re-
sponsible for the regulation of many genes expressed during host infection, but not by SstB.'* The
effects of other transcription factors, such as those known to regulate hyE expression in E. coli,
have not yet been tested in Salmonella.

Structural Studies on HIyE

Crystal Structure of the Water-Soluble Form

The X-ray crystal structure of the water-soluble form of HIyE shows that it is a 34 kDa
rod-shaped molecule consisting of a bundle of four long (80-90 A) helices, which coil around
cach other with significant elaborations at both poles of the four-helix bundle (Fig. 1).” In the
tail domain, which contains the N- and C-terminal regions of the protein, a shorter (30 A) helix
(0G) packs against the four long helices, forming a five-helix bundle for about one third of the
length of the molecule. Random and site-directed mutagenesis has revealed that residues in the
aG region play important roles in HIyE activity** HIyE possesses only two cysteine residues
and the crystal structure revealed that these are positioned very close to each other in the tail
domain’ (Fig. 1) and can be oxidized to form a disulphide bond.”* It has been reported that the

Head
domain

Tail
domain

Figure 1. Three-dimensional structure of HIyE. The backbone fold of the HlyE monomer is
shown in cartoon representation, rainbow coloured from blue (N-terminal, labelled N) to red
(C-terminal. labelled C), exceptfor the hydrophobic region (residues 177-203) which is coloured
grey. The head and tail domains are indicated and helices A to G are labelled, together with
the beta tongue region. The two cysteine residues are shown as black spheres. Produced using
PyMol.*® A color version of this image is available at www.landesbioscience.com/curie.
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80
78
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EcK12 : 160
APEC : 158
Spara : 8 : 160
Styphi : + 160
helix C
EcK12 : 240
APEC 238
Spara : : 240
Styphi : 240

EcK12 | : 303
APEC : 300
Spara : 303
Styphi : g : 303

helix G

Figure 2. Alignments of HIYE sequences. Sequences from E. coli K12 (EcK12), avian E. coli
(APEC), Salmonella Paratyphi (Spara) and Salmonella Typhi (Styphi) are shown. Conserved
residues are shown in white letters on a black background, residues identical in only three
or two sequences as black letters on grey and light grey backgrounds respectively and others
as black letters on white background. Red bars below the sequences indicate the positions
of alpha helices A to G and black bars show the positions of strands f1 and 2 in the soluble
form. Cyan bars show the positions of the helices in the pore form. The hydrophobic putative
transmembrane sequence is indicated by the labelled green bar above the sequences. A color
version of this image is available at www.landesbioscience.com/curie

redox state of the protein (dithiol, in the cytoplasm and outer membrane vesicles; or disulphide,
in the periplasm) affects the oligomeric state of HIyE,*? but more recently both reduced and
oxidized HIyE have been shown to be active.?® At the other end of the rod there is a subdomain
(the head domain) that consists of a short two-stranded hydrophobic antiparallel 3-sheet flanked
by two short helices, known as the -tongue’ (Fig. 1). These  strands form part of the 20-residue
hydrophobic sequence (Fig. 2) that had previously been predicted to be a transmembrane helix
in HIyE.** Site-directed mutagenesis has shown that the hydrophobic nature of the -tongue has
to be maintained to allow HIyE to bind to and lyse target cells.”® Host cells are disrupted by the
formation of pores in target membranes.”

Oligomerization in Solution

In the crystal, E. coli HIyE molecules form dimers that conceal the hydrophobic 3-tongue
against a second hydrophobic patch lower down the molecule, which may indicate a possible
means of maintaining solubility of the toxin in aqueous media.” Although initial gel filtration
experiments suggested that HIyE is a monomer in solution,” more recent investigations have
suggested that dimerization—and indeed further oligomerization—occurs in aqueous solution,”
but that higher order oliogomers formed this way are inactive.
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Electron Microscopy of HlyE Pores

The first electron micrographs of the toxin’ (Fig. 3) revealed that HIyE oligomerizes in the
presence of lipid to form circular pores in which the toxin molecules appear to be arranged with
their long axes perpendicular to the membrane surrounding a central channel approximately 50 A
in maximum internal diameter. The pore was estimated to contain eight or more HIyE subunits,
with a total molecular mass of 250-300 kDa. These initial electron micrographs of the pores were
consistent with simple pore models assembled from multiple copies of the soluble HIyE structure,
suggesting that HIyE might not undergo large conformational changes during pore formation.”
However, two recent electron microscopic three-dimensional reconstructions of HIyE pores
have revealed that the pores are significantly longer (ca. 140 A compared with 100 A) than the
water-soluble form of the protein, indicating that conformational changes must take place in order
to form a functional pore.?*¥” Although both reconstructions were generated from very similar
objects, the interpretation of the data has led to the conclusion that the HIyE pore was octameric
in one case’” and 13-meric in the other.?® The reason for the discrepancy is unclear.

Figure 3. Electron Micrograph of HIyE in lipid vesicles. The micrograph shows negatively
stained vesicles containing HIYE with the more heavily stained regions appearing darker.
Stain-filled rings (R) are apparent in views parallel to the membrane normal. Some complexes
show a central stain-excluding density (E). Side views of the protein complexes are visible at
the folded edges of the vesicles as protruding spikes (S). Scale bar (lower left) represents 200 A.
Reproduced from Wallace AJ et al. Cell 2000; 100:265-276;° with permission from Elsevier.
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Models of the Pore Structure

Both Hunt et al*® and Eifler et al*® proposed a model of pore formation in which membrane
bound HIyE monomers undergo a rate-limiting conformational change that precedes formation
of a functional pore. The latter authors suggested that the -tongue region of HIyE may form a
26-standed antiparallel  barrel cap structure as part of the process of insertion into the membrane.?
However it was not suggested that this would comprise the final pore structure and indeed it was
unlikely to be so, as there is no 3 barrel-like peptide sequence at any point in the primary structure
of HIyE.? Thus, Parker and Feil (2005) have argued that the transmembrane portion of HIyE is
almost certainly helical ¥

A possible model which attempted to reconcile the probable o helical structure of the trans-
membrane sequence with the electron microscopic evidence for an elongated pore was proposed
by Hunt et al** (Fig. 4A). Partial proteolysis of the water-soluble and oligomeric forms of HIyE
was employed to identify the inner and outer surfaces of the HIyE pore and the results from this
were combined with the structural features from the three-dimensional reconstructions.?**” The
orientations of the monomers suggested by the pattern of proteolysis implied that the hydrophobic
[-tongue is outward facing and thus has the potential to interact with the lipid tails of a target
membrane bilayer. However, both electron microscopy studies indicated a substantially longer
pore (~140 A) than that of the model shown in Figure 4 (~100 A).

Some of the discrepancy in pore length was accounted for in a more sophisticated model (Fig.
4D) that incorporates a rearrangement in the HIyE head domain.?® In the crystal structure of the
soluble form of the toxin, the head domain commences with the amphipathic helix aD, continues

120 A

. helix
100 A D

hydrophobi
hydrophabic sequence
sequence

Figure 4. Proposed preliminary models of an octameric HIyE pore. A) A view is shown of a
simple space-filling model of an octameric pore assembly illustrating the relative orientations
of the HIYE protomers. Six of the protomers are made semi-transparent to give a clear view
of the remaining two, chosen to show the positions of the proteolytic cleavage points on the
outside (left protomer) and inside (right protomer) of the assembly. The 24-residue hydrophobic
sequence that includes the B-tongue, which is required for membrane binding, is coloured dark
grey. The C-terminal G helix is coloured light blue. Proteolytic cleavage sites observed in both
the water-soluble and oligomeric forms of HIyE are coloured green and labelled in black, cleav-
age sites protected in the oligomer are coloured and labelled in purple italics and the residue
(Asp21) that is sensitive in the oligomer, but not in the water-soluble form of HIyE, is coloured
and labelled in dark blue. Approximate dimensions of the proposed assembly are indicated. B)
Structure of the head domain of HIyE with the hydrophobic residues in grey and the hydrophilic
ones in orange; the hydrophobic putative transmembrane sequence including the $-tongue is
on the left, the amphipathic (orange and grey) helix D is on the right; part of the main body of
the protomer is in cyan. C) Model in which the hydrophobic sequence becomes a single trans-
membrane helix (grey, left) which is connected at its N-terminal end to the main body of the
protomer via a realigned amphipathic helix D (orange and grey, right). D) The hydrophilic face
of helix D (shown entirely in orange for clarity) can then form the inner lining of a pore, while
its hydrophobic face packs against the new transmembrane helix (grey) which interacts with
lipid (shown schematically). Diagram was produced using PyMOL.* Adapted from Hunt S et al.
Microbiology 2008; 154:633-642;% with permission from the Society for General Microbiology.
A color version of this image is available at www.landesbioscience.com/curie.
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through the long hydrophobic sequence which comprises the C-terminal end of aD, the -tongue
and the short helix o.E and ends just before the commencement of helix alF which is part of the
main body of the molecule (Figs. 1, 2 and 4B).” It was proposed that by rearrangement of this
region of HIyE the amphipathic helix aD could form an octameric a-helical barrel pore,* similar
to that observed in the C-terminus of E. co/i Wza,* with the hydrophobic residues facing outwards
towards the membrane lipids (Fig. 4C,D). It was argued that the proposed rearrangement would
be facilitated if the long hydrophobic sequence (previously predicted to be a transmembrane o
helix**) were to undergo a conformational change into an o helix which then returns to the original
side of the membrane (Fig. 4C,D). It was suggested that the resulting hydrophobic helix would
make favourable interactions with the outward facing side chains of the o helical barrel and with

the lipid bilayer (Fig. 4D).2

Crystal Structure of the Pore Form

The speculation regarding the organization of the HIyE pore was resolved very recently when
Ban and coworkers*' published the 3.3 A resolution crystal structure of a detergent-stabilised soluble
pore-form of HIyE. This revealed that the assembly is a dodecameric pore with a height of 130 A
and a maximum outer diameter of 105 A (Fig. 5A,B), although given the variability in pore sizes as
observed by EM,*?” other oligomeric states and conformations may also be possible.

The pore structure shows that major conformational changes take place between the soluble
and pore forms of the HIyE protomers™ (Figs. 2 and 5C,D). Although part of the hydrophobic
region around the B-tongue and helix E does indeed refold to become a transmembrane a-helix
as previously proposed,? this is accompanied by far more radical changes in the structure of the
protomer than had been previously envisaged (Fig. 5C,D), but nevertheless foreshadowed by
fluorescence energy transfer, intrinsic fluorescence and site-directed mutagenesis experiments
implicating rearrangements of the tail domain during pore formation.?****¢?8 C-terminal to the
hydrophobic region the changes are relatively modest: the new helix formed from f2 and aE
(“oF1”) forms an N-terminal extension to oF and in addition there is a change in the location of
the turn between the two last helices resulting in a 5-residue lengthening of aoF at its C-terminal
end and a concomitant shortening of G. N-terminal to the hydrophobic region, however, there
are more profound changes: helices C and oD and strand $1 become one continuous helix, as do

aG

Figure 5. The structure of the pore form of HIyE.?' Views of the dodecameric pore complex from
(A) above and (B) from the side, with alternate protomers white and coloured; horizontal lines
represent the proposed position of a target membrane. C) View of the HIyE protomer in the
soluble form? and (D) in the pore. In (C) numbered arrows schematically summarize the proposed
sequence of changes: (1) movement of the B-tongue to become a hydrophobic extension of helix
aD; (2) aD to B1 becomes a helical extension to a.C and 2 to aE becomes a helical extension to
aF; 3) movement of aA and aA' to the other end of the protomer and (4) movement of o.F into the
space left by aA. Diagrams are coloured and labelled as Figure 1 and produced using PyMOL.*®
A color version of this image is available at www.landesbioscience.com/curie.
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helices 0B and 0L A' (the final section of 0tA). As a result of this, LA is rotated by approximately 180°
(and the N-terminus moves 140 A) relative to its position in the soluble form and thus becomes
situated at the opposite end of the protomer (Fig. SC,D). The consequence of all these changes is
that the main body of the protomer becomes an elongated three-helix bundle®® in contrast to the
four-helix bundle observed in the soluble form of the toxin.” New molecular surfaces are formed
by these rearrangements and allow the formation of a network of 25 hydrogen bonds and 13 salt
bridges between each pair of protomers in the pore.*!

The dramatically relocated oA helices from the 12 protomers form a cone-shaped o-helical bar-
rel inside the pore and it is this that defines the ~30 A limiting diameter of the pore (Fig. SA,B).”!
The outer part of this o-helical barrel is hydrophobic and it is proposed that this together with
the hydrophobic sequence around aF1 insert into and form the interface with the membrane
(Fig. S).

gThis remarkable new structure of an HIyE pore resolves many of the issues around the mecha-
nism of pore formation by this toxin and allows proposal of a detailed possible mechanism for
membrane insertion,?! which is discussed further below.

Process of Membrane Insertion

HIyE-mediated cell lysis is the product of a complex series of steps in which HIyE must recognize
and bind to the target cell and then assemble to form a functional pore. The data presented by
Hunt et al (2008)? suggest that conversion of HIyE from a water-soluble dimer,”*? in which the
hydrophobic surfaces in the head (B-tongue) and tail (residues of helices B, C and G) are shielded
from the solvent, to a monomer that can bind to a target membrane is fast. The fluorescence energy
transfer experiments suggest that after interaction with a membrane HIyE protomers rapidly begin
to oligomerize.”® Thus, it is suggested that neither membrane binding, nor initial interactions
between membrane bound HIyE monomers are rate-limiting steps in creating a functional pore.
Nevertheless, during these rapid phases HIyE undergoes conformational changes in regions includ-
ing those (for example the tail region) that are remote from the f3-tongue, which is essential for
interaction with a membrane.*** The changes in HIyE conformation were suggested to be required
for binding the membrane and facilitating subsequent initial interactions between HIyE protomers
to form parallel membrane bound HIyE molecules in a prepore structure. This rapid phase is then
followed by a slow component, most apparent as a temperature-dependent lag phase, with relatively
high activation energy, before hemolysis occurs. Taken together these observations indicate that
whereas HIyE binding to a target and initial oligomerization are rapid, functional pore-formation
isa much slower process. Such a mechanism accounts for the relatively poor hemolysis observed at
15°C compared to 37°C and the need for prolonged incubation to observe cell lysis at low HIyE
concentrations. Thus, the data presented by Hunt et al*® broadly support the conclusions of Eifler
et al,” who also suggested that there is a rate-limiting conformational transition in membrane
bound HIyE that precedes the formation of a functional pore.

The availability of structures of the soluble HIyE monomer” and the recent description of an
HIyE pore? has allowed the proposal of a detailed model for membrane insertion.’ In this model
the trigger for the structural change (Fig. SC,D) involves Phe 190 at the tip of the -tongue which,
in the soluble form, interacts with four other aromatic residues (Phe 50, Tyr 54, Phe 159 and Tyr
165). It is envisioned that in proximity to the membrane Phe 190 and the B-tongue flip out into
the lipid bilayer. The removal of Phe 190 destabilizes the cluster of aromatic residues and precipi-
tates the rearrangements of the protomer associated with the transition to the pore form. In these
rearrangements helix oD and the first half of the hydrophobic sequence including $1 become an
extension of aC; 0lA' becomes an extension of 0B and the amphipathic 0LA relocates towards and
attaches to the membrane; and finally oF, extended by $2 and .E at one end and part of G at
the other, takes the place vacated by 0lA. This refolded protomer is attached to the membrane and
then acts as a nucleation site for the recruitment of more protomers. When a complete prepore
is assembled on the membrane it is proposed that the target membrane becomes distorted and
insertion of A and aF into the lipid bilayer takes place to form the functional pore.*!
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HIyE Secretion and Exploitation in Vaccine Development and Tumour
Targeting

HIyE is a remarkable protein in that it lacks previously recognized protein export signal se-
quences yet is translocated from the bacterial cytoplasm without modification to the periplasm,
where it accumulates.>*%333% The association between extracellular HIyE and periplasmic pro-
teins has led to speculation that HIyE may be secreted via outer membrane vesicles.** This theory
is further supported by the observation by the Uhlin group that HIyE protein is exposed on the
surface of the E. coli cell, as demonstrated by immunofluoresence, electron microscopy (EM)
and atomic force microscopy (AFM).? The latter studies revealed small outer-membrane vesicles
surrounding the bacterial cells containing HIyE-like assemblies, resembling those described by
Wallace et al (2000),” were observed in vesicles from the HlyE-expressing strains.?> These were
confirmed as HIyE by immunolocalisation using anti-HIyE antibodies in the immunogold la-
belling method. However, it is evident that there is still much to learn about the mechanism of
HIyE export, but this gap in our knowledge has not inhibited attempts to exploit the properties
of HIyE in the design of new vaccines and as a potential therapeutic gene.

Delivery of foreign antigens to induce protective immune responses using live attenuated
bacteria is an exciting area of vaccine development. Because surface-exposed or secreted antigens
are more immunogenic than cytoplasmic antigens, attention has been drawn to HIyE as an export
system for displaying foreign antigens in attenuated S. Typhi strains. Taking advantage of the ability
of HIyE to facilitate the export of proteins fused at its C-terminus, strains of S. Typhi engineered
to express several antigens (including: protective Bacillus anthracis antigens; and the Plasmodium

Jfalciparum truncated circumsporozoite surface protein) have been reported to have potential as
vaccine candidates.”>?¥ One of the perceived advantages of these strains is that they do not require
additional engineering to incorporate a secretion system, which might have a detrimental effect
on the strain, because HIyE is readily exported by S. Typhi.

The targeting of HIyE to outer membrane vesicles has been used to localize active proteins,
again as HIyE fusions, to outer membrane vesicles with the aim of mapping the progress of
HIyE-containing vesicles during infection of host cells and for biotechnology applications such as
surface display and delivery of therapeutic proteins.*” Also, the cytotoxic properties of HIyE over-
produced by attenuated S. Typhimurium have been exploited in combination with an engineered
hypoxia-regulated promoter to increase necrosis and inhibit growth of tumours in mice.”

HIyE-Like Toxins from Bacillus cereus

Sequence comparisons suggest that HIyE toxins form a small isolated family of virulence fac-
tors restricted to the closely related organisms E. coli, S. flexneri and S. Typhi and S. Paratyphi.
Moreover, until very recently, the X-ray crystal structure of HIyE appeared to exhibit a unique
overall three-dimensional fold, based on searches of the structural databases.” However, even
though there is little sequence homology, very recent structural work has revealed a striking
three-dimensional fold resemblance between HIyE and a family of pore-forming toxins from the
Gram-positive bacterium B. cerens. "

The Gram-positive bacterium Bacillus cereus possesses three putative enterotoxins: hemolysin
BL (Hbl), nonhaemolytic enterotoxin (Nhe) and cytotoxin K (CytK). Hbl and Nhe are tripartite
toxins and are encoded by three genes cotranscribed as operons in which A6/CDA encodes Hbl
components L,, L, and B and #heABC encodes NheA, NheB and NheC (reviewed in Arnesen
et al (2008).)% There is sequence homology between the three components in each complex and
between the proteins of Nhe and Hbl.#* Recently, the X-ray crystal structure of the B component of
hemolysin BL from B. cereus was published;* despite low sequence homology, it was discovered that
B. cereus Hbl-B shared significant structural similarities with E. co/i HIyE*"** (Fig. 6). Both the HIyE
and the hemolysin BL structures are based on elongated four-helix bundles with a simple square,
left-handed, up-down-up-down arrangement of helices.” This is a fairly commonly encountered
folding topology™ and so this similarity is not sufficient to allow the inference of an evolutionary
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Figure 6. Comparison of E. coli HIyE and B. cereus Hbl-B structures. A) and B) are cartoons
of HIyE and Hbl-B respectively (both rainbow coloured as Fig. 1). C) shows a superposition
of HIyE (orange) and Hbl-B (dark blue).#'#? D) is a detail of (C) showing the different positions
occupied by the head domains in the two protein structures, the arrow indicating the rela-
tive displacement between Hbl-B and HIyE. Diagram was produced using PyMOL.*® A color
version of this image is available at www.landesbioscience.com/curie.

relationship. What is far more significant, however, is that the folds of the tail domains and of the
head domains of both proteins are also very similar,**? even though the folding topologies of the
two domains had previously been thought to be unique to HIyE.” Moreover, as with HIyE, the
single long hydrophobic sequence in Hbl-B is located in the region of the { hairpin in the head
domain. One difference is that the orientation of the head domain with respect to the tail domain
differs appreciably between the two proteins (Fig. 6).*% In the crystal structure of Hbl-B, the head
domain is oriented so that it interacts with the main four helix bundle and with the tail domain
(~30" interdomain angle), which itself has a longer C-terminal helix.* In contrast, in HIyE’ the
head domain makes relatively few interactions with the rest of the molecule (~120" interdomain
angle). Interestingly, the alternate orientations of the head domains in the crystal structures of
HIyE and HBL-B (Fig. 6) suggests a degree of flexibility in this region that is consistent with the
proposed rearrangements of the head domain and -tongue in the first steps of model of the HIyE
pore formation proposed by Mueller et al.*!

Hardy, Granum and coworkers have shown Nhe to be cytotoxic to Caco-2 and Vero cells,
to form pores in planar lipid bilayers and to be haemolytic against erythrocytes.”” Based on the
significant sequence similarities to Hbl-B, it was also possible to generate three-dimensional
homology models for NheB and NheC:# both contain a predicted hydrophobic segment that
correlates with the B-hairpin seen in HlyE and HbI-B. The structural and functional similarities
among Nhe, Hbl and HIyE may indicate that that they belong to a superfamily of pore-forming
toxins.” As more X-ray crystal structures are determined, it is possible that the number of HIyE
homologues identified will increase and so it will become apparent if HIyE, Hbl and Nhe are truly
members of a larger superfamily of pore-forming toxins.

Conclusion

Although discovered relatively recently, the importance of HIyE is becoming apparent. The
confirmation of involvement in Salmonella virulence'>***” and the presence of homologues in
many E. coli strains including avian pathogenic E. co/i (APEC),'*"! suggests that HIyE is a versatile
virulence factor that contributes to the establishment of a range of infections. Moreover the clear
structural resemblances between HIyE and the Hbl and Nhe toxins of Bacillus cereus indicate that
these proteins are members of a broader superfamily of pore-forming toxins. Furthermore, the
availability of structures for both soluble and pore forms of HIyE represents a major step forward
in the understanding of a-helical pore forming toxins in general.
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CHAPTER 11

Pore Formation by Cry Toxins

Mario Soberén, Liliana Pardo, Carlos Munéz-Garay, Jorge Sanchez,
Isabel Gomez, Helena Porta and Alejandra Bravo*

Abstract

acillus thuringiensis (Bt) bacteria produce insecticidal Cry and Cyt proteins used in the

biological control of different insect pests. In this review, we will focus on the 3d-Cry toxins

that represent the biggest group of Cry proteins and also on Cyt toxins. The 3d-Cry toxins are
pore-forming toxins that induce cell death by formingionic pores into the membrane of the midgut
epithelial cells in their target insect. The initial steps in the mode of action include ingestion of the
protoxin, activation by midgut proteases to produce the toxin fragment and the interaction with
the primary cadherin receptor. The interaction of the monomeric CrylA toxin with the cadherin
receptor promotes an extra proteolytic cleavage, where helix 0-1 of domain I is eliminated and
the toxin oligomerization is induced, forming a structure of 250 kDa. The oligomeric structure
binds to a secondary receptor, aminopeptidase N or alkaline phosphatase. The secondary receptor
drives the toxin into detergent resistant membrane microdomains forming pores that cause osmotic
shock, burst of the midgut cells and insect death. Regarding to Cyt toxins, these proteins have a
synergistic effect on the toxicity of some Cry toxins. Cyt proteins are also proteolytic activated
in the midgut lumen of their target, they bind to some phospholipids present in the mosquito
midgut cells. The proposed mechanism of synergism between Cry and Cyt toxins is that Cyt1Aa
function as a receptor for Cry toxins. The Cyt1A inserts into midgut epithelium membrane and
exposes protein regions that are recognized by Cryl1Aa. It was demonstrated that this interaction
facilitates the oligomerization of Cryl1Aa and also its pore formation activity.

Introduction

Bacillus thuringiensis (Bt) bacteria produce insecticidal 8-endotoxins proteins (also named
Cry and Cyt toxins) during the sporulation phase.! These proteins are the mayor determinants
involved in Bt insect-toxicity. They are highly specific to their target, innocuous to other organ-
isms including all vertebrates and plants and completely biodegradable. These entomopathogenic
proteins are considered the perfect insecticide representing a viable alternative for the control of
insect pests in agriculture and disease vectors as mosquitoes, that are important in public health.!
During the last years, different Cry toxins have been expressed in transgenic plants mainly corn,
cotton and soybean. These Bt-crops, are being grown worldwide and have proven to effectively
control insect pests, reducing the use of chemical insecticides.*

Cry and Cyt proteins are produced as parasporal inclusions during the sporulation phase of
the bacteria. They have been classified based on their primary sequence identity."* The different
Cry toxins are organized in three main groups that are not related phylogenetically: the three
domain (3d-Cry) toxins, the mosquitocidal-like (Mex-like) toxins and the binary-like (Bin-like)
toxins and it was proposed that each of these groups have different mechanism of action® (Table 1).
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Table 1. Classification of Cry, Cyt and Vip proteins produced by Bacillus thuringiensis

Name of the General Group

Members
of the Group

Specificity

Cry-Three domain toxins (3d-Cry)

CrylA-Cry1K
Cry2
Cry3A-Cry3C
Cry4A-Cry4C
Cry5A-Cry5B
Cry7A-Cry7C
Cry8A-Cry8)
Cry9A-Cry9E
Cry10
Cry11A-Cry11B
Cryl12

Cryl13

Cry14

Crylé

Cryl7
Cry18A-Cry18C
Cry19A-Cry19B
Cry20
Cry21A-Cry21B
Cry24A-Cry24C
Cry25

Cry26

Cry27

Cry28

Cry29
Cry30A-Cry30G
Cry31
Cry32A-Cry32C
Cry39
Cry40A-Cry40D
Cry41

Cry42

Cry43

Cry44

Lep and also some to Col
Dip and also some to Lep
Col

Dip

Nem

Col

Col

Lep and some to Dip
Dip

Dip

Nem

Nem

Col

Dip

Dip

Col

Dip

Dip

Nem

Dip

Dip

Unknown

Dip

Unknown

Dip

Dip

Human leukemic cell
Dip

Dip

Dip

Human cancer cells
Unknown

Col

Dip

continued on next page
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Table 1. Continued

Members
Name of the General Group of the Group Specificity
Cry-Three domain toxins (3d-Cry) Cry47 Dip
Cry48 Dip
Cry50 Dip
Cry52A-Cry52B Dip
Cry53 Unknown
Cry54 Dip
Cry15 Lep
Cry-Mtx like Cry33 Human leukemic cell
Cry23 Col
Cry38 Unknown
Cry51 Lep
Cry-Bin like Cry35A -Cry35B Col
Cry36A Col
Other Cry related to Cry6 Cry6A-Cry6B Nem

Other Cry non-related to other toxins

Cyt

Vip

Cry22A-Cry22B
Cry37

Cry34A-Cry34B
Cry45
Cry46
Cry49

Cytl1A-Cyt1C
Cyt2A-Cry2C

Vip1A-Vip1D
Vip2A-Vip2B
Vip3A-Vip3B

Col and some to Him

Col

Col
Human cancer cells
Human cancer cells
Dip
Dip
Dip
Col

Col
Lep

Lep, Lepidoptera; Col, Coleoptera; Dip, Diptera; Nem, nematodes; Him, Himenopteran. Information
from http:/www.lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt/index.html

The Mtx-like and the Bin-like toxins have similarity with the Mtx or Bin toxins produced by B.
sphaericus, although in the case of B. sphaericus these toxins are toxic against mosquitoes whereas

in Bt thcy are toxic against coleoptcran larvae.

3

In this review we will mainly focus on the 3d-Cry toxins, that represent the biggest group of
Cry proteins."? Some members of this group are toxic to Lepidopteran, Coleopteran, Dipteran,
or Himenopteran insects or to nematodes (Table 1). The alignment of their protein sequences
revealed the presence of five conserved blocks, suggesting that they share a similar fold and thus a
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A

Figure 1. Structure of Cry and Cyt toxins produced by Bacillus thuringiensis. Structures of
proteins were produced with the protein workshop program using the following PDB files:
1CIY CrylAa, 115P Cry2Aa, 1DLC Cry3Aa, 1JI6 Cry3Bb, 2C9K Cry4Aa, TW99 Cry4Ba, 3eb7
Cry8Ea, 1CBY Cyt2Aa, 2rci Cyt2Ba, 1gs1 VIP2.

similar mechanism of action.! The activated form of the 3d-Cry toxins has an approximately size
of 60 kDa, although their corresponding protoxins may have a size of 70 kDa or 130 kDa. The
C-terminal extension found in the long protoxins is cleaved out by the midgut proteases during
toxin activation, it is proposed that this C-terminal region may play a role in the formation of the
crystal inclusion body within the bacterium.!?

The three dimensional structure of some activated toxins (CrylAa, Cry3Aa, Cry3B, Cry4Aa,
Cry4Baand Cry8Ea) and one short-protoxin (Cry2Aa) revealed that all of them are globular pro-
teins with similar topology composed of three domains*? (Fig. 1). The Domain I is located at the
N-terminal end, it is composed of seven o-helices and is implicated in the formation of membrane
pores. The Cry2Aa protoxin has an extra 49-amino acid region forming two extra o-helices in
the N-terminal end that are cleaved out after proteolytic activation of the toxin.® Domain I shares
structural similarities with other pore forming toxins such as colicin Ia and N (PDB codes: Icii,
1a87) and diphtheria toxin (1ddt), supporting the role of this domain in pore-formation.? Domain
IT consists of a beta-prism of three anti-parallel B-sheets packed around a hydrophobic core and
Domain IIlis a 3-sandwich of two antiparallel -sheets. Domains I and Il are involved in recep-
tor binding and specificity,? they share some structural similarities with carbohydrate-binding
proteins® (domain IT with vitelline (1vmo), lectin jacalin (1jac) and lectin Mpa (1jot) and domain
I with the cellulose binding domain of 1,4-f-glucanase C (1ulo), galactose oxidase (1gof), siali-
dase (1eut), B-glucoronidase (1bgh), the carbohydrate-binding domain of xylanase U (1gmm) and
[3-galactosidase (1bgl)). All these data suggest that toxin interaction with carbohydrate moieties
could have an important role in Cry toxicity. Although most of the reported studies have dem-
onstrated that interaction of Cry toxins with receptors involve protein-protein interactions' for
some Cry toxins as Cryl Ac, Cry5Baand Cryl4Aa, interactions with some carbohydrate moicties
present in receptors as N-acetylgalactosamine (GalNAc) or present in specific-glycolipids that are
conserved between insects and nematodes but not in vertebrates, have been reported.’®!

The Cyt toxins comprise two highly related groups' (Table 1). They have a single a-f3 domain
constituted by two outer layers of o-helix hairpins wrapped around a f-sheet'*! (Fig. 1). Cyt
proteins are almost exclusively found in Bt strains active against Dipteran insects although a few
exceptions have been found." The Cyt toxins synergize the toxic effect of some Cry proteins active
against mosquitoes and also the Bin toxin produced by B. sphaericus.'>'¢ Based on the length of the
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secondary structures present in Cyt toxin, it was proposed that the inner core of $-sheets (-5, -6,
[-7) could span the cell membrane and this proposition was confirmed by analyzing some Cyt2Aa
mutant proteins labeled with a polarity-sensitive fluorescent dye.'” Cyt toxins share structural simi-
larity with volvatoxin A2, a cardiotoxin produced by Volvariella volvacea.’®

Mechanism of Action of Cry Toxins

The 3d-Cry toxins have been described as pore-forming toxins that induce cell death by forming
ionic pores into the membrane of midgut epithelial cells in their target insect>*° (Fig. 2). However,
recently an alternative model proposed that insect death is triggered by the activation of a cascade
signal pathway through toxin interaction with a specific receptor named cadherin (CAD) (Fig. 2).
The initial steps in the mode of action in both models are similar, from ingestion of the protoxin and
activation by midgut proteases to the interaction with the primary CAD receptor (Fig. 2). In the
pore formation model the Cry toxin interacts sequentially with several receptors including CAD and
glycosylphosphatidyl-inositol (GPI) anchored receptors such as aminopeptidase N (APN) or alkaline
phosphatase (ALP) resulting in toxin oligomerization and insertion into membrane microdomains
forming pores that cause osmotic shock, burst of the midgut cells and insect death™*? (Fig. 2).

1 - Cry Monomer
Cry helix a-1

. k Cry Oligomer

| (] l Cadherin

Y Aminopeptidase

G Protein

‘ Adenylyl
cyclase

Protein
kinase A

Signal transduction model

Pore formation model

Figure 2. Models of the mode of action of Cry toxins from Bacillus thuringiensis. Pore formation
model and signal transduction model. Arrow number 1 show general steps: crystal production
during sporulation of Bt, solubilization and activation by midgut proteases. Arrows number 2
show the different steps in the pore formation model: Binding to cadherin receptor, cleavage
of helix a-1, oligomerization of the toxin, binding to aminopeptidase and membrane inser-
tion to form a pore in lipid rafts that ends with cell death. Arrows number 3 show the steps
involved in signal transduction model: binding to cadherin, activation of a protein G that
increase activity of adenylyl cyclase resulting in increased levels of cAMP that triggers activity
of protein kinase A that induce cell death. Finally, arrows number 4 show the mechanism of
the CryMod toxins that were deleted of helix a.-1 and skip cadherin interaction, forming pores
after binding to aminopeptidase receptor and killing the cells by pore formation.
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The signal transduction model does not involve interaction with other receptors besides CAD
and neither involves oigomerization or membrane insertion. In this model it is proposed that the
toxicity is triggered by activation of a Mg** dependent signal cascade pathway through the interac-
tion of the monomeric 3d-Cry toxin with CAD receptor. This interaction activates a G protein,
which in turn activates an adenylyl cyclase promoting the production of intracellular cAMP. The
increased cAMP levels activate protein kinase A that starts an intracellular pathway resulting in
cell death.”! This model was based in studies performed in insect cell line transfected with the
Manduca sexta cadherin gene exclusively?' (Fig. 2).

Solubilization and Proteolytic Activation of Cry Toxins

As mentioned above, most of the 3d-Cry proteins are produced as crystalline inclusions of
130 kDa-protoxins and some other are of 70 kDa protoxins. The larvae ingest the crystalline
inclusions, which are solubilized in the gut lumen. In the case of Lepidoptera and Diptera insects
their midgut lumen has highly alkaline and reducing conditions.” In contrast, Coleopteran guts
have a neutral to slightly acidic pH.? In few cases protoxin solubilization has been shown to be
adeterminant of insect specificity. CrylBa is toxic to the Coleopteran Leptinotarsa decemlineata
only if the protoxin is previously solubilized in vitro at alkaline pH, suggesting insolubility of the
toxin at the neutral pH of Coleopteran insects.”

After solubilization, the Cry protoxins are cleaved by midgut proteases in both the N- and
C-terminal ends* to yield activated monomeric 60-kDa-toxins with the three domain structure
described above (Fig. 1). Serine proteases are the main digestive proteases found in Lepidoptera
and Diptera, whereas cystein and aspartic proteases are abundant in Coleopteran guts.”

Activation of Cry toxins involves the proteolytic removal of 25-60 residues from N-terminal
end of both 130 or 70 kDa protoxins and approximately 600 residues from the C-terminus in the
case of the 130-kDa protoxins."** The only protoxin which structure was solved is the Cry2Aa
of 70 kDa.® This structure showed the 49 residues at N-terminus that are cleaved out during
activation. This region forms two a-helices that occlude a region of the toxin involved in the
interaction with the receptor® (Fig. 1). Thus it was speculated that processing of the N-terminal
end of Cry protoxins might unmask a hydrophobic patch of the toxin involved in toxin-receptor
or toxin-membrane interaction.®?

Proteolytic activation of Cry toxins is a limiting step in the toxicity of Cry toxins. The lack
of a major gut proteinase in Plodia interpunctella is responsible for their resistance to Cry toxins
produced by the Bt HD198 strain.”” On the other hand, it has been reported that the rapid degrada-
tion of CrylCa or Cryl Ab toxins is associated with the low sensitivity in Spodoptera litoralis and
S. frugiperda larvac®®? and that serine protease inhibitors may enhanced the insecticidal activity
of some Cry toxins up to 20 fold.*

Binding Interaction with Receptors

The activated toxin binds to specific receptors located on the microvilli membrane of the midgut
epithelium columnar cells."* Cry toxins are highly selective and kill only a limited number of in-
sect species. This selectivity is mainly due to the interaction with specific receptors. A number of
putative receptor molecules for the lepidopteran-specific Cry1 toxins have been identified. Among
them CAD proteins, APN and ALP are the best characterized. However, other proteins® and
glycolipids'! have also been reported as binding sites for Cry toxins (Table 2).

The CAD proteins bind CrylAs toxins and have been identified in several lepidopteran
insects®** and more recently in the dipteran 4. gambiae®® (Table 2). CAD are transmembrane
glycoproteins composed of three domains, the ectodomain formed by 11 to 12 cadherin repeats
(CR), the transmembrane domain and the intracellular domain.®® In M. sexta and A. gambiaelarvae
they are located in the microvilli of midgut epithelium cells, the site of action of Cry toxins.*®*

CrylAs toxins also bind GPI-anchored 120 kDa glycosilated APN, which have been identified
in several Lepidopteran species”* and in the Dipteran 4. guadramaculatus. Several APN isoforms
have been characterized in Lepidopteran insects and classified in five groups*” (Table 2).
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Table 2. Receptors of Cry-3D toxins described in different insects

Cry-Receptor Cry Toxin Recognized Insect

APN 1 CrylAa, Cry1Ab Plutella xylostella, Bombyx mori
CrylC Spodoptera exigua
CrylAa, Cry1Ab, CrylAc, CrylFc  Heliothis virescens
Cry1Aa, Cry1Ab, CrylAc Manduca sexta, Helicoverpa armigera
n.d. Lymantria dispar, Trichoplusia ni,

Helicoverpa punctigera

APN 2 CrylAa, Cry1Ab P. xylostella, B. mori

CrylAb M. sexta

n.d. S. exigua, H. armigera, T. ni, L. dispar
APN 3 Cry1C Spodoptera litura, S. exigua

CrylAa, Cry1Ab P. xylostella, B. mori

CrylAc H. armigera, L. dispar

CrylAc, Cry1F H. virescens

CrylAc, Cry1B Epiphyas postvittana

n.d. M. sexta, T. ni, Plodia interpunctella,

H. punctigera

APN 4 CryTAa, Cry1Ab B. mori
Cry1C S. litura
CrylAc, CrylFa H. virescens
n.d. M. sexta, S. exigua, H. armigera, H.

punctigera, T. ni

APN5 CrylAa, CrylAb P. xylostella
n.d. H. armigera
APN-106 Cry1C M. sexta
APN-96 CrylAc B. mori
APN Cry11Aa, Cry11Ba, Cry4Ba Anopheles quadrimaculatus
Cadherin Cry1Aa, Cryl1Ab, CrylAc M. sexta, H. virescens
CrylAa B. mori
CrylAc Pectinophora gossypiella, H. armigera
n.d. Ostrinia nubilalis, L. dispar, P. xylostella,

Chilo suppressalis, Helicoverpa zea,
Agrotis ipsilon, S. frugiperda

ALP CrylAc M. sexta, H. virescens
Cryl1Aa Aedes aegypti

Glycolipids Cry5Ba Caenorhabditis elegans
Cry/Aa, Cry1Ab, CrylAc M. sexta

Glycoconjugated  CrylAa, Cry1Ab, Cry1Ba L. dispar

APN, aminopeptidase; ALP, alkaline phosphatase; nd, not determined; Information obtained from
reference 47.
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The ALP are 70 kDa proteins also GPI anchored to the membrane that were identified as
CrylAc receptors in H. virescens and M. sexta.”* In the Dipteran Aedes aegypti an ALP that binds
Cryl1Aa toxin was identified® (Table 2).

The interaction of Cryl A toxins with the CAD receptor is rather complex involving at least
three binding epitopes. Using a library of single chain antibodies displayed in M13 phage,a CrylA
toxin-binding region was mapped in CAD receptor of M. sexta.>">* This region corresponds to
the CR7 (869-HITDTNNK-876).% It was further demonstrated that loop 2 of CrylAb toxin
was the cognate binding epitope of this CR7 region.” The second region in CAD is the CR11
(1331-IPLPASILTVTV-1342) that interacts with loop a8 and loop 2 of Cry1 Ab toxin.>* Finally,
the third region of CAD receptor involved in CrylA interaction was mapped by using truncated
derivatives of CAD in toxin overlay assays.” In the case of M. sexza this region corresponds to CR12
(residues 1363-1464). For the H. virescens CAD, site-directed mutagenesis narrowed this bind-
ing region to residues 1423-GVLTLNFQ-1430 and shown to bind CrylAc toxin by interacting
with loop 3 of domain IL>¢ Similarly CrylAa domain II loop 3 binds the corresponding CR12
region in the B. mori CAD-receptor.”’

Some data support the role of CAD as an important receptor for Cryl A toxins in lepidopter-
ans. Expression of the M. sexta and B. mori CAD proteins, on the surface of different cell lines
render them sensitive to Cryl A toxins.****%% Also, the Cryl Aa toxin was shown to lyses isolated
midgut epithelial cells from B. 72077 and this toxic effect was inhibited if the cells were preincubated
with an anti-cadherin antibody.*’ Similarly, a single-chain antibody (scFv73) inhibits binding of
CrylA toxins to CAD receptor, but not to APN and reduced the toxicity of CrylAb to M. sexta
larvae.>' Moreover, several cadherin deletion and insertion mutations were linked to high levels of
resistance to CrylAc toxin in H. virescens,” Pectinophora gossypiella®® and Helicoverpa armigera.®
Finally the silencing of CAD expression using RNAi in M. sexza resulted in lower susceptibility
to CrylA toxins.”* Overall, these results suggest that binding to CAD receptor is an important
step in the mode of action Cryl A toxins.

The interaction with APN is also complex, involving several binding epitopes of CrylA lo-
cated in domains II and III. In the case of the CrylAc toxin, domain III recognized a GalNAc
moiety located in APN receptor.’ In addition the loops 2 and 3 of domain IT of Cry1A toxins are
important in their interaction with APN® and a sequential binding mechanism was proposed in
the interaction of Cryl Ac with APN. CrylAc domain III first interacts with APN GalNAc sugar
moiety facilitating the subsequent interaction of domain II loop regions with another region in this
receptor.** More recent data demonstrated that Cryl Aa and CrylAb toxins bind APN through
B16 and P22 of domain ITL.6>%

The role of APN as a Cry toxin receptor is supported by inhibition of APN expression on
S. litura larvae by dsRNA interference resulting in insects that produce low APN levels and
became tolerant to Cry1C toxin.” Also, heterologous expression of M. sexta APN in midgut and
mesodermal tissue of transgenic Drosophila melanogaster caused sensitivity to CrylAc toxin.®®
Anti-domain IITantibodies that inhibit Cryl1Ab binding with M. sexza APN but not with CAD
lower the toxicity of CrylAb to M. sexta larvae.®® Additionally, previous reports demonstrated
that incorporation of M. sexta APN into black lipid bilayers lower the concentration of CrylAa
toxin needed to induce pore formation activity.®”’ Finally, the APN receptor is anchored to the
membrane by a GPI anchor.*% The phosphatidylinositol specific phospholipase C (PIPLC)
treatment of Trichoplusia ni midgut membrane resulted in cleavage of GPI-anchored proteins
from the membrane and in a significant reduction of pore-formation activity of CrylAc.”®
Opverall, these reports suggest that APN binding is also an important step in the mode of action
of Cryl toxins.

Finally, the binding epitopes in the interaction of CrylA toxins with ALP have not been
described yet. Only in the mosquitocidal specific Cryl1Aa toxin, the loop a.-8 of domain II was
identified as the binding epitope with ALP in A. aegypti.*® The role of ALP as Cry toxin receptor
was demonstrated in a study of the H. virescens resistant line YHD2 to CrylAc, where part of the
CrylAc resistant phenotype is due to mutations that affect expression of ALP receptor® and in
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the case of 4. aegypti a peptide-phage that bound ALP and inhibit Cryl1Aa binding with ALP
lowered the toxicity of Cryl1Aa in bioassays.>

Role of Cry Toxin-Receptor Interaction in Toxicity

Surface plasmon resonance experiments showed that the binding affinity of monomeric CrylA
toxins to the M. sexta CAD receptor is on the range of 1 nM* while that of APN is on the range
0f 100 nM.* Also it was reported that affinity of Cry1Ab to APN is increased 200 fold upon toxin
oligomerixation.?® These binding affinities differences may suggest that binding of monomeric
CrylA toxin to CAD might be the first event on the interaction with microvilli membranes
and, therefore, the primary determinant of insect specificity. Inmunoprecipitation experiments
demonstrated that initial CrylAb toxin binding to CAD is followed by the binding to APN?°
and it was proposed that CrylA toxins interact sequentially with both receptors depending on
the toxin oligomeric structure. The interaction of the monomeric CrylA toxin with the CAD
promotes an extra proteolytic processing where helix ai-1 of domain I is cleaved out and the toxin
oligomerization is induced, forming a structure of 250 kDa.”" The oligomeric structure binds
APN with 0.75 nM affinity.® The APN drives the toxin into the detergent resistant membrane
microdomains causing pore formation.?’

Recently, CrylA toxins were genetically modified by deletion of N-terminal end including helix
o1 (named CryMod toxins). The Cryl AMod toxins are able to form oligomeric structures of 250
kDa when treated with trypsin in the absence of the CAD receptor.®? In addition, the Cryl AMod
toxins are able to kill insects that are resistant to native Bt toxins due to mutations in the CAD
receptor such as P gossypiella AZP-R strain that have deletion mutations in the cadherin gene®
or to kill M. sexta insects that have reduced susceptibility to wild type toxin due to silencing of the
CAD protein expression by RNAi®* (Fig. 2). These data indicate that interaction of the toxin with
CAD receptor is not absolutely necessary to kill the larvae and contradicts the signal transduction
model that proposed that the interaction of CrylAb with CAD activates a G protein that starts
the signal cascade ending with death of the cell.

As mentioned previously, APN and ALP receptors are anchored to the membrane by GPI.
These proteins are preferably localized in membrane microdomains (lipid rafts).”” Lipid rafts
are detergent-resistant microdomains enriched in cholesterol, sphingolipids and GPI-anchored
proteins and have been implicated in membrane and protein sorting and in signal transduction.”
Also, they have been described as portals for different virus, bacteria and toxins. The interaction
of different mammalian-specific bacterial toxins with their receptors located in lipid rafts is a
crucial step in the oligomerization and insertion of these bacterial toxins into the membrane.”
Like their mammalian counterparts, H. virescens and M. sexta lipid rafts are enriched in sphin-
golipids and GPI-anchored proteins.”? After toxin exposure, Cryl A toxins were associated with
lipid rafts and the integrity of these microdomains was essential for in vitro Cry1Ab pore forming
activity.”” Therefore the possible role of APN could be to drive CrylA prepore to the lipid rafts
microdomains where the toxin inserts and forms pores. The participation of lipid rafts in the
mode of action of Cry toxins could suggest a possible role of signal transduction events and/or
the internalization of Cry toxins, since lipid rafts have an active role in these cellular processes.
In the case of the Cryl Ac toxin it was shown that interaction with APN facilitated membrane
insertion of this toxin.” In addition, the presence of APN in synthetic membranes diminished
more than 100 fold the concentration of CrylAa toxin required to induce pore-activity.”

Oligomerization of Cry Toxins

The interaction of Cry toxin with its CAD receptor is a necessary step for proteolysis of helix
a-1 and induction of toxin oligomerization. When CrylA protoxin was incubated with a single
chain antibody scFv73, that mimics a cadherin-epitope,’”! or a cadherin fragment CR12 that
contain the toxin binding region®”® in the presence of M. sexza midgut proteases, resulted in the
formation of 2250 kDa oligomer that form stable ionic channels with high open probability.”” The

CAD fragment CR12 potentiates the activity of Cryl A toxins in different Lepidopteran insects’™
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and it has been shown that the enhancement of toxicity of CrylA toxins by the CAD fragment
CRI2 correlates with enhanced oligomer formation.”™

Other Cry toxins form oligomeric structures when activated in the presence of their natural
receptors, like CrylAa, CrylAb, CrylCa, CrylDa, CrylEa and CrylFa that form oligomers
when activated in the presence of midgut membranes of target insect as M. sexta,”""%* S, exigua®
or Bombyx mori.®* The Cry3 toxins, that are toxic to Coleopteran insects, also formed oligomeric
structures after activation in the presence of membranes from a susceptible Leptinotarsa decemlin-
eata.® In all cases studied, the presence of oligomeric structures correlated with higher K* perme-
ability than samples containing monomeric toxins.”"”** In the case of dipteran-specific toxins,
it was reported that Cryl1Aa was able to form oligomeric structures of 250 kDa after activation
in the presence of BBMV of the mosquito 4. aegypti.®> The Cry4Ba also formed oligomeric
structures after activation.® In fact the membrane-associated structure of the Cry4Ba toxin was
further analyzed by Atomic Force Microscopy (AFM)¥ and by electron crystallography.® The
AFM studies indicated that the toxin preferentially inserts into the membrane in a self-assembled
structure, showing a pore-like structure with four-fold symmetry, suggesting that tetramers are
the preferred oligomerization state of this toxin.”” However the calculated projection structures
from 2D crystal patches analyzed by electron crystallography at 17 A resolution showed a trimeric
organization.* The AFM was also used to analyze the structure of CrylAa toxin inserted into
monolayer membranes, these studies suggested that the pores are composed of four subunits sur-
rounding a 1.5 nm diameter central depression.”

Recently it was reported that helix -3 of domain I of CrylAb toxin is involved in toxin
oligomerization since synthetic peptides corresponding to this helix inhibited oligomer forma-
tion. In contrast with other helices, that did not affect oligomer formation.” Some CrylAa and
CrylAb helix 0-3 mutants were affected in the rate of pore-formation and toxicity to M. sexta
larvae.”*! The phenotype in these mutants could be explained if they were affected in oligomer
formation. In fact, it was demonstrated that Y107E and R99E mutants completely lost toxicity
and were unable to form oligomeric structures.” Their binding characteristics to CAD receptor
were similar to the wild type toxin® suggesting that olimerization is key step in toxicity and that
binding to CAD was not enough to kill the larvae.

In addition, it was also suggested that helix a-5, located in the central position of domain I,
could be involved in CrylAc toxin oligomerization, since several point mutations in this helix
disrupted oligomerization and were severely affected in toxicity against M. sexza.*

Finally, there are examples of mutants outside the domain I that affect oligomerization. The
CrylCa mutants Q374A and T440A located in loops 2 and 3 of domain II, respectively, showed a
major decrease in toxicity against S. exigua larvae, were also sevcrely affected in oligomcr formation
when activated in the presence of S. exigua membranes.® Apparently the affinity of these mutants
to the insect membrane was two-fold lower when compared with the wild type suggesting that
changes in domain II may affect the interaction with membrane receptors that is necessary for
oligomer formation of CrylCa in S. exigua.®

Pore Formation

Following binding to receptor, Cry toxins insert into membrane of midgut epithelial cells
to form lytic pores. Insertion of Cry toxins into membranes requires a conformational change
in the toxin to expose hydrophobic surface that could interact with the membrane bilayer.
Domain I has been recognized as the pore-forming domain based on mutagenesis studies™
and on the structure similarities with other pore-forming domains of bacterial toxins as colicin
Ia and diphtheria.’ The o-helices of domain I are long enough to span the membrane and have
an amphipatic character.*> Cross-linking experiments done in Cryl Ac mutants that were geneti-
cally engineered to create disulphide bridges between some o-helices of domain I, showed that
domain I swings away from the rest of the toxin during interaction with the membrane, resulting
in the insertion of the hairpin formed by helices 0-4 and a.-5 into the membrane.’* Analysis of
the insertion capabilities of synthetic peptides corresponding to the a-helices of domain I from
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Cry3A showed that helix 0-1 is the only helix that does not interact with the membrane® and a
hairpin composed of helices a-4 and a-5 adopted a transmembrane orientation.” These data agree
with the proposed “umbrella model” of toxin insertion in which helices -4 and o.-5 insert into
the membrane leaving the rest of the a-helices in the interface of the membrane.? The location of
domains II-III in the membrane-inserted state is unknown. However, with exception of helix a-1,
membrane-inserted CrylAc resist proteinase K treatment, suggesting that domains II-ITI might
be also, somehow protected from proteolysis after insertion into the membrane.8** It may be
proposed that during the conformational changes of the toxin during membrane insertion, some
epitopes of the proteolytical cleavage sites may be buried, resulting a toxin conformation more
resistant to proteolytical cleavage, than the soluble toxin. On the other side, studies of fluorescent
quenching with iodide of the Trp545 located in domain III of CrylAc indicated that this residue
is exposed to the solvent when the toxin is inserted into the membrane,” suggesting that at least
domain IIT may be exposed to the solvent.

A different model of toxin insertion based on calorimetric determinations, proposed that the
structure of the membrane-inserted pore does not change dramatically compared to the soluble
monomer.”” In this model, pore lumen is provided by residues of domains II and IIT while hydro-
phobic surface of domain I (without helices at-1 to a-3) faces the lipid bilayer in an oligomeric
structure.” In this regard it is interesting to note that mutagenesis of conserved arginine residues in
CrylAadomain Il affected the voltage dependence of the pore.”® However, extensive mutagenesis
studies in domain I of CrylA toxins,”*** contradict this hypothesis and supports the umbrella
model’ since it was demonstrated that the polar face of the helix -4 is facing the lumen pore®
and mutagenesis in this helix severely affect pore formation.” Future work directed to solve the
structure of Cry toxins in the membrane-inserted state will be important to determine the possible
roles of other domains in pore-formation.

The pore activity of Cry toxins has been studied by a variety of electrophysiological techniques®
such as black lipid bilayers composed by synthetic membranes with or without incorporated APN
receptor or in isolated midgut brush border membrane containing natural receptors.'®* In all
cases the presence of toxin receptors improves pore formation by Cry toxins. Cry toxins induced
pores with high conductance that are poorly selective to cationic ions.'*'%? In contrast to other pore
forming toxins, pore-formation activity of Cry proteins is not regulated by low pH,!* suggesting
that Cry toxins are not internalized into acidic vesicles. It was reported that alkaline pH induce a
molten globule structure of the Cryl Ab toxin and that flexibility of the toxin was enhanced upon
oligomerization.'” These data are interesting since they correlated with the high pH conditions
inside the midgut lumen of susceptible insects.?

Finally, it has been shown the Cryl Ab oligomeric structure, in contrast with the monomer,
efficiently inserts into synthetic membranes and that alkaline pH induces a looser conformation
of this structure enhancing membrane insertion and pore formation.'*

Synergism between Cry and Cyt Toxins

Bt subsp. israelensis (Bti) that is highly toxic to mosquitoes, produces a crystal inclusion com-
posed of Cry4A, Cry4B, Cryl1A and Cyt1A."

The toxicity of the crystal inclusion is, by far, greater than the toxicity of the isolated Cry and
Cyt components. Toxicity of different combinations of Cry toxins with Cyt1 A was higher than the
addition of expected toxicities of the isolated components' suggesting that Cyt1 A have a synergistic
effect on the toxicity of the Cry toxins. In addition, it was reported that Cyt1A toxin overcome or
suppress resistance of mosquitoes to the Cry toxins.!” C. guinquefasciatus populations resistant to
Cry4A, Cry4B or Cryl1A recovered sensitivity when assayed in the presence of CytlA toxin.!®
Even more, it has not been possible to select resistant mosquitoes against Cry toxins when selection
is performed in the presence of Cyt1A toxin.'® The Cyt toxins are also produced as protoxins that
are soluble under the alkaline and reducing conditions of the midgut. These proteins are proteolytic
activated in the midgut lumen, the Cyt toxin binds to the epithelium surface of midgut cells induc-
ing pore-formation leading to cell lysis.'> An important difference between Cyt and Cry toxins is
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the lack of a protein receptor for the Cyt toxin. Cyt binds phospholipids and are capable of forming
pores in cell lines of different origin.'* The proposed mechanism of synergism between Cry and Cyt
toxins is that Cytl Aa function as a receptor for Cry toxins. The CytlA inserts into midgut epithe-
lium membrane and exposes protein regions that are recognized by Cryl1Aa. It was demonstrated
that this interaction facilitates the oligomerization of Cryl1Aa and its pore formation activity.*>!%
Cryl1Aabinds CytlAausing the loop -8 thatisalso involved in interaction with its ALP receptor.”
Mutations in the binding regions of Cryl1Aa or CytlAa reduced binding between both toxins and
correlated with a severe reduction in their synergism.'® The reduction in synergism of Cyt and Cry
mutants correlated with a reduced oligomer formation of Cryl1Aa.®

Conclusion

Cry toxins, as several other pore forming toxins, convert from a water-soluble protein into a
stable membrane inserted structure. In doing so a similar mechanism was selected, the production
of a prepore oligomeric-structure that is a membrane-insertion intermediate, killing the cells by
forming pores in the midgut cells of susceptible insects.

Cry toxins are highly selective against their target insect, they present a complex mechanism
that involves interaction with several receptors. However, insects may become resistant to these
proteins and alternatives to counteract this potential problem must be generated soon. The CryMod
toxins represent an efficient strategy to control resistant insects affected in CAD receptors. Also,
it is clear that the future engineering of Cyt toxins with the objective of induce synergism with
other Cry toxins, as those specific for Coleopteran or Lepidopteran larvae could have a potential
impact in preventing the development of Cry-resistant insect populations in nature and brooding
the scope of targets of Cry toxins.
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Role of Heparan Sulfates
and Glycosphingolipids in the Pore
Formation of Basic Polypeptides

of Cobra Cardiotoxin
Wen-guey Wu,* Siu-Cin Tjong, Po-long Wu, Je-hung Kuo and Karen Wu

Abstract

obra venom contains cardiotoxins (CTXs) that induce tissue necrosis and systolic heart
‘ arrest in bitten victims. CTX-induced membrane pore formation is one of the major

mechanisms responsible for the venom’s designated cytotoxicity. This chapter examines
how glycoconjugates such as heparan sulfates (HS) and glycosphingolipids, located respectively in
the extracellular matrix and lipid bilayers of the cell membranes, facilitate CTX pore formation.
Evidences for HS-facilitated cell surface retention and glycosphingolipid-facilitated membrane
bilayer insertion of CTX are reviewed. We suggest that similar physical steps could play a role in
the mediation of other pore forming toxins (PFT). The membrane pores formed by PFT are ex-
pected to have limited lifetime on biological cell surface as a result of membrane dynamics during
endocytosis and/or rearrangement of lipid rafts.

Introduction

Biological membrane consists of many glycoconjugates that promote protein-protein inter-
action. HS are a class of negatively charged glycosaminoglycans (GAGs) that are composed of
heterogeneous disaccharide repeating units. The binding of HS with biologically active ligands,
such as basic polypeptides of chemokines or cytokines,' plays a significant role in many disease
and cell development."® Glycosphingolipids usually exist in the outer leaflet of membrane bilayer
as a dynamic lipid domain, termed as lipid raft and are crucial for cell signaling and membrane
translocation.? They are also targets for toxin bindings, as demonstrated by the interactions
between the cholera toxin and GM1 glycosphingolipids, where they induce an oligomerization
process that leads to pore formation. Although the significance of protein conformational changes
during pore formation has been widely acknowledged,'*'? the exact mechanisms that allow
proteins to anchor and insert the cell membrane remain unclear. In this review, we will explain
the significant role of other molecules distributed on cell surface, such as HS and glycosphingo-
lipids, in membrane pore formation. Specific focus is placed on the PFT of three-fingered CTX,
a basic polypeptide whose core structure is tightened by four disulfide linkages that minimize
conformational change.
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Amphiphilic Properties of Three-Fingered CTXs

Cobra CTXsare 3-sheet polypeptides with hydrophobic residues located mainly on the tips of
the three-fingered loops (Fig. 1A,B). Similar to other basic proteins like defensin, anti-microbial and
cell penetrating peptides,'*!* they contain positively charged clusters that interact with negatively
charge molecules on the cell membranes. In the case of CTXs, most of their positively charged
residues are flanking on the two sides of the continuous hydrophobic stretch formed by the
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Figure 1. Structure and activity correlation of CTX homologues (A) Sequence alignment of
CTX homologues indicates that amino acid residues located near the tips of loop 1 (L1) and
loop 2 (L2) play an important role in target selection. The consensus sequence of CTX is also
shown with symbols ¢ and 4 to indicate semi-conserved residues with similar physical prop-
erty. B) Three-fingered CTXs with similar § sheet structures among all CTX homologues (CTX
A5 PDB ID: Tkxi; CTX A3 PDB ID: 1i02; CTX A4 PDB ID: 1kbs) (C) Representative traces of
CTXs-induced leakage of fluorescence probe in sulfatide containing vesicles. D) Representative
binding isotherm as measured by the change of Tyr intrinsic fluorescence intensity after CTXs
binding to Lyso-PC micelles. E) Surface plasma resonance studies on the binding of CTXs to
immobilized heparin. F) Surface plasma resonance studies on the binding of CTXs to immo-
bilized avp3 integrin. For the details, please see references 22,23,28.
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three-fingered loops. While the CTXs share structural similarity, the amino acid groups on the loop
ends differ- exhibiting different lipid binding preferences.’>'* Most CTXs, although water-soluble,
can bind to membrane lipid bilayers and induce leakage of membrane vesicles through pore for-
mation activities. Interestingly, the lipid binding ability is not directly related to the toxin’s pore
forming property, suggesting that toxin insertion and oligomerization could be more significant
in the pore formation processes. This is illustrated in Figure 1C,D, in which noncytotoxic CTX
A5 with the highest membrane binding has the least pore forming activity.

Diverse Targets of CTX Homologues

In the crude venom, there are seven to ten CTX homologues with distinct biological
activities.'””?! CTXs exhibit binding specificity toward not only HS and lipid, but also mem-
brane proteins such as integrin (Fig. 1E,F). Recent X-ray structural determination of a CTX
A3-heparin hexasaccharide complex revealed a structural basis responsible for the differences
in the binding strengths among CTX homologues toward HS.?* The structure also suggests a
molecular mechanism for toxin retention near the membrane surface, in which heparin-induced
conformational changes of CTX A3 lead to citrate-mediated dimerization. Citrate is a major
component of snake, bee, scorpion and ant venom and serves as a counter ion for the basic
polypeptides of many types of venoms.

Despite of the overall structural similarity, not all CTX homologues are PFT (Fig.2A). A
similar scenario should be considered for other basic polypeptides with pore forming activity.
For instance, diverse activities of defensin homologues have been reported. While some defensins
bringabout membrane pore formation in bacteria, others could function as chemokines in order to
promote cell-signaling process. Similarly the CTX A3 homologue A5 can bind with o, f3; integrin
to perturb the wound-healing processes of the bitten victim.?® The synergistic action between the
toxin-induced pore forming activity and toxin-induced cell signaling process is expected to be
crucial for the overall cell cytotoxicity.

CTX A3 Pores in Sulfatide Containing Membranes

Although CTX A3 has been shown to induce membrane leakage in model membranes,” the
formation of specific membrane pores in biological membrane has only recently been demon-
strated. First, whole cell recording of H9C2 cardiomyocytes by electrophysiological methods has
demonstrated that CTX A3 could induce extra conductance formation in a voltage- and dose-
dependent manner.? This is due to the single channel-like events as observed by the outside-out
patch clamp experiments. However, CTX A3-induced conductance is sensitive to pretreatment
of the cells with sulfatase, anti-sulfatide IgG or anti-sulfatide IgM, which indicates that sulfatide,
a sulfated-galactose glycosphingolipid, is involved with the process. The dose-response curve of
the sulfatide dependent CTX A3-induced conducting pathway corresponded roughly to the
square of the CTX A3 concentration.”* These results indicate that a bimolecular interaction,
such as sulfatide-induced dimerization of CTX A3 molecules might be the rate-limiting step for
the observed effect.

Pore Formations also Trigger Endocytosis

After CTX A3 form pore in H9C2 or rat cardiomyocytes, it becomes internalized. The inter-
nalization is due to endocytosis of the cell membrane as part of the membrane repair mechanism,”
which also regulates the lifetime of the CTX A3 pore. This process involves the 3'-sulfated galactose
headgroup of sulfatide, because either the removal of the preexisting sulfate moiety by sulfatase or
blocking of the negatively charged sulfate through the pre-incubation of anti-sulfatide antibody
can block the internalization of CTX A3. The extragenously added sulfatide-enhanced CTX A3
internalization further confirmed sulfatide as a membrane target of CTX A3 on the membrane
surface. In fact, cocrystallization of sulfatide with CTX A3 in the presence of C,,E¢ detergent (an
artificial membrane environment) shows that the sulfatide lipid headgroup is buried within the
pocket formed by the CTX A3 dimer (PDB ID: 2bhi).
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HS Facilitate Cell Surface Retention of CTXs

HS have been suggested to be responsible for inducing gradient of biologically active ligands,
such as growth factors, near the cell membranes and mediate cell development. CTX contains
positively charged cluster domains that are attracted to the anionic pockets of HS.? This electro-
static attraction leads to a local CTX enrichment because the multiple binding sites allows for
cross-linking with HS in the extracellular matrix. By immobilizing Chinese hamster ovary cells in
micro-capillary tubes and heparin on sensor ships, we showed that HS-mediated cell retention of
CTX A3 near membrane surface is citrate dependent.”? This observation- together with crystal
structure of CTX A3/HS complex (PDB ID: 1xt3), provides a structural basis of cell retention
through the interaction of the molecules (Fig 2B). Not all CTX homologues behave similarly
in the HS-induced cell surface retention; different CTX homologues target different cell type
depending on their HS binding specificity.?

HS Stabilizes Membrane Bound Form of CTX

Understanding HS-induced conformational change of GAG binding protein is essential for
the study of its function. The X-ray structure of the FGF, FGF receptor and heparin ternary com-
plex provides a basis for investigating the role of HS in FGF signaling.”” Under the same token,
proton NMR study on the binding of heparin-derived hexasaccharide to CTX A3 at the f3-sheet
region induces a /ocal conformational change of CTX A3 near its membrane binding loops and
promotes the bindingactivity of CTX toward phospholipid micelles.” The detected change is due
to the structural coupling between the connectingloop and its -strains without involving a global
conformational change. This explains how the association of hydrophilic carbohydrate molecule
of HS with amphiphilic proteins of CTX could initiate protein-lipid interaction without involv-
ing extensive structural alteration. A similar mechanism that favors the lipid-protein interaction
through the HS binding may be operative at the membrane surface.

From HS to Membrane Sulfatides

Many toxins hijack GAGs in the extracellular matrix for specific targeting. The negatively
charged HS may, therefore, serve as a high capacity region for concentrating basic toxins that can
be specifically transferred to a glycosphingolipid domain in the outer leaflet of the membrane
bilayer. Although CTX A3 fails to bind to gangliosides at the lipid rafts, it shows specificity in
binding with sulfatide as a dimer.?* Similar to cell signaling molecules, the location of sulfatide,
with respect to proteoglycans that contain specific HS sequences, affect CTX pore forming activ-
ity significantly. Taken together, we suggest that animal toxins use a complex strategy to find their
targets by using sequential events of binding to molecules that contain a similar motif within a
protein molecule (Fig. 2).

Peripheral Binding Modes

The peripheral binding structural model of CTX A3/sulfatide complex in sulfatide containing
phosphatidylcholine micelles has been determined by NMR and molecular docking methods.?* The
intermolecular NMR nuclear Overhauser effect has been observed in order to allow the computer
docking of sulfatide headgroup against the available CTX A3 structure. The three-fingered hydro-
phobic loops of CTX A3 can be seen to penetrate into the fatty acyl region of the lipid bilayers
(Fig. 3). Such a binding mode may allow a deep CTX A3 penetration into lipid bilayers without
major conformational change of the structure. This is in sharp contrast to the sulfatide-CTX A3
complex structure determined by X ray method, which shows that the three-fingered hydrophobic
loops are in opposite direction to the fatty acyl chain of sulfatide molecule.

Lipid Headgroup Conformational Change to Facilitate CTX Insertion

The relative orientation of sulfatide against CTX A3 in lipid bilayers is likely to change during
the pore forming process- if the hydrophobic interaction between CTX A3 and sulfatide is to be
maximized. In fact, in order to form a stable CTX A3 dimer with sulfatide chelated in between,
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lipid headgroup conformational change play a role in the insertion and dimerization of CTX

A3 (B) to account for the pore forming activity.
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both the Gal-3S headgroup and the fatty acyl chain will have to experience global reorientation
relative to the CTX A3 molecule. The sulfatide headgroup conformation will undergo sequential
change from CTX free form of -sc/ap/sc/ap to the peripheral mode of s¢/ap/sc/ap and then to the
insertion mode of s¢/ap/ap/ap.”® Such a conformational change is likely to be soft and dynamic.
Our results suggest a scenario for CTX A3 pore that is closer to the recent theoretical simulation
for the distorted toroidal model,***! with lipid as an essential element® to participate as an agent
to stabilize the CTX dimer and a facilitator to promote CTX insertion and oligomerization dur-
ing the pore formation process.

Pore Dynamics

The lifetime of CTX A3 pore formation in sulfatide containing vesicles has been studied by the
dequenching process of lipid vesicles using entrapped fluorescence probe. Assuming that the pore
size of the vesicle fall in the range of 35 to 40 A, the open lifetime of the pore can be determined
to be longer than 1-3 msec.”” The estimated lifetime of the CTX pore formed in vesicles is thus
comparable to that of the lifetime of the sulfatide dependent single conductance in the biological
membrane, as determined by the patch-clamp experiment. It should be noted that pore formation
dynamics in the biological membrane also depend on the endocytosis process triggered by calcium
influx.* The apparent consistency of the pore lifetime in the model and biological membranes
should therefore be considered with caution. Nevertheless, we can investigate whether dynamics
of nano-size lipid raft would affect the stability of the pore because glycosphingolipid functions
as part of the pore.

Conclusion

The acidic glycoconjugates on membrane surface are shown to be able to interact with basic
polypeptides of cobra CTX and induce pore formation. HS retain CTX at the membrane surface
and induce the formation of membrane bound form; while the sulfatide lipid domain facilitates
CTX dimerization and promote membrane insertion through lipid headgroup conformational
change. Since many PFT are also basic polypeptides, the physical process established for cobra
CTX mightbe applicable to the pore formation mechanism of PFT. It remains to be seen how the
dynamics of lipid raft, the rate of calcium dependent endocytosis and the flip-flop process within
lipid bilayer in the cell membrane, could mediate the dynamics of PFT pore formation.
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CHAPTER 13

Amyloid Peptide Pores and the Beta

Sheet Conformation
Bruce L. Kagan* and Jyothi Thundimadathil

Abstract

ver 20 clinical syndromes have been described as amyloid diseases. Pathologically, these
O illnesses are characterized by the deposition in various tissues of amorphous, Congo red

staining deposits, referred to as amyloid. Under polarizinglight microscopy, these deposits
exhibit characteristic green birefringence. X-ray diffraction reveals cross-beta structure of extended
amyloid fibrils. Although there is always a major protein in amyloid deposits, the predominant
protein differs in each of the clinical syndromes. All the proteins exhibit the characteristic nonnative
beta-sheet state. These proteins aggregate spontancously into extended fibrils and precipitate out
of solution. At least a dozen of these peptides have been demonstrated to be capable of channel
formation in lipid bilayers and it has been proposed that this represents a pathogenic mechanism.
Remarkably, the channels formed by these various peptides exhibit a number of common properties
including irreversible, spontaneous insertion into membranes, production of large, heterogeneous
single-channel conductances, relatively poor ion selectivity, inhibition of channel formation by
Congo red and related dyes and blockade of inserted channels by zinc. In vivo amyloid peptides
have been shown to disrupt intracellular calcium regulation, plasma membrane potential, mito-
chondrial membrane potential and function and long-term potentiation in neurons. Amyloid
peptides also cause cytotoxicity. Formation of the beta sheet conformation from native protein
structures can be induced by high protein concentrations, metal binding, acidic pH, amino acid
mutation and interaction with lipid membranes. Most amyloid peptides interact strongly with
membranes and this interaction is enhanced by conditions which favor beta-sheet formation.
Formation of pores in these illnesses appears to be a spontaneous process and available evidence
suggests several steps are critical. First, destabilization of the native structure and formation of the
beta-sheet conformation must occur. This may occur in solution or may be facilitated by contact
with lipid membranes. Oligomerization of the amyloid protein is then mediated by the beta strands.
Amyloid monomers and extended fibrils appear to have little potential for toxicity whereas there is
much evidence implicating amyloid oligomers of intermediate size in the pathogenesis of amyloid
disease. Insertion of the oligomer appears to take place spontaneously although there may be a
contribution of acidic pH and/or membrane potential. Very little is known about the structure
of amyloid pores, but given that the amyloid peptides must acquire beta-sheet conformation to
aggregate and polymerize, it has been hypothesized that amyloid pores may in fact be beta-sheet
barrels similar to the pores formed by alpha-latrotoxin, Staphylococcal alpha-hemolysin, anthrax
toxin and clostridial perfringolysin.
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Introduction

The 19th century term “amyloid” was coined by Rudolf Virchow upon his viewing amor-
phous starch-like deposits that stained with iodine, thinking that they were largely composed of
carbohydrates. However, these deposits were later found to be largely proteinaceous, although
there was a carbohydrate component consisting of glycosaminoglycans. The deposits show a
characteristic staining pattern with dyes such as Congo red and exhibit green birefringence under
polarized light. Electron microscopy studies showed fibrils with a width of 1800 angstroms and
often indeterminate length (for a review see ref. 1). A large number of distinct clinical syndromes
have now been reported to exhibit the same pathological features (see Table 1). In each case, a
unique protein which forms amyloid fibrils has been demonstrated to be the chief component
of these deposits. The various proteins which form amyloid do not exhibit any primary sequence
homology, common biophysical characteristics, or similar biochemical functions. However, they
all share the ability to convert under the appropriate conditions into the beta-sheet conformation.
The most intensively investigated amyloidosis is Alzheimer’s disease (AD). Recent investigations
strongly implicated the Alzheimer amyloid peptide A-beta in the pathogenesis of this illness.
While the detailed molecular mechanism by which A-beta causes cellular and tissue dysfunction
has remained controversial, pore formation in plasma or mitochondrial membranes has become
aleading theory of pathogenesis. A-beta pore blockers discovered in vitro have shown the ability
to protect cells in culture from A-beta cytotoxicity. Over a dozen pore forming amyloid peptides

Table 1. Diseases of protein misfolding: amyloidoses

Disease Protein Abbreviation
Alzheimer’s disease, Down’s syndrome (Trisomy Amyloid precursor APP (Abeta 1-42)
21), Heredity cerebral angiopathy (Dutch) protein (Abeta 1-42)

Kuru, Gerstmann-Straussler-Scheinker Syndrome Prion protein PrP</Prps

(GSS), Creutzfeld-Jacob disease, Scrapie (sheep)
Bovine spongiform encephalopathy (“mad cow”)

Type Il diabetes mellitus (adult onset) Islet amyloid IAPP
polypeptide (amylin)
Dialysis-associated amyloidosis Beta-2-microglobulin B2M
Senile cardiac amyloidosis Atrial natriuretic factor ~ ANF
Familial amyloid polyneuropathy Transthyretin TTR
Reactive amyloidosis familial mediterranean fever ~ Serum amyloid A SAA
Familial amyloid polyneuropathy (Finnish) Gelsolin Agel
Macroglobulinemia Gamma-1 heavy chain ~ AH
Primary systemic amyloidoses Ig-lambda, Ig-kappa AL
Familial polyneuropathy—lowa (Irish) Apolipoprotein Al ApoAl
Hereditary cerebral myopathy—Iceland Cystatin C Acys
Nonneuropathic hereditary amyloid Fibrinogen alpha AFibA
with renal disease
Nonneuropathic hereditary amyloid Lysozyme Alys
with renal disease
Familial British dementia FBDP A Bri

Familial Danish dementia FDDP A Dan
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have been reported (see Table 4) including amylin (or islet amyloid polypeptide, IAPP), prion
proteins (PrP), beta-2 microglobulin, serum amyloid, atrial natriuretic factor, polyglutamine,
transthyretin, alpha synuclein (AS), calcitonin, lysozyme, human stefin B, Ure2p, HypF-N and
proteins associated with Danish and British familial dementia.>!¢

Aggregation and Fibril Formation: Hallmark of Amyloid Peptides

Amyloid peptides are defined in part by their ability to adopt beta sheet conformation and
to form extended fibrillar aggregates, which precipitate out of solution. In the early 1990s, the
discovery of familial forms of amyloidoses linked to specific mutations in amyloid proteins lent
credence to the idea that amyloid proteins themselves played a direct role in the pathogenesis of
discase.'”"” The amyloid theory of AD was strengthened by research that showed that the A-beta
1-42 peptide could be toxic to cells in vitro and specifically to neurons, which were the cell types
lost in the disease itself. Furthermore, PrP106-126 was shown to be neurotoxic and amylin was
shown to be toxic to pancreatic beta cells, which are the cells that die in type II diabetes melli-
tus.2*?! These studies also showed that while amyloid fibrils or monomers lack toxicity, some kind
of amyloid peptide aggregation was essential for cell toxicity. Indeed, early experiments in this
regard were plagued by a lack of reproducibility of cytotoxicity. This was eventually clarified by
the studies of Pike et al** which showed the differences in the aggregation state of A-beta under
different experimental conditions could lead to differing cytotoxic potencies. Harper and Lansbury
showed that the aggregation of amyloid peptides was a highly complex and variable process.?’
The initial phases of monomer aggregation tended to occur quite slowly. However, once a critical
mass or seed was achieved, addition to this aggregate tended to proceed quite rapidly. Aggregate
growth could be accelerated by the addition of seeds to a solution of monomers. Thus, the vari-
ability of the aggregation process was likely responsible for the many differing results found in the
carly 1990s regarding cytotoxicity of amyloid peptides. Eventually it became clear that amyloid
pcptidc aggregation was a necessary condition for cytotoxicity. However, too much aggregation
could actually lead to a decline in toxicity when the aggregates became too large.* Transgenic
mouse models of AD show learning and memory deficits before the development of significant
amyloid deposits, but correlate better with the presence of oligomeric forms of A-beta.” It has
also been demonstrated that oligomeric forms of A-beta can inhibit long-term potentiation as
well as synaptic growth.?® Nonfibrillar aggregates were also shown by atomic force microscopy to
be critical for A-beta mediated cytotoxicity in fibroblasts.”” These smaller oligomeric aggregates
appeared to form quite rapidly on addition of peptide to aqueous solution. Oligomeric aggregates
were also implicated in cytotoxicity mediated by AS and amylin.?*%

Kayed et al (2003) developed an antibody to soluble oligomers which recognized this confor-
mation in several different amyloid peptides.*® The antibody was able to block cytotoxicity of a
variety of amyloid peptides of varying sequences, suggesting that this conformation was common
to these various peptides and that they shared a common toxicity mechanism. This group went on
to propose that these amyloid oligomers mediated toxicity through a nonchannel permeabiliza-
tion of membranes. This was postulated to occur by a thinning of the membrane without direct
penetration of the peptide into the lipid bilayer. This work was quite controversial as it contrasted
with the numerous reports from various laboratories of pore formation by many different amyloid
peptides. (for review see ref. 31). Recent results by Capone et al*? indicate that the nonchannel
permeabilities seen by this group are most likely the result of contamination from the solvent
HFIP. The solvent is used to prepare the soluble oligomers from these various peptides and can be
difficult to remove completely. Capone et al also showed that HFIP could not only permeabilize
membranes in a graded nonchannel fashion, but was also cytotoxic to the various cell types that
were killed by these amyloid peptides. They went on to demonstrate that discrete pores were easily
observed once the HFIP was removed.

It remains a mystery as to why such a rich variety of primary sequences of proteins and peptides
can form such similar amyloid aggregates and fibrils. Indeed several non-amyloid discase proteins
(Table 2) and nondisease associated proteins ( Table 3) have been shown to form amyloid. Biological



Amyloid Peptide Pores and the Beta Sheet Conformation 153

Table 2. Diseases of protein misfolding: non-amyloidoses

Disease Protein Abbreviation
Diffuse Lewy body disease, Alpha-synuclein AS
Parkinson’s disease

Fronto-temporal dementia tau tau
Amyotrophic lateral sclerosis Superoxide dismutase-1 SoD-1
Triplet-repeat diseases: Polyglutamine tracts in the following proteins: PG

(Huntington’s, Spinocerebellar  Huntingtin
ataxias, etc.)

Spinal and bulbar muscular Androgen receptor
atrophy

Spinocerebellar ataxias Ataxins

Spinocerebellar ataxia 17 TATA box-binding protein

function and three dimensional structures of proteins have long been assumed to be a direct result
of the primary amino acid sequence. However, amyloid proteins appear to adopt a similar confor-
mation despite highly divergent primary sequences. It is also now well established that the native
amyloid proteins may be destabilized or unfold to a certain degree to catalyze the formation of
beta-sheet conformation and then aggregation. The unfolding and changed beta-sheet conforma-
tion may open up new hydrogen bonding possibilities and thermodynamically drive aggregation.
The hydrophobic effect requiring hydrophobic amino acids to be shielded from the aqueous
environment may also thermodynamically contribute to the drive for these proteins to aggregate.
Beta sheets as well tend to self-aggregate, catalyzed by their propensity to form intermolecular
bonds. Itis of note that proteins with hydrogen bonding defects have a strong propensity to interact
with lipid membranes.?® Thus, emerging evidence suggests that the beta-sheet conformation plays
a critical role in enhancing both the aggregation of amyloid peptides and their interaction with
phospholipid membranes.

Protein misfolding can be catalyzed by mutations, low pH, oxidation, proteolysis, increased
concentration, high temperature, or interactions with metal ions. All of these have been shown to
play a role in the destabilization and formation of various amyloid proteins.* Lipid membranes
may also play an important role in catalyzing the destabilization of native conformation in the
aggregation of amyloid proteins. For example, McLaurin et al*® have shown that lipid membranes

Table 3. Nondisease related amyloid forming proteins/peptides

SH3 domain p 85 phosphatidylinositol—3-kinase  Fibronectin type Ill phosphoglycenite linase
acylphosphatase

HypF N-terminal domain (E.coli) Amphoterin (human)
Apomyogloobin (equine) Apocytochrome ¢

Endostatin (human) Met aminopeptidase

Stefin B (human) ADA2H

Fibroblast growth factor (N. viridescens) Apolipoprotein ClI

VI domain (murine) B1 domain of IgG binding protein

Curlin CgsA subunit Monellin
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can enhance the tendency of amyloid peptides to enter the beta-sheet conformation and their
tendency to aggregate. Thus, a variety of lines of evidence now seem to converge on the idea that
thereis a tight linkage between beta-sheet conformation, amyloid peptide aggregation and binding
and insertion of these proteins into lipid membranes.

Interaction of Amyloid Peptides and Membranes during Ion
Channel Formation

Amyloid-Beta Peptide

The interaction of A-beta has been studied in great detail in model lipid bilayers as well as cel-
lular membranes. Unfortunately, there is a fair degree of conflicting evidence from a large number
of studies. At least some of this conflict has arisen from the propensity of the A-beta molecule to
self-aggregate, initially into oligomeric forms and later into protofibrils and fibrils. This propensity
to aggregate and form fibrils is the basis for amyloid formation. However, because of the nonlinear
nature of this process the measurement of A-beta interactions with membranes has been subject to
some error, depending on whether the predominant species is monomeric, oligomeric, protofibrillar
or fibrillar. Nevertheless, some fairly clear generalizations have emerged.

There has been along and intensive search for membrane receptors for A-beta. Although many
have been proposed, including tachykinin receptors, serpin enzyme complex receptors, integrins,
P75 neurotrophin receptors and the receptor for advanced glycosylation end-products (RAGE),
the evidence for these proteins being true receptors of A-beta remains limited. Furthermore, there
is now an overwhelming body of evidence that indicates that A-beta peptides can interact directly
with phospholipid bilayer membranes lacking any proteins whatsoever. These interactions include
not only binding but membrane insertion and ion channel formation, as well as cytotoxic proper-
ties. This indicates that there is no need to invoke a proteinaceous receptor for A-beta and for its
toxic effects. In studies with both planar lipid membranes and liposomes, several conclusions have
emerged. First, anionic phospholipids appear to be essential for A-beta binding and insertion.>*!
Although A-beta appears to bind to neutral phospholipids, these lipids do not appear to be capable
of allowing membrane insertion. This interaction is sensitive to ionic strength as would be expected
for a charge-charge interaction.* When A-beta is incorporated into the membrane, it adopts a toxic
beta sheet structure, which disrupts the membrane more severely. When unstructured, A-beta is
associated with the membrane surface. Data from IR spectra and high sensitivity circular dichro-
ism indicates it is the interaction of A-beta with phospholipids which catalyzes the insertion of the
molecule into the membrane.? The insertion of this beta sheet structure is consistent with one of the
theoretical models proposed by Durell et al of the A-beta ion channel structure.® It is also consistent
with more recent mathematical models proposed by Jang et al.* In solution, A-beta maintains an
equilibrium amongst beta sheet, alpha helix and random coil conformations. Contact with uncharged
lipids does not appear to affect the conformation of A-beta in solution and indeed there seems to
be little binding of A-beta to membranes formed from neutral phospholipids.* Lee et al (2002)
showed that an apolipoprotein E2 which bound phosphatidylserine could competitively inhibit
the toxicity of A-beta peptide.” A-beta has also been suggested to bind other components of the
plasma membrane, including GM 14 Yanagisawa et al*® identified a unique A-beta peptide species
in Alzheimer’s disease brain which was characterized by strong binding to GM1. They proposed that
A-beta’s conformation was altered by GM1 binding, creating a seed for amyloid aggregation.

Cholesterol has also been demonstrated to play a key role in the interaction of A-beta with
membranes. Increasing amounts of cholesterol in planar lipid bilayer membranes, liposomal
membranes and cellular membranes inhibit A-beta channel insertion but without affecting A-beta
binding.*?” Furthermore, depleting membranes of cholesterol, thus increasing membrane fluidity,
facilitates peptide insertion and pore formation.”” More recent data using synchrotron radiation
circular dichroism of A-beta incorporated into lipid bilayers suggests that incorporated A-beta has
more beta sheet structure compared to when A-beta is just bound to membranes. This is consistent
with other data suggesting that membrane insertion alters the conformation of A-beta peptides.
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A critical issue is the aggregation state of A-beta upon binding and insertion into membranes.
Data from Hirakura et al”’ indicated that monomeric A-beta could not form pores, although it was
unclear whether this inhibition represented an inhibition of binding to membranes or an inhibition
of the insertion step. The heterogeneity of A-beta pores observed in planar lipid bilayer membranes
has suggested that different sized oligomers of A-beta might be forming these pores with different
conductances. In fact, conductances of A-beta pores range over several orders of magnitude, thus
indicating that the variation in oligomer size may be quite dramatic. Several observations suggest
that oligomer formation occurs prior to membrane binding and insertion. First, evidence cited
above that monomerization of A-beta preparations inhibits channel activity, as well as toxicity
despite the fact that monomers are known to be able to insert into liposomal membranes, strongly
suggests that the oligomers required for pore formation form prior to membrane insertion. Second,
aging of A-beta peptides or treatment at low pH prior to membrane exposure causes a dramatic
increase in both channel activity and single channel conductance. Both these treatments are known
to increase A-beta aggregation and oligomer formation. This data suggests that the oligomers can
form in solution prior to interaction with the membranes. Third, the addition of Congo red, an
agent which binds strongly to A-beta and inhibits aggregation and fibril formation, also inhibits
channel formation. If A-beta monomers were able to insert in the membrane and then combine
there, Congo red would not be able to inhibit them. Fresh and globular A-beta, which has not
had time to extensively aggregate, has been shown to rapidly bind to and permeabilize fibroblast
membranes to calcium.” Finally reduced membrane fluidity decreases membrane insertion and
permeabilization but not binding, which is dependent on negatively charged lipids.*

Amylin (or Islet Amyloid Polypeptide, IAPP)

Type 2 Diabetes mellitus (DM) is a common disease in the United States and the world with
nearly 20 million sufferers in the United States alone. In addition to the direct effect on blood
vessels throughout the body associated with hyperglycemia, individuals with DM suffer from
elevated rates of strokes, hypertension, coronary artery disease, kidney disease and infections.
Although insulin resistance is a major issue in DM, a second major pathology is mediated by
amylin. This 37-residue peptide is a hormone cosecreted with insulin in the same vesicles located
in the beta cells of the pancreas in the islets of Langerhans. The physiological role of amylin is not
well understood. It is known that the normal ratio of amylin to insulin of 1:50 increases as DM
progresses. Amyloid deposits consisting largely of amylin are strongly correlated with the clinical
severity of DM, and are inversely proportional to beta cell mass in the pancreas.® In vitro, amylin
has been shown to be toxic to beta cells? and there is now strong evidence that the mechanism of
this toxicity is channel formation by amylin. Rat amylin which differs from human at only 5 amino
acid residues, is non-amyloidogenic and nontoxic.?®! Rats and mice do not suffer from diabetes.
Transgenic mice carrying the human form of amylin develop a diabetes-like illness characterized
by fibrillar deposits of amylin as well as hyperglycemia. The S20 gene mutation of amylin has been
linked to a familial form of early-onset DM. S20 amylin peptide is more cytotoxic than wild-type
amylin and has a tendency to aggregate much more quickly®® (see also ref. 53 for review).

Several groups have shown that the presence of lipid membranes catalyzes the aggregation of
amylin.>***Anionic lipids are particularly strong enhancers of aggregation. This is believed to be
due to an electrostatic interaction between positive charges on the amylin peptide and the negative
charges on the lipids. Additional evidence comes from the demonstration that membrane-mediated
aggregation is strongly inhibited by ionic strength. In solution amylin is primarily a random coil
structure, with only relatively small amounts of beta-sheet or alpha-helical conformation.’®*
When amylin aggregates, it becomes fibrillar, adopting beta sheet conformation in the process.
Spectroscopic studies have indicated that the membrane-mediated aggregation of amylin occurs
through a transient alpha-helical conformation. Approximately half of the peptide is incorporated
into alpha helical structure upon interaction with membranes containing negatively charged lipids.
The remainder of the peptide appears to remain in an unfolded state. The amyloidogenic region
residues 20 to 29, would then be allowed to come into intermolecular contact in the process of
aggregation.™
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Studies by Mirzabekov et al>! are consistent with this view. Using planar lipid bilayers, they
showed that human amylin readily formed ion pores at physiologic pH and concentration whereas
rat amylin did not. Furthermore, they demonstrated a strong dependence on lipid composition
with amylin channel activity inversely proportional to the amount of negative surface charge in
the membrane. They further demonstrated that increasing ionic strength dramatically inhibited
amylin pore activity. These investigators also reported that amylin pores were irreversibly associ-
ated with the membrane. Preincubation with Congo red inhibited amylin channel activity and
zinc was capable of blocking channels in a reversible manner. Intriguingly, unlike virtually every
other amyloid peptide, amylin displayed a unique and homogeneous single channel conductance
suggesting that unlike other amyloid peptides, the channel was formed by aggregates of a unique
molecular species with defined size, ion selectivity and voltage dependent behavior. Other studies
have confirmed the membrane permeabilizing and pore forming activity of amylin and demon-
strated that it is the basis for the observed cytotoxicity of beta cells.?

A tantalizing clue to the insertion process is the fact that addition of even small amounts of
cholesterol to the membranes strongly inhibits amylin channel formation. This membrane stiffen-
ing effect of cholesterol would make it harder for the amylin peptide to insert, in contrast with
pore-forming cytolysins which are dependent on the presence of cholesterol in the membrane to
form pores. This inhibition by cholesterol, which has been observed for A-beta as well, seems to
mark a strong distinction between the pore-forming cytolysins and the amyloid peptide pores.

Prion Peptides

Prion protein, PrP, can convert between 2 tertiary conformations known as PrP-C for the
normal cellular prion protein and PrP-Sc for the scrapie version. PrP-Sc is responsible for trans-
missible neurodegenerative diseases, such as scrapie in sheep and mad cow disease. Human forms
of prion disease include kuru, Creutzfeldt-Jakob, Gerstmann-Straussler-Scheinker syndrome
and fatal familial insomnia. The nature of these illnesses can be hereditary, infectious, or spo-
radic. Mutations in the prion protein are responsible for hereditary forms of these illnesses.”
Susceptibility to transmissible prion diseases requires that the cellular form of prion protein be
present in the susceptible cell. There is evidence to suggest that PrP-Sc is able to induce a confor-
mational transition in PrP-C which is propagated throughout the host resulting in disease. The
cellular mechanism and pathogenesis of prion diseases remains elusive, but pore formation by the
prion protein has been proposed as a toxic mechanism.®® Regions of the prion protein which are
predicted from their primary sequence to be alpha-helical peptide have been noted to form beta
sheet peptides when synthesized. These beta sheet peptides are capable of self-aggregation into
amyloid fibrils, very similar to those found in prion-related encephalopathy. Furthermore, it is
also well established that the major difference in conformation between PrP-C and PrP-Sc is that
alpha-helical regions of PrP-C have been converted to beta sheet conformation in PrP-Sc. One of
these regions, PrP 106-126 is capable of self-aggregation and known to bind to membranes.®* This
peptide has also been demonstrated to be neurotoxic to cultured cells.? Lin et al® demonstrated
that this peptide was capable of pore formation in planar lipid bilayers at neurotoxic concentra-
tions. This pore formed rapidly, spontaneously and irreversibly. Treatments which caused PrP
106-126 to self-aggregate at an increased rate, such as aging in solution or exposure to acidic pH,
caused a dramatic increase in the channel-forming activity of this peptide. Furthermore, the single
channel conductances were shifted to larger conductances suggesting that the larger oligomers
formed after peptide aging or acid exposure formed structurally larger pores. This aggregation took
place independently of the presence of membranes. A much larger segment of the prion protein
was later shown to form pores, PrP 82 to 145, which is the peptide found in the amyloid in the
brains of patients with Gerstmann-Straussler-Scheinker syndrome, but the 106-126 sequence was
essential to pore formation.®

The PrP 106-126 pores can be inhibited by preincubation with Congo red indicating that
they must be in beta sheet structure to aggregate and form pores. Zinc ion is capable of reversibly
blocking these pores after they have formed. At least one other segment of the prion protein, PrP
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170-175, which bears the mutation that results in schizoaffective disorder, N171, has been found
to form pores in planar lipid bilayers.” The pores induced by this peptide have a conductance of
8 10 26 pS, in 0.5 M potassium chloride. The native PrP 170-175 does not form pores. Thus, a
mutation resulting in a pore-forming peptide appears to induce disease in humans. These observa-
tions suggest that conformational transitions and oligomer formation are critical to prion disease
pathogenesis.

Alpha-Synuclein

Alpha-synuclein (AS) is a synaptic protein of length 140 amino acids, which is the primary
component of the amyloid deposits found in Lewy bodies of patients with Parkinson’s disease
(PD). The peptide NAC, (an acronym for the misnomer “non-amyloid component”) which con-
sists of residue 66-95 of AS is the actual fragment of the protein found in these amyloid deposits.
Mutations in AS have been associated with familial cases of Parkinson’s disease. Both full length
AS and NAC, have been demonstrated to be capable of permeabilizing lipid vesicles and planar
lipid bilayers in a pore-like fashion.*¢*¢> Using electron microscopy, AS was shown to form an-
nular pore-like oligomeric structures.® Mutations in AS which lead to familial PD accelerated the
formation of these structures. Similar structures had been described by this group with the A-beta
peptide of AD when it contained the “arctic” mutation.

While beta sheet structures are the hallmark of amyloid proteins, AS may adopt different
conformations in its pathogenic role. Zakharov et al®® showed that the protein which is natively
disordered in an aqueous environment becomes highly alpha-helical upon interaction with phos-
pholipid membranes. Intriguingly, these investigators used monomeric wild-type AS. The mo-
nomeric form required phosphatidylethanolamine and 25-50% anionic lipid and a transnegative
membrane potential for pore formation. Two familial PD causing mutants, E46K and A53T, also
formed pores but another discase causing mutation, A30P, which has a lower membrane affinity,
did not appear to form pores. These pores were inhibited by calcium that was preadded to the
membrane and calcium decreased channel conductance as well. Oligomeric AS was also capable
of creating a permeability increase in the membrane but did not appear to form discrete chan-
nels. Oligomeric AS also did not have a requirement for phosphatidylethanolamine or membrane
potential, thus, indicating perhaps different mechanisms of membrane interaction and disruption.
Channel activity and alpha-helical content of AS were correlated as determined by fluorescence
correlation spectroscopy. The mechanism of the membrane disruption by oligomeric AS remains
somewhat undefined.

NAC channels exhibited properties very similar to that of other amyloid peptides, i.e., NAC
channels could be inhibited by Congo red, an inhibitor of amyloid fibrillization and blocked by zinc
ions.* The NAC channels also showed a heterogeneous dispersion of single channel conductances
perhaps indicating various oligomeric states of the NAC peptide. The channels were long-lived,
reversibly associated with the membrane and poorly selective amongst physiologic ions.

Similarities between Pore-Forming Toxins and Amyloid Pores

Structural and functional similarities between bacterial pore-forming toxins (porins) and amyloid
pore-forming proteins have been noted previously. Atomic force microscopy (AFM) imaging stud-
ies of A-beta peptides revealed the formation of doughnut shaped structures protruding out of the
membrane surface with a centralized pore-like depression presumably representing individual pores.?”
Theoretical models of A-beta peptides suggest a transmembrane annular polymeric structure.” On
the basis of the effects of pH, Congo red binding and solvents on amyloid beta 1-42 pores Kagan and
coworkers hypothesized the formation of 3 barrel structures similar to the pore structures described
for porins.” Porins are pore forming proteins found in the outer membrane of gram negative bacteria,
mitochondria and chloroplast.®*7* These proteins form one of the two distinct structural classes of
integral membrane proteins called § barrel membrane proteins (transmembrane (3 barrels, TMBs)
as they have membrane spanning segments formed by antiparallel § strands creating a channel in
the form of a 3 barrel. In addition to these native proteins, the § barrel motifis also used by a large
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diverse set of secreted membrane permeabilizing protein toxins (pore forming toxins or PFTs) that
assemble into (3 barrels on exogenous membranes.” The main difference between TMBs and PFTs
is that, in the former a 3 barrel is formed by the folding of a single polypeptide chain, while in the
lateer through the association of several individual B strand monomers. Like PFTs, the amyloid
proteins require aggregation and membrane surface activation to initiate pore formation. PFTs are
usually water-soluble monomers that are converted through this process into a membrane inserted
pore. There is often a conformational change involved as there is with amyloid proteins which
undergo a conformational change from a native structure into a beta-sheet structure. The bacterial
toxins, latrotoxin, alpha-hemolysin, acrolysin and anthrax toxin have all been demonstrated to form
oligomeric membrane-spanning beta-barrel pores. The beta-barrels comprise approximately 8 to 22
beta strands of about 10 to 13 residues each. Average pore diameter is in the range of 1.5 to 3.5 nm
for the PFTs, comparable to the pore diameters reported for amyloid proteins. It should be noted,
however, that certain kinds of PFTs such as streptolysin O and perfringolysin O can form much
larger pores from 15 to 45 nm.”*” There are no reports of pore sizes this large for amyloid proteins,
however, the large heterogeneity of single-channel conductance sizes seen with amyloid proteins
suggest that it is not impossible that larger pores exist. Some PFTs have also shown heterogeneity
in pore size and oligomeric state.”®”” In both classes of proteins, pore formation is dependent upon
membrane binding and oligomerization which in turn are sensitive to membrane composition.
However, a key difference emerges here in that cholesterol tends to inhibit membrane penetration
and insertion by amyloid peptides whereas cholesterol appears to play a necessary role in certain
kinds of PFT insertion.” Although it may seem odd to compare toxins produced by bacteria in
order to kill other cells with amyloid proteins, the amyloid proteins themselves actually become a
kind of autotoxin when they have adopted a beta-sheet confirmation. These toxic effects include
dysregulation of calcium homeostasis, increased production of reactive oxygen species, apoptosis,
dysfunction of the proteasomal system, impairments of long-term potentiation and synaptic growth
as well as ultimately cell death. Thus, amyloid peptides may possess a similar toxic function to bacterial
pore-forming toxins although it seems clear that this function was not intended by nature.

B-Sheet Peptide Pores

Thundimadathil et al showed that short beta sheet peptides are able to form porin-like, high
conductance voltage-gated channels in lipid bilayer membranes (Fig. 1).”” In general the formation
of high conductance, voltage gated (two state gating of individual channels with closing at both
positive and negative applied potentials) channels exhibiting several sub-conductance states and
a complex kinetic behavior is a characteristic feature of B barrel porins.®#? Experimental evidence
of a close similarity between the ion channel characteristics of beta sheet peptides and that of
barrel porins revealed for the first time the possibility of self-association of several 3-sheet peptide
units in presence of membranes into a f3-barrel-like structure as in the case of 3-barrel pore form-
ing toxins (PFTs).

The ion channel properties of (xSxG), peptide resemble that of B-barrel porin channels in several
respects. It forms highly conductive channels (mean single channel conductance = 1.37 nS) and
exhibits two state gating at potentials >+40 mV. Fast and slow kinetic events and sub-conductance
states were observed. The permeation of a wide variety of ions of different sizes suggests the formation
of nonselective channels with a pore diameter >10.5 A (corresponding to calculated diameter of the
largest permeating cation, NEt;Bz*). Low cation selectivity in the presence of KCl concentration
gradient indicates only a minor interaction of ions with the pore interior in spite of the presence of
six serine hydroxyls which would be possibly arrayed in the same direction in a f} sheet structure.
Also it seems that the presence of two positively charged arginine residues does not influence the
ion selectivity. This could be related to the larger size of the pore. The pore diameter calculated
from single channel conductance is only approximate due to the assumption of a cylindrical pore
and free moving ions without any interaction with pore interior. Nevertheless, the calculated pore
diameter (~11A) is close to that reported for several porins. It has been proposed that short-lived
substates found in the ion channel traces of porins represent the flickering of monomer channels
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Figure 1. The peptide incorporation into the lipid bilayer took place immediately after the
addition of about 3 uL methanolic solution of (xSxG), peptide (0.05 mg/mL) to cis side of the
membrane containing 1000 uL of 100-1000 mM electrolyte (final concentration of peptide
~10-* M), as evidenced by an increase in membrane conductance and induction of square
current events indicating the formation of ion channels. High conductance channels formed
under symmetrical conditions (1M CsCl, unbuffered) at low applied potentials (10-30 mV)
are shown in Figure 1. At the low applied potentials, the ion channels were in the high con-
ductance open state most of the time and complete closures were rarely seen. An important
characteristic of the channel was the presence of fast flickering type events along with several
short-lived sub-conductance states. In many cases, the fast flickering events were the only
manifestation of the presence of ion channels due to the complete opening of the channel
to a high conductance state for several minutes. In most patches a mean single channel con-
ductance of 1.37 nS was observed. In channel traces, an increase in number of well defined
sub-conductance states could be seen with increase in applied potential. This reflects the
tendency of the channel to close or return to a low conductance state at higher membrane
potentials as in porins.

between open and closed states whereas large conductance openings represent multimer channels.
For (xSxG); peptide the kinetic analysis of open channels showed that the large conductance opening
events could not be modeled by a single time constant, suggesting that the high conductance open-
ing events represent a complex channel. Usually, such channels could result from the cooperation
of several individual pore forming protein units or an individual pore-forming unit could adopt
distinct conformations resulting in multiple conductance states. If direct transitions between two or
more conductance levels occur, (interconverting conductances), such levels could be considered as
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sub-conductance states of the same channel. In some experiments interconversion among different
conductance levels could be clearly resolved.

The evidence that peptide aggregation is needed for pore formation was obtained from Congo
red binding studies. The inhibition of channel formation by Congo red must be due to the loss of
active aggregates as it inserts into 3 pleated sheet structure thereby preventing aggregation. This
strongly suggests that only peptide aggregates but not monomers form pores. A general mechanism
of B barrel pore formation by PFTs involves the formation of a membrane bound prepore oligomer
from a2 membrane bound monomer and insertion of the oligomer into the membrane followed
by pore formation via cooperative events.*> Due to the hydrophobic nature and poor solubility
of (xSxG); in water unlike 3-PFTs, it is believed that the addition of a methanolic solution of the
peptide to a high ionic strength salt solution during bilayer experiments would lead to the spon-
taneous aggregation of the peptide into a oligomeric structure before it is finally inserted into the
membrane and possibly folded into a § barrel-like structure. Moreover, in this study the channel
conductance was found to be similar over a wide range of peptide concentrations suggesting that
same type of peptide aggregates are formed irrespective of the amount of peptide added to the
bilayer chamber and insert in to the membrane.

Oligomerization of the peptide into fibrillar structures in an aqueous environment is revealed
by electron microscopy. Furthermore, the observation of oligomeric structures in association with
lipid vesicles suggests insertion of the peptide as polymeric species into lipid bilayers. Liposomes
decorated with peptide oligomeric species were seen during peptide-liposome binding studies as
well as in the case of sonicated peptide-lipid vesicles. In an aqueous environment the formation of
short fibrillar structures occurs only under harsh conditions (incubation at 60°C for 2-3 hours),
whereas in the presence of lipid bilayers it seems that the aggregation into fibrillar structures is
facilitated even under milder conditions (immediately after the addition of methanolic solution
of peptide to preformed liposomes at room temperature).

CD studies have shown that (xSxG), is only partially folded in methanol as indicated by large
fraction of unordered and {3 turn components from secondary structure analysis. Upon binding
to lipid bilayers the peptide adopts a conformation rich in {3 sheet secondary structure compared
to that in solution. These observations are consistent with the finding of a lipid induced 3 sheet
aggregation in A-beta peptides. The formation of low conductance channels in some experiments
prior to the appearance of large conductance channels may be due to the presence of smaller peptide
aggregates which can further self assemble to form larger pores. Hence it is presumed that the size
of the pore and channel conductance depend on the extent of peptide aggregation and number
of peptide subunits. In this type of structure, each peptide subunit (smaller aggregates) also could
behave as an ion channel. In this way such channels would resemble complex porin channels which
are themselves multimers of more than one f3 barrel pore.

The electrophoresis of (xSxG)g incorporated liposomes revealed the existence of at least three
stable multimeric structures along with dimeric species. This indicates that ion channel may be
composed of different number of subunits. It is proposed that short-lived sub-conductance states
associated with high conductance single channels represent transitions between open and closed
states of individual peptide subunits. A large peptide pore formed by the association of several
individual § sheets or smaller 3 sheet aggregates is thus expected to have a complex behavior in
membranes. Also, a dynamic assembly-disassembly process is possible inside the membrane where
a peptide oligomeric pore is in equilibrium with individual peptide units of different sizes.

Mechanism of Ion Channel Formation by Beta Sheet Peptides

As discussed in the previous section, on the basis of porin-like ion channel properties, CD
and IR studies indicating a f-sheet conformation in membranes stabilized by anti-parallel
hydrogen bonding and B-turns, channel inhibition by Congo red, electron microscopic ob-
servation of oligomeric structures in association with lipid bilayers and gel electrophoresis of
peptide-incorporated-liposomes indicating multimeric species, Thundimadathil et al suggested a
mechanistic pathway (Fig. 2) for the ion channel formation by (xSxG)s peptide.® In this model
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Figure 2. A schematic representation of the possible pathway of channel formation by (xSxG),
peptide. A,B) The addition of a dilute methanolic solution (3 uL of 100-0.1 ug/mL) of the
peptide (partially folded and possibly monomeric) to the bilayer chamber containing high
ionic strength salt solution (1 M) would leads to the spontaneous aggregation into a more
disordered state. C) The peptide aggregate interacts with the membrane surface resulting in a
conformational change to a p sheet-rich structure followed by aggregation into well ordered
oligomeric species. D,E) The oligomer inserts into the bilayer and fold into a B barrel-like
structure inside the hydrophobic membrane.

the insertion of the peptide as oligomers into the lipid bilayer is followed by the formation of a
complex B-barrel-like pore structure comprising several 3-sheets or -sheet aggregate units.

A detailed study of the conformation properties of beta sheet peptide was subsequently
undertaken by Thundimadathil et al to understand the structural changes of the peptide during
membrane association and channel formation.® The lipid-induced B-sheet formation was con-
firmed by the formation of a characteristic 3-sheet structure upon adding partially folded peptide
solution to preformed liposomes. They noticed that the CD spectra of both the liposome-bound
and liposome-incorporated peptide samples are reminiscent of a 3-sheet structure. However, a
significant variation in the peak positions of two -sheet structures was noticed. The effect is pro-
nounced for the positive band showing a red shift (~10 nm) in the band position of peptide-bound
sample (192 nm) after peptide incorporation (202 nm). The characteristic 3-sheet minimum was
found at 215 and 220 nm for peptide-bound and peptide-incorporated samples respectively. The
peak positions of -sheet proteins are known to vary due to changes in geometries of different
[-strand structures such as barrels, sheets,  helices etc. The observed red shift could be a result of
the twisting of B-strands in membranes and the presence of B-turns. So, the authors concluded that
the overall f-sheet geometries of peptide-bound and peptide-incorporated liposomes are different.
The IR spectra of both the samples were similar with respect to band shapes and peak positions.
This means that in both cases the structure is stabilized by antiparallel hydrogen bonding (IR is
sensitive to hydrogen bonding where as CD spectrum is sensitive to backbone structure). Peptide
aggregation via 3-sheet formation is possible in solutions also at high peptide concentrations and
upon prolonged aging.

In summary, the conformational studies of a pore forming (xSxG), peptide in differ-
ent micro-environments showed that -sheet formation is enhanced in the presence of
membrane-mimicking liposomes and SDS micelles compared to that in solutions where the
peptide exits in a partially folded state. Collectively, these findings suggest that the formation
of B-sheet aggregates proceeds via partially folded or unfolded states of the peptide as seen in
the case of amyloid proteins. Moreover, it can be argued that the $-sheet aggregate bound to the
membrane undergoes a rearrangement upon insertion into the membrane. This is reasonable as
the membrane interior is highly hydrophobic compared to surface layer. Different factors such
as the intrinsic hydrophobicity and amphipathicity of the peptide, increased hydrogen bond-
ing, hydrophilic nature of membrane surface, reduction in dimensionality, membrane-peptide
interaction forces and the presence of flexible glycine residues could be contributing towards
[-sheet formation in membrane mimicking environments. As several amyloid B-peptides have
an appreciable fraction of glycine residues (in some cases in a repeating pattern) the role of
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glycine residues in peptide-membrane interactions warrant further study using model and
mutant peptides.

Conclusion

Amyloid peptides possess an inherent tendency to adopt the beta sheet conformation. As
we have seen, beta sheet peptides are adept at binding to and inserting into membranes. Several
known pore forming toxins also appear to possess a beta sheet structure in the membrane. While
the tendency to form beta sheets accounts for the ability of amyloid peptides to form extended
insoluble fibrils in disease, it also seems to lead directly to the formation of pores in lipid mem-
branes. The similiarities between PFTs and amyloid pores suggests a critical role for beta sheets in
pore formation by toxic peptides.
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