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Chapter 10
Staphylococcal p-barrel Pore-Forming Toxins:
Mushrooms That Breach the Greasy Barrier

Jack Fredrick Gugel and Liviu Movileanu

Abstract Staphylococcus aureus exhibits a myriad of virulence elements,
including P-barrel pore-forming toxins (p-PFTs). The primary mission ol these
protein toxins is to destroy the physical and ¢hemical gradients across the mem-
brane of the targeted cell by generating well-defined transmembrane pores,
ultimately causing the cell death. Such a form of biomolecular attack is a ubiqui-
tous membrane-perforation mechanism in numerous organisms, including bacte-
rial systems and eukaryotes. One unusual commonality of the §-PFTs is their
amphipathic nature, enabling sophisticated conformational alterations that are
required for their transit from the secreting to attacked cell. Intriguingly enough,
proteinaceous toxins are secreted as a hydrophilic form. Then, they must navigate
within the aqueous phase between the two cells and ultimately breach the hydro-
phobic barrier posed by the susceptible cell membrane. The archetype of these
non-enzymatic staphylococcal §-PFTs is the homoheptameric «-hemolysin (aHL)
protein. Moreover, S. aureus has the ability to secrete up to four heteromeric,
bi-component B-PFTs. Although the homomeric and heteromeric [-PFTs are
related in sequence, homology, and structure, they demonstrate distinet biophysi-
cal features.
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10.1 What Do the $-PFTs Have and Not Have
in Common?

Transmembrane protein pores represent cytotoxic factors expressed by various bac-
terial organisms, including Escherichia coli, S. aureus, Bacillus cereus, Vibrio chol-
erae, Streptococcus pneumoniae, and Aeromonas hydrophila (Parker and Feil 2005;
Gonzalez et al. 2008; Jacovache et al. 2008; Bischofberger et al. 2009; lacovache
et al. 2010; Los et al. 2013). The focus of this book chapter is to provide a compre-
hensive overview of bacterial B-barrel pore-forming exotoxins (p-PFTs) secreted by
S. aureus (Heuck et al. 2001; Menestrina et al. 2001, 2003; Comai et al. 2002;
DuMont and Torres 2014; Iacovache et al. 2010; Otto 2014). This organism is a
human pathogen that produces a number of B-PFTs. An interesting trait of these
proteins is their ability to undergo complex structural transformations in such a way
that they adapt to both the aqueous phase and hydrophobic environments. Therefore,
these protein toxins cannot be placed into either the category of hydrophilic poly-
peptides or hydrophobic transmembrane proteins. In addition, the existence of such
proteins questions the biophysical concept that a unique protein sequence deter-
mines a unique three-dimensional structure. This demonstrates that the nature of the
bathing solvent is crucial for establishing the protein structure. The major common-
ality of these B-PFTs is thal they are first synthesized as hydrophilic monomers,
which then travel until they reach the membrane of the susceptible cell. The mem-
brane represents a convenient environment for monomer attachment to a surface as
well as oligomerization and pre-pore formation. The final step of these transforma-
tions is the pore formation within the hydrophobic membrane.

The structure of the pore is a -barrel that spans the lipid membrane and is made
by an even number of anti-parallel B-strands. The hydrophobic residues of the
B-strands are oriented towards the external side (e.g., that of the lipid bilayer),
whereas the hydrophilic side chains are oriented towards the B-barrel interior, con-
ferring a hydrophilic environment for the transport of diverse water-soluble nutri-
ents. Moreover, because the anti-parallel B-strands are connected through a network
of numerous hydrogen bonds, the -barrel structure shows an unusual mechanical,
electrical and thermodynamic stability (White and Wimley 1999; Wimley 2003), an
attribute that has been extensively used in membrane protein design (Bayley and
Cremer 2001; Bayley and Jayasinghe 2004; Bayley et al. 2004; Kang et al. 2005;
Jung et al. 2006; Howorka and Siwy 2008; Movileanu 2008, 2009; Howorka and
Siwy 2009; Majd et al. 2010; Siwy and Howorka 2010; Mayer and Yang 2013).

We now know that §-PFTs are multimeric protein complexes. However, one fea-
ture that they do not share is the identity of the participating complex subunits: some
toxins are homomeric, whereas others are heteromeric. An immediate example of
the homomeric B-PFTs is the aHL protein pore (Song et al. 1996). The heteromeric
B-PFTs contain two distinct polypeptides. That is why they are sometimes called
bi-component 3-PFTs (Ferreras et al. 1998; Pedelacq et al. 1999; Werner et al. 2002;
Sugawara-Tomita et al. 2002; Menestrina et al. 2003; Potrich et al. 2009; Yamashita
et al. 2011). Therefore, there must be different kinetics and dynamics of the com-
plex formation of these proteins. This is schematically illustrated below.
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On the top row, the steps of oligomerization and pore formation of the aHL protein
are shown (Scheme 10.1). o,,° indicates a membrane-unbound, water-soluble aHL
monomer. «,” is a membrane-bound aHL monomer, whereas o, is a membrane-
bound oHL monomer in an activated conformation, a state that precedes the non-
lytic formation of the homomeric aHL pre-pore ("), The final state is the insertion
of the stem domain of the homomer into the lipid bilayer of the susceptible cell,
generating a transmembrane f-barrel protein pore (a"). In contrast, the kinetics of
pore formation of a bi-component B-PFT undergoes a more complex scheme (the
bottom row, Scheme 10.2). Both types of bi-component toxin monomers are
secreted as a hydrophilic form (a,* and B,“). Then, they navigate to the membrane of
the susceptible cell. One class of monomers shows specific interactions with the
membrane (o) before the heterodimerization at the membrane surface (0B,
This is followed by the reorientation of the heterodimer in an activated conforma-
tion ((oyP,)"") that enables the pre-pore formation ((a,B,)"). Finally, an insertion of
the stem into the membrane generates a transmembrane f-barrel pore of a bi-
component B-PET ((o,B,)"). The steps that lead from the unbound monomer to the
insertion of a transmembrane protein pore are likely closely similar for all §-PFTs,
as shown above. Such similarity suggests that they form a unique protein superfam-
ily, including p-PFTs produced by other bacterial systems. Examples are aerolysin
of A. hydrophila, cytolysin of V. cholera, B. cereus hemolysin II, and others.
However, neither homomeric nor heteromeric B-PFTs of S. aureus include an enzy-
matic domain, such as in the case of the protective antigen of the anthrax toxin.

10.2 «a-Hemolysin (¢HL) is an Archetype of the Homomeric
B-PFTs

It is likely that the most known B-PFT is staphylococcal oHL protein (Song et al.
1996; Gouaux 1998; Menestrina et al. 2001, 2003; Montoya and Gouaux 2003).
This is a well-studied toxin because it exhibits virulence activity on a broad variety
of mammalian cells, such as granulocytes and erythrocytes (Los et al. 2013). Such
a protein complex is secreted as a water-soluble, 293-residue monomer, but it does
assemble as a heptamer on model and cell membranes (Gouaux et al. 1994; Song
etal. 1996; Cheley etal. 1997; Fang et al. 1997, Krasilnikov et al. 2000) (Table 10.1).
The heptamer is a mushroom-shaped protein complex, in which each subunit con-
tributes two anti-parallel B strands to the formation of the 14-stranded f barrel
(Fig. 10.1a). The structure of the aHL protein is divided into three distinct domains:
stem, rim, and cap. The cap domain, whose external diameter is ~100 A, is located
within the aqueous phase. The overall length of the complex from one opening to the
other is ~100 A, out of which the p-barrel domain (the stem domain) measures ~52 A,
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Table 10.1 Structural features of staphylococcal p-PFTs

Monomer Barrel Barre] Lumen
mass Available 3D | diameter |length length
Protein (kDa) Oligomer size structure (A) A (A)
a-Hemolysin |33.2 Homoheptamer | Detergent- 26° 52¢ 100¢
(aHL) (14 B strands)® solubilized
Homohexamer heptamer®
(12 B strands)®
Leukocidin 34 Hetero-octamer | NA® NA® NAe NAe
(Luk) 33 (16 B strands)?
LukF
LukS
y-Hemolysin Hetero-heptamer | Detergent- 25.58 478 93e
(YHL) (14 P strands)’ solubilized
LukF 34 Hetero-octamer | octamer®
Hig2 32 (16 p strands)®

*Gouaux et al, (1994); Song et al. (1996); Cheley et al. (1997); Fang et al. (1997); Krasilnikov et al.
(2000)

*Under some experimental contexts, the aHL protein forms a hexameric structure (Czajkowsky
et al. 1998)

°Song et al. (1996)

IMiles et al. (2002b); Jayasinghe and Bayley (2005)

*Not available

'Sugawara-Tomita et al, (2002)

tYamashita et al. (2011)

The internal diameter of the barrel, excluding the side chains of the internal resi-
dues, is ~26 A (Fig. 10.1b). However, if we include the side chains of the residues
within the pore lumen, oHL exhibits a strongly varying internal diameter
from ~16 A, within the constricted region of the B barrel, to ~46 A, within the cap
domain. The average internal diameter of the p-barrel is ~20 A.

It is quite interesting that almost the entire structure of the staphylococcal aHL
protein is made of anti-parallel § strands, conferring an unusual mechanical, electri-
cal and thermal stability. We will discuss below the critical importance of this trait,
which has been heavily used for the transformation of the area of single-molecule
biophysics. The heptameric structural organization is not challenged, as this has
been determined either directly or indirectly by several independent approaches
under various experimental contexts. The high-resolution, X-ray structure of the
detergent-solubilized oHL protein revealed its heptameric structure (Song et al.
1996) (Fig. 10.1).

Collaborative efforts between Hagan Bayley's and Jie Yang’s groups have pro-
duced an unquestionable demonstration that the oHL protein pore assembles as a
heptamer (Cheley et al. 1997; Fang et al. 1997). Using atomic force microscopy
(AFM) imaging of a f barrel-truncation oHL mutant, they showed that the stoichiom-
etry of oHL remains heptameric even under the experimental contexts of the AFM
approach (Fig. 10.2). Later, a high-impact methodology was developed by coupling
chemical modification, protein engineering, SDS-PAGE gel analysis, and single-
channelelectrical recordings. In this case, targeted, engineered, orchemically-modified
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Fig. 10.1 oHL is presented using a ribbon representation. Here, individual protomers are illus-
trated by different colors. (a) This is a side view that is parallel to the putative lipid membrane; (b}
This is a top view. It reveals the seven-fold symmetry of the protein. The aHL protein model was
generated using 7ahl.pdb (Reproduced, with permission, from reference (Song et al. 1996))

oHL heteromers were separated and visualized as resulting protein band products of
combinations and permutations of the unmodified and native subunits of a heptam-
eric protein (Braha et al. 1997; Howorka et al. 2000; Movileanu et al. 2000). Single-
channel electrical recordings and analysis permitted the obtaining of informative data
pertinent to the desired heteromers. These spectacular experiments were only possi-
ble owing to a great feature of this protein: its stability in SDS up to 65 °C, a stunning
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Fig. 10.2 The use of atomic force microscopy (AFM) imaging to show that the aHL protein pore
is a homoheptameric B-PFT. (a) An oHL mutant, made by truncation of the native p-barrel, was
attached on an AFM mica grid as a heptamer. The horizontal scale bar is marked in nanometers;
(b) An AFM image of an individual p-barrel truncation aHL mutant (Reproduced, with permis-
sion, from reference (Cheley et al. 1997))

discovery made at an earlier time (Walker and Bayley 1995). Later in this chapter, we
show that this exceptional feature has also been employed to determine the subunit
composition of a bi-component f-PFT (Miles et al. 2002b).

Moreover, Krasilnikov and coworkers (Krasilnikov et al. 2000) demonstrated
that the aHL protein is a heptamer under experimental contexts of reconstitution
into a planar lipid bilayer. They used targeted cysteine mutagenesis, sulfhydryl-
directed reagents, and single-channel electrical recordings (Sackmann and Neher
1995). Each chemical reaction between an engineered cysteine sulfhydryl and a
sulfhydryl-directed reagent molecule produced a distinctive current blockade.
A total of seven reagent-induced current blockades were noted during the same
single-channel experiment, confirming the heptameric structure of aHL. We will
show below that such a methodology worked well for the determination of the sub-
unit composition of a staphylococcal bi-component p-PFT (Miles et al, 2002b).

10.3 Why Did aHL Become Such a Popular Transmembrane
Protein Pore? '

Speaking about staphylococcal oHL protein pore in a book chapter raises our obli-
gation to provide a clear message to a non-expert reader that protein biochemistry
and electrophysiological studies involving this protein have transformed the area of
single-molecule biophysics. In addition, extensive studies using aHL impacted our
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understanding of membrane protein folding, stability, and design. Moreover, aHL
was heavily utilized in studies of bionanotechnology (Majd et al. 2010), particularly
with implications in high-resolution DNA (Astier et al. 2005; Bayley 2006; Branton
et al. 2008) and protein (Movileanu 2009; Mayer and Yang 2013) detection and
analysis. Therefore, it is impossible to mention all of the outstanding articles involv-
ing this protein. However, it needs to be said that such major aHL-related transfor-
mations in these rapidly changing areas were primarily driven by many of the
advantageous characteristics of this protein. The single-channel conductance of
aHL is ~260 pS and 960 pS in 300 mM KCI (Howorka et al. 2000) and 1000 M KCI
(Movileanu et al. 2003), respectively (Table 10.2). The aHL protein pore is weakly
anion selective (P¢/Px=1.5, pH 7.0) (Menestrina 1986), exhibiting gating fluctua-
tions at low, physiological salt concentrations (Mohammad and Movileanu 2010)
and acidic pH (Kasianowicz and Bezrukov 1995; Mohammad et al. 2012). This
protein self-assembles on planar lipid bilayers into a single orientation (Menestrina
1986; Bezrukov and Kasianowicz 1993).

The oHL pore maintains its quiet, large-conductance open state for long periods
of time even under extreme conditions of pH (from 4 to 11) (Gu and Bayley 2000;
Misakian and Kasianowicz 2003), transmembrane potential (Menestrina 1986;
Korcheyv et al. 1995), temperature (up to 95 °C) (Kang et al. 2005; Jung et al. 2006),
salt concentration (several molar) (Bezrukov et al. 2004; Rodrigues et al. 2008) or
osmotic pressure (a few tens of % (w/v) PEGs) (Bezrukov et al. 1996; Krasilnikov
and Bezrukov 2004; Gu et al. 2003). The transport processes of molecules across
this protein pore can be readily designed and implemented, by imposing different
thermodynamic driving forces for the translocating molecules, such as transmem-
brane potentials, transmembrane difference in pH, ionic strength, disulfide-thiol

Table 10.2 Electrophysiological traits of staphylococcal 3-PFTs

Permeability ratio

Protein Conductance (pS) | Ion Selectivity (Pe/Pey)
a-Hemolysin (a¢HL) 260" Weakly anion-selective 0.6¢

960° 0.8¢

92¢
Leukocidin 2540¢ Weakly cation-selective 1.7¢
(LukF/LukS)
v-Hemolysin (YHL)
HigA/HlgB 115 Weakly cation-selective 1.3¢
HigC/HIgB 192f 3.68

®*This value was determined in 300 mM KCl, 5 mM Tris. HCI, pH 7.0 (Howorka et al. 2000)

"This value was determined in 1000 mM KCI, 10 mM Tris.HCI, pH 7.5 (Movileanu et al. 2003)
°This value was determined in 100 mM NaCl, pH 7.0 (Menestrina 1986)

4This value was determined in 1000 mM KCl, 5 mM HEPES, pH 7.4 (Miles et al. 2001)

*These values were determined when the cis and trans chambers contained 1000 mM and 200 mM
KCl, respectively. The buffer solution contained 5 mM HEPES, pH 7.4. The cis chamber was
grounded (Miles et al. 2001)

This value was determined in 100 mM NaCl, 20 mM HEPES, pH 7.0 (Comai et al. 2002)

tThese values were determined when the chambers contained 20 (cis) and 200 (trans) mM KCl,
respectively. The buffer solution contained 20 mM HEPES, pH 7.0. The cis chamber was grounded
(Comai et al. 2002)
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exchange or other physical and chemical gradients, as both sides of the membranes
are fully accessible in a planar lipid membrane format. It was found that «HL may
serve as a permeation pathway for a broad range of molecules, including highly
flexible and neutral PEGs of up to ~3 kDa (Bezrukov et al. 1996; Movileanu et al.
2001; Movileanu and Bayley 2001; Krasilnikov and Bezrukov 2004; Krasilnikov
et al. 2006), positively charged peptides (Movileanu et al. 2005; Sutherland et al.
2005), negatively charged single stranded RNAs and DNAs of greater molecular
mass (~ tens of kDa) (Kasianowicz et al. 1996; Akeson et al. 1999; Meller et al.
2000), and large proteins in unfolded conformation (Rodriguez-Larrea and Bayley
2013; Nivala et al. 2013). In addition, the oHL pore interacts with cyclodextrins (Gu
et al. 1999, 2003), cyclic peptides (Sanchez-Quesada et al. 2000), and crown ethers
(Bezrukov et al. 2004), some of which were used as molecular adapters for the
design and creation of various molecular biosensors. Later, oHL was used to obtain
a mechanistic understating of the binding interactions between enzymes and DNA
(Hornblower et al. 2007; Benner et al. 2007), with great expectations for DNA
sequencing (Bayley 2006; Branton et al. 2008; Cherf et al. 2012). The use of aHL
in polymer translocation studies stimulated a new realm called nanopore biophys-
ics. For example, the current blockades induced by polymer partitioning into a sin-
gle oHL protein pore were indicative of the polymer properties, which included the
polymer length, persistence length, repetitive unit composition, and secondary
structure. Moreover, these single-channel parameters strongly depended on other
physical traits of the lipid bilayer-pore system, such as temperature, transmembrane
potential, ionic strength, pH, and osmotic pressure. Therefore, it is not surprising
that such fundamental polymer-pore studies were rapidly extended to applicative
areas of bionanotechnology (Bayley et al. 2004; Bayley and Jayasinghe 2004;
Maglia et al. 2008, 2009; Hall et al. 2010; Wang et al. 2011, 2013a, b; Gurnev and
Nestorovich 2014; Kusters et al. 2014).

In Fig. 10.3a, we illustrate the sites at which native residues were substituted by
cysteines. Systematic examinations of the chemical reactions between sulfhydryl-
directed PEGs and individual cysteine residues have provided information on both
the single polymer dynamics under confined nanopore environment (Howorka et al.
2000; Movileanu et al. 2000; Movileanu and Bayley 2001) as well as the internal
geomelry of the pore interior (Bezrukov 2000; Movileanu et al. 2001). A wealth of
theoretical and computational studies was already available at that time (Muthukumar
1999; De Gennes 1999a, 1999b, 1999c; Brochard-Wyart et al. 2000). Later, more
extensive theoretical examinations were stimulated by experimental studies using
single «HL protein nanopores (Slonkina and Kolomeisky 2003; Tian and Andricioaei
2005; Kong and Muthukumar 2005; Kolomeisky 2007; Goodrich et al. 2007,
Muthukumar 2007; Kolomeisky 2008; Maffeo et al. 2012). These experimental
studies have provided a new methodology for the systematic exploration of the
lumen of the transmembrane protein pores. In addition, such experiments have
enabled the direct determination of the number of subunits of a desired cysteine aHL
mutant that interact with a specific polymer of a given size (Movileanu et al. 2003).

For example, a single-channel trace acquired with T117C;, a homoheptamer cys-
teine oHL mutant (Fig. 10.3a), is shown in Fig. 10.3b, c. When a sample of
sulfhydryl-directed PEG-1 kDa was applied to the chamber, brief current blockades
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were observed, representing transient movements of the polymer into the nanopore
interior. This pattern was followed by a permanent current blockade (Fig. 10.3b,
state 1), which indicated that one sulfhydryl-directed PEG-1 kDa covalently reacted
with a cysteine sulfhydryl. The amplitude of the transient current blockades was
comparable with the amplitude of the permanent current blockade, suggesting that
indeed a single PEG-1 kDa produced a current blockade, whose size corresponds to
2/3 that of the unitary conductance of the aHL protein pore. Again, the open state 1

a
tathered PEG
™

o] N ZE =

8 @& £ 5 - g o

F 5ok o @ =
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/ Transmembrane pore

Lipid bilayer B-barrel Vestibule

Fig. 10.3 Examples of single-channel electrical recordings monitoring single-molecule chemical
reactions of individual sulfhydryl-directed PEGs-1 kDa reagent with a cysteine aHL mutant. (a)
Cross-sectional view of the aHL protein pore illustrating sites where single cysteines were engi-
neered for the exploration of polymer partitioning. The partitioning of poly(ethylene glycol)s
(PEGs) of different sizes was examined by covalent modification of the pore lumen. The chemical
reaction occurred between the reactive sulfhydryl-containing group of the PEG and the individual
cysteine sulfhydryl of each reconstituted oHL mutant. Seven cysteine «HL mutants were exam-
ined at the locations labeled in the figure; (b) The cysteine was engineered within the p-barrel
region of the pore, in position T117. This single-channel current resulted from voltage-induced ion
translocation through the pore. The trace indicates permanent current blockades produced by indi-
vidual, reacted polymers with cysteine sulfhydryls. Two distinguished permanent current block-
ades showed that two independent polymers reacted with distinct cysteine sulfhydryls within the
pore lumen; (¢) Application of the reducing agent to the chamber facilitated the cleavage of both
PEGs from the pore lumen, producing a full recovery of the unitary conductance of aHL. In (B)
and (C), the buffer solution contained 1 M KCl, 10 mM Tris.HC}, and 100 pM EDTA, pH 8.5. The
applied transmembrane potential was +100 mV. The single-channel electrical traces were low-pass
Bessel filtered at 10 kHz (Reproduced, with permission, from references (Movileanu et al. 2003)
and (Movileanu and Bayley 2001). Copyright © (2001) National Academy of Sciences, U.S.A)
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Fig. 10,3 (continued )

was accompanied by short-lived current spikes and followed by a second permanent
current blockade (Fig. 10.3b, state 2), which indicated that a second polymer reacted
with a cysteine sulfhydryl. Therefore, only two PEGs-1 kDa were accommodated at
position T117C. These single covalent reactions were reversed upon addition of the
reducing agent to the chamber (Fig. 10.3c). This example revealed the informative
power of single-channel electrical recordings of the modified aHL protein pore,
providing a clear indication on what is the total molecular size of the sulfhydryl-
directed PEGs reacted at a desired location. Why would the two types of current
blockade events have different amplitudes? The first reacted polymer reduced the
jonic flux about 2/3 of that corresponding to the unitary conductance, whereas the
second reacted polymer altered the ionic flux about 1/3 of that corresponding to
the unitary conductance. This distinction might be determined by a difference in the
local conformation of the reacted PEGs-1 kDa. Another possibility was that only a
fraction of the second reactive polymer partitioned into the pore lumen, leaving the
remaining fraction outside the pore.

PEGs produced a longer current blockade through the oHL protein pore lumen at
increased salt concentrations, likely owing to electro-osmotic effect (Krasilnikov et al.
2006; Rodrigues et al. 2008). Taking into account this finding, John Kasianowicz and
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Fig. 10.4 Development of single-molecule mass spectrometry using a single protein nanopore. (a)
The aHL protein pore was inseried into o planar lipid bilayer, enabling a quiet single-channel cur-
rent, Application of a sample of polydisperse PEG to the chamber produced well-defined current
blockages, the nature of which depended on the length of the PEG molecules as well as their
concentration. The horizontal dashed lines show the level of the zero current; (b) A single aHL
protein nanopore can be used (o resolve the monodisperse (MPEG; with a molecular weight of
1.3 kDa; lower panels) and polydisperse (pPEG; with a molecular weight of 1.5 kDa; upper pancls)
PEG samples. The standard histograms of the current amplitudes indicated either a single, broad
distribution (the top panel) or two well-separated and narrow distributions (the bottom panel). The
butfer solution contained 4 M KCI, 5 mM 'Tris, pH 7.5. The applied transmembrane polential was
+40 mV. In the bottom trace of (b), the peak given by the long-lived current blockades was inter-
preted in terms of impurities present in the mPEG sample (Reproduced, with permission, from
reference (Robertson et al. 2007). Copyright © (2007) National Academy of Sciences, U.S.A)
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Fig. 10.4 (continued )

co-workers have developed an elegant nanopore-based, single-molecule mass spec-
trometry for sizing flexible polymers in solution (Robertson et al. 2007, 2010; Reiner
et al. 2010; Baaken et al. 2011). The stunning discovery was that, under experimental
conditions of high salt concentration, PEG molecules produced distinctive mass-
dependent transient current blockades when they partitioned into the oHL protein pore.

In Fig. 10.4a, a quiet single-channel current is shown in the absence of PEG, but
frequent and reversible current transitions were observed in the presence of PEGs added
to the chamber. A very high salt concentration in the chamber was advantageously used
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for both increasing signal-to-noise ratio due to increase in the unitary conductance and
prolonging the residence times due to local osmotic pressure on trapped PEGs into the
pore lumen. In Fig. 10.4b, the top trace shows the open-state current and current block-
ades of varying amplitude made by a polydisperse sample of PEG (pPEG), whereas the
bottom trace indicate uniform current blockades produced by a monodisperse sample of
PEG (mPEG). In contrast to Fig. 10.4a, the time scale is compressed, so that the current
blockades cannot be observed in full in Fig. 10.4b. In addition, all inter-event intervals,
otherwise distinguishable in Fig. 10.4a, were removed in Fig. 10.4b. Such a single-
channel electrical trace representation enabled an easier determination that the pPEG
histogram distribution is noisier than that acquired with mPEG. pPEG sample contained
a mixture of polymer molecules with a number of repetitive units varying from 25 to 50.
However, average molecular weight of pPEG was similar to that of mPEG. There is a
clear distinction between the results obtained with mPEG and pPEG. The current-
amplitude histograms demonstrated a single and broad distribution with pPEG. In con-
trast, the current-amplitude histogram obtained with mPEG revealed two narrower
distributions. The second level of the current blockades, given by the long-lived events,
in the experiment using mPEG, was interpreted in terms of impurities in the PEG sam-
ple. Using the mean current value of each blockade, histograms with multiple current-
blockade distributions correlated with multiple molecular-mass PEGs, demonstrating
the informative power of these measurements for discriminating various PEGs within
the same sample.

Remarkably, this method has proven the ability to resolve the repetitive unit of
PEG, which was beyond the previous attempts (Bezrukov et al, 1996; Movileanu
et al. 2003). The residence time of PEG within the pore lumen was increasing with
the increase in the molecular mass of PEG in a monotonic fashion. It was also dem-
onstrated that sizing and discriminating analytes in real time can be accomplished
in the case of neutral polymeric species. We do not anticipate challenges in applying
this methodology for other neutral, water-soluble and flexible polymers. Modelling
the transient current blockades as signal responses given by an equivalent electrical
circuit has permitted an additional level of analysis of analyte-produced events,
increasing the resolution of the residence times produced by flexible polymers and
open sub-states at sub-picoampere level (Balijepalli et al. 2014). Finally, it is worth
mentioning that all traits of the «HL protein pore ignited persistent interest of com-
putational biophysicists in the modeling of ion transport across channels and pores,
a primary goal of modern electrophysiology (Noskov et al. 2004; Aksimentiev and
Schulten 2005; Wells et al. 2007).

10.4 Structural Propeérties of Leukotoxin Monomers

S. aureus secretes not only homomeric, but also heteromeric 8-PFTs. For example,
a mandatory interaction between two distinct monomers, one that is part of the class
F polypeptides and one that belongs to the class S polypeptides, results in the forma-
tion of heteromeric or bi-component B-PFTs. They include leukocidins (Luk),
y-hemolysins (yYHL), and Pantom-Valentine leukocidins (PVL) (Ferreras et al. 1998;
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Olson et al. 1999; Pedelacq et al. 1999; Prevost et al. 2001; Sugawara-Tomita et al.
2002; Guillet et al. 2004; Yoong and Torres 2013; Alonzo and Torres 2014). No
experimental evidence is available on direct interactions between two similar mono-
mers of class F or two similar monomers of class S. Therefore, homomeric p-PFTs
containing either class F or class S polypeptides have never been detected. Because
each class of leukotoxin polypeptides includes several members, four bi-component
B-PFTs have been determined so far (Yoong and Torres 2013; Alonzo and Torres
2014). PVL complexes are formed by LukS-PV and LukF-PV subunits. The yHL
protein pores are made by either HIgA and HlgB subunits or HlgC and HigB sub-
units (Comai et al, 2002). LukED leukotoxins consist of LukE and LukD polypep-
tides. LukAB/LukGH toxins are made by either LukA and LukB or LukH and
LukG.

The diversity of bi-component B-PFTs is also consistent with their distinctive
lytic activities with respect to various cell membrane models (Yoong and Torres
2013; DuMont and Torres 2014; Alonzo and Torres 2014). All four types of leuko-
cidins produce the death of human neutrophils, whereas only LukED and YHL
induce lysis against erythrocytes (Yoong and Torres 2013). The mechanisms by
which the individual monomers bind to the cell membrane surface, then oligomer-
ize and assemble into a transmembrane f-barrel protein pore are not yet com-
pletely understood. These bi-component B-PFTs efficiently assemble on lipid
membranes either in the absence (Miles et al. 2001, 2002b; Jayasinghe and Bayley
2005; Holden et al. 2006) or presence of cellular receptors located on the surface
of the susceptible cells (Yoong and Torres 2013; DuMont and Torres 2014; Alonzo
and Torres 2014).

In Fig. 10,5, we illustrate the relationships among the polypeptides of the homo-
meric and heteromeric p-PFTs. The sequence identity of the members of either class
with that of oHL is always less than 30 %. There is an increased sequence identity
among the members within the same class: 71-79 % and 59-79 % for the class F
and S polypeptides, respectively (Gouaux et al. 1997). The X-ray crystal structure
of LukF reveals that its fold looks closely similar to that of the oHL protomer in the
heptameric complex, except for two domains that are intimately involved in the
protomer-protomer contacts and in the binding of the monomer to the membrane
surface (Olson et al. 1999). These are the amino latch and pre-stem domains and
they are involved in the protein-protein and protein-membrane interfaces, respec-
tively. Parallel studies by Pédelacq and colleagues revealed an almost identical fold
of the water-soluble LukF-PV polypeptide (Pedelacq et al. 1999). Later, the same
group was able to determine the structure of the water-soluble LukS-PV polypep-
tide at 2.0 A resolution (Guillet et al. 2004). Interestingly, it was found that the
overall structure of LukS-PV is identical to that of the water-soluble LukF monomer
and the oHL protomer, except for the domain that interfaces its interaction with the
lipid membrane (the rim domain, Fig. 10.1a). This finding suggested a different
propensity of LukS-PV to interact in a distinct fashion with the membrane surface
of the susceptible cells.
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10.5 Electrophysiological Traits of the Staphylococcal
Bi-component -PFTs

Based on similarities in protein folding between each of the leukotoxin monomers
with the oHL protomers (Olson et al. 1999; Pedelacq et al. 1999; Guillet et al.
2004), the staphylococcal bi-component B-PFTs were expected to form large-
conductance pores in all model and cell membranes. In accord with this anticipa-
tion, Miles and colleagues found that the bi-component Luk protein complex (LukF/
LukS) forms transmembrane pores on planar lipid membranes with a single-channel
conductance of ~2540 pS in 1000 mM KCl, 5 mM HEPES, pH 7.4 (Table 10.2)
(Miles et al. 2001). The single-channel conductance of the LukF/LLukS protein pore
is ~3-fold greater than that of the oHL protein pore. The value of the unitary con-
ductance of the heptameric hemolysin II, a B-PFT of B. cereus, measured under
similar experimental contexts, is 630 pS (Miles et al. 2002a). A large difference
between the single-channel conductance of the LukF/LukS and oHL protein pores
or the LukF/LukS and B. cereus hemolysin II protein pores suggested that the num-
ber of participating subunits to the LukF/LukS protein pore complex is greater than
that corresponding to the homomeric p-PFTs.

Moreover, systematic measurements of the reversal potentials under various
ionic gradients have revealed that the LukF/LukS pores represent weakly cation
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selective pathways across the lipid bilayers (Table 10.2). This weak cation selectiv-
ity is surprising, given the lack of negative charges within the narrowest region of
the lumen, the P-barrel part of the pore, except for a single residue, Asp-122 of
LukF. Another mechanism of this selectivity might be the cluster of acidic residues
within the cap domain, facing the opening of the pore and in the proximity of the
N-termini of both LukF and LukS polypeptides (Comai et al. 2002). Such nega-
tively charged residues do not exist within the same location of the aHL. polypep-
tide. The LukF/LukS protein pores exhibit voltage-induced current gating at positive
transmembrane potentials greater than 60 mV, and in 1000 mM KCI, 5 mM HEPES,
pH 7.4, but a remarkable stability of the open-state current at large negative applied
transmembrane potentials (e.g., 120 mV or greater than this value). Again, this is in
contrast to oHL protein pore, whose open-state current remains stable for long peri-
ods at positive applied potentials up to +160 mV, but undergoes gating fluctuations

at negative applied transmembrane potentials greater than 100 mV (Movileanu et al.

2005). It might be possible that the gating mechanisms of the two p-PFTs are differ-
ent. In the case of the aHL protein, brief current flickering at positive potentials and
at low, physiological salt concentrations are likely caused by the localized fluctua-
tions of the structurally flexible glycine-rich turn of the p-barrel domain of the pore
(Mohammad and Movileanu 2010).

Extensive studies on other leukotoxins have confirmed increased unitary conduc-
tance and weak cation selectivity. For instance, Comai and colleagues determined
that yHLs, consisting of either HigA/HIgB or HlgC/HIgB, exhibit a unitary conduc-
tance of either 115 or 192 pS, respectively, in 100 mM NaCl (Table 10.2) (Comai
et al. 2002). These values are greater than that measured with oHL under similar
experimental conditions (~92 pS) (Menestrina 1986). Using PEGs in osmotic-
protection experiments, the effective pore diameter of YHLs was 20-24 A (Ferreras
et al. 1998). The above-mentioned hypothesis that the weak cation selectivity is
produced by a cluster of acidic residues located within the cap domain near the pore
opening was confirmed by single- and multiple-site mutagenesis (Comai et al.
2002). Indeed, by engineering charge-reversal mutations of negative — positive
charge, namely converting all acidic side chains of the cluster into basic residues,
the unitary conductance and ion selectivity of aHL were obtained. Therefore, this
cluster of negative charges in YHLs represents a selectivity filter.

10.6 Subunit Composition of Staphylococcal Bi-component
B-PFTs

Given extensive biochemical and biophysical studies employing staphylococcal bi-
component p-PFTs, along with detailed structural information about the leukotoxin
oligomers, one would immediately ask what is the subunit stoichiometry of the
protein pore complex? Because the single-channel conductance of the LukF/LukS
protein complex is about three times greater than that of oHL (Miles et al. 2002b),
it is likely that the number of participating subunits of the LukF/LukS protein
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complex is greater than seven. Heteromeric composition of the LukF/LukS protein
complex has been addressed using two independent methodologies: (i) gel-shift
electrophoresis assay, and (ii) single-channel electrical recordings, along with
chemical modification at strategic locations of the pore interior (Miles et al. 2002b).

In the first approach, individual LukF and LukS polypeptides were fused to the
C-terminal, 94-residue extension of the B. cereus hemolysin II (TL). Other B-PFTs
lack this C-terminal extension. The primary motivation for this protein design was
the TL-induced alteration of the gel-shift mobility of the LukF and LukS polypep-
tides could be noted on an SDS-PAGE gel. This strategy was coupled with the struc-
tural stability of the oligomers in SDS-PAGE gels, Such an approach enabled the in
vitro transcription and translation (IVTT) of the protein complex assembled on rab-
bit red blood cell membranes (rrbcm), and then SDS-PAGE gel separation of the
engineered heteromer complexes containing subunits with or without TL. In this
way, various heteromers containing either LukF-TL and LukS subunits or LukF and
LukS-TL subunits were resolved on the SDS-PAGE gels.

For example, in the first experiment heteromers containing various ratios of
wild-type LukF (WT LukF) and LukF-TL with wild-type LukS (WT LukS) were
produced by cotranslation in the presence rrbcm. Bands with increments in electro-
phoretic mobility were observed. Four new bands were observed in addition to the
band corresponding to WT LukF/WT LukS. The fastest band was attributed to WT
LukF/WT LukS. The TL-induced, slow-mobility bands were produced by het-
eromers with either one, two, three, or four LukF-TL subunits. This finding indi-
cated that the LukF/LukS protein complex contains four LukF subunits. In the
second experiment, a similar approach was employed to examine the contribution of
LukS to the heteromeric complex. It was determined that LukF/LukS contains four
LukS subunits as well. In brief, such gel-shift electrophoresis assay on SDS-PAGE
gels, along with protein design, indicated that the LukS/LukF protein complex is an
octamer.

In the second approach, targeted chemical modification of engineered cysteines
within the pore lumen, along with single-channel electrical recordings were
employed (Fig. 10.6). To some extent, this second approach was quite related to the
previous test. This is becuase the gel-shift assay used for the engineered heteromers
was replaced by the unitary conductance change produced by individual chemical
reactions of a sulfhydryl-specific reagent sodium (2-sulfonatoethyl)methanethiosul-
fonate (MTSES) molecule with an engineered cysteine sulfhydryl of a Luk
polypeptide within the complex (either LukF or LukS). These studies proved that
both LukFE-S124C/WT LukS and WT LukF/LukS-A122C underwent four distinct
current blockades when MTSES was applied to the bilayer chamber. Recovery of
the unitary conductance was achieved by the addition of the DTT reducing reagent.
This conductance recovery was observed in the form of four step-wise current
upshifts, suggesting that the LukS/LukF protein complex is an octamer.

Independently of and in parallel with these studies, Sugawara-Tomita and col-
leagues, using high-resolution electron microscopy and chemical cross-linking
experiments, discovered that yHL assembles in a stochastic fashion as a heptamer
of either 4 LukF subunits and 3 Hlg2 subunits or 3 LukF subunits and 4 Hlg2 sub-
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Fig. 10.6 Subunit stoichiometry of a bi-component leukocidin (LukF/LukS) protein complex can
be determined using single-channel electrical recordings, membrane protein design, and chemical
modification. (a) Single-channel elecirical recordings probing cysteine Luk mutant LukF-S124C/
WT LukS reacted with MTSES; (b) Single-channel electrical recordings probing cysteine Luk
mutant WT LukF/LukS A122C reacted with MTSES. Here, WT stands for wild type. Permanent
cleavage of MTSES from the protein surface was achjeved after direct application of the DTT
reducing agent to the chamber. The number of reacted individual cysteine sulfhydryls is displayed
on the central part of each panel, in between the traces; (¢) A simplified cartoon of the model of the
staphylococcal LukF/LukS pore complex. Each type of polypeptide contributes four subunits to
the entire octameric protein complex. LukF is marked in dark grey, whereas LukS is marked in
light grey. This model suggests that the leukocidin channel is a 16-stranded p-barrel with an alter-
nating distribution of LukF and LukS, featuring a four-fold symmetry (Table 10.1). In (a, b), the
buffer solution contained 1 M KCJ, 50 mM Tris.HC], 200 uM DTT, 100 uM EDTA, pH 8. The
applied transmembrane potential was —60 mV. The single-channel electrical traces were low-pass
Bessel filtered at 0.5 kHz (Reproduced, with permission, from Reference (Miles et al. 2002b))
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units (Sugawara-Tomita et al. 2002). Such parallel studies from two different
groups, offering two distinct outcomes to the same question, have ignited controver-
sies over the true subunit composition of the staphylococcal bi-component p-PFTs.
This was especially true, given the lack of the availability of the high-resolution
X-ray crystal structure of any leukotoxin complex. Further work by Jayasinghe and
Bayley, using chemical cross-linking and clever protein engineering, has confirmed
that the LukF/LukS complex is indeed an octamer formed by four LukF and four
LukS subunits (Jayasinghe and Bayley 2005). Moreover, using the fusion of LukF
with LukS, they showed that the Luk oligomer features a four-fold symmetry with
alternating LukF and LukS subunits.

More recently, Tanaka and Kamio’s groups have been able to crystalize YHL
protein complex at 2.5 A resolution (Yamashita et al. 2011). This was indeed a
breakthrough in the field of staphylococcal B-PFTs, because it was the first crystal
structure of a bi-component p-PFT, and it was the first structure of a heteromeric
transmembrane P-barrel protein complex. Remarkably, the structure of the complex
revealed an octamer with a four-fold symmetry axis about which LukF and Hlg2
alternate, This discovery is consistent with the previous biophysical and biochemi-
cal examinations in Bayley’s group (Miles et al. 2002b; Jayasinghe and Bayley
2005) and contrasts with early high-resolution electron microscopy and chemical
cross-linking experiments using YHL (Sugawara-Tomita et al. 2002). The structure
of yHL features a mushroom shape, closely similar with aHL, with the largest
diameter of the cap measuring 114 A, whereas the length of the pore lumen is 93 A
Interestingly, the internal diameter of the cylindrical p-barrel domain, excluding the
side chains of the internal residues is ~25.5 A, again similar to that of aHL (~26 A),
whereas its total length is ~47 A. It is surprising that despite its additional subunit,
as compared to oHL, the internal dimensions as well as the overall internal shape
of the lumen resemble those of aHL. This finding is in accord with a much smaller
difference between the unitary conductance of YHL (~115 pS, HlgA/HIgB) and
oHL (~92 pS) recorded in 100 mM NaCl (Table 10.2) (Menestrina 1986; Comai
et al. 2002). Moreover, a smaller conductance of cHL might be explained by the
presence of very bulky residues (e.g., Met-113, Lys-147) forming the central con-
striction of the pore lumen (Song et al. 1996). Each YHL protomer is made by three
domains: cap, rim and stem.

Given this structural information on the staphylococcal bi-component yHL
octamer, Yamashita and colleagues have proposed a schematic model for its
momomer binding, dimerization, pre-pore formation, and pore assembly (Yamashita
et al. 2011) (Fig. 10.7). The monomer binding to the surface is mediated by LukF
via a cluster of hydrophobic residues. This hydrophobic cluster includes Tyr72,
Trp257, Phe260, and Tyr261 (marked in red). Other residues that are marked in
green, including Arg-198, form hydrophilic interface contacts with the headgroups
of the bilayer lipids, just in the proximity of the membrane surface. Interface 1,
which is exposed upon LukF binding to the membrane, mediates the contact inter-
actions for the dimerization process of LukF-Hlg2. The dimerization undergoes a
reorientation process, which activates the dimer for its participation in the pre-pore
formation. This process is followed by the pre-stem unfolding from the cap domain,
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Fig. 10.7 A step-wise model of the oligomerization and assembly of YHL. This model reveals that
the initiation process is governed by the spontaneous binding (1) of LukF to the surface of the lipid
bilayer, which is illustrated by a gray horizontal bar. The binding of LukF to the membrane surface
occurs via a hydrophobic cluster of residues, which includes Tyr72, Trp257, Phe260, and Tyr261
(indicated in red). This process is also mediated by Trp177 and Argl98 (marked by green spheres).
This initial step is followed by a dimerization process (2) of the LukF-Hlg2 complex. Then, the
heterodimer undergoes a re-orientation transformation (3) to bring about the dimer from an inacti-
vated to an activated state. Such a transition enables a rapid heteromer growth into tetramers,
hexamers, and ultimately octamers, generating the pre-pore formation (4). This process will lead

to the complete assembly of the octameric YHL transmembrane pore (5), featuring a four-fold sym- -

metry (Reproduced, with permission, from Reference (Yamashita et al. 2011). Copyright © (2011)
National Academy of Sciences, U.S.A.)

.

triggering its full partitioning into the hydrophobic side of the bilayer as a bi-
component transmembrane f-barrel pore.

10.7 Conclusions -

This chapter represents a very brief overview of the extensive developments on the
structure and function of staphylococcal B-PFTs. The oHL protein is indeed the
archetype of the p-PFTs. There are many commonalities of these transmembrane
B-barrel proteins. They form mushroom-shaped pore structures on lipid bilayers of
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model and cell membranes. The cap domain serves at least two tasks: (i) a large
hydrophilic part of the polypeptide makes it water soluble during its navigation
from the secreting to attacked cell, and (ii) a large geometrical obstruction would
control the partitioning of the B-barrel part into the bilayer and would anchor the
protein into the lipid membrane via its rim domain. This particular structure is
attained after complex structural transformations of the monomer, in the case of the
homomeric toxin, or the dimer, in the case of the bi-component B-PFTs. The transi-
tion of water-soluble monomeric form to the transmembrane pore shows the rich-
ness and versatility of the protein scaffold for unusual adaptations from the aqueous
phase to hydrophobic milieu of the lipid bilayer. The diversity of staphylococcal
bi-component B-PFTs has evolutionary been accomplished by pivotal mutations at
the protomer-protomer and monomer-membrane interfaces. Staphylococcal p-PFTs
are weakly selective with a preference for anions and cations for homomeric and
bi-component toxins, respectively. The latter is mainly determined by the presence
of an electrostatic selectivity filter, which consists of a cluster of negatively charged
residues, on the pore opening near the cap domain. Recent functional and crystal-
lographic studies represent a solid platform for further protein engineering develop-
ments of these p-PFTs with great prospects in numerous areas of fundamental and
clinical biomedical nanotechnology.
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Chapter 11
Properties of Pores Formed by Cholesterol-
Dependent Cytolysins and Actinoporins

Nejc Rojko, Manuela Zanetti, Gregor Anderluh, and Mauro Dalla Serra

Abstract Planar lipid membrane (PLM) measurements allow direct observation of
pores in model lipid membranes. This biophysical approach was very important for
our understanding of how transmembrane pores are formed by cholesterol-
dependent cytolysins (CDCs), a toxin family from pathogenic bacteria, and actino-
porins, cytolysins from sea anemones. In this review we discuss current knowledge
of pore formation by these two protein families and how the PLM approach revealed
mechanisms by which these two unrelated protein families porate membranes.
Interestingly, for both toxins, the protein portion constituting the pore walls has an
alpha helical configuration in the secreted water soluble form. This structure is
maintained for actinoporins in the membrane inserted configuration, while the pore
of CDCs necessitates a drastic change in secondary structure, which transforms to
beta hairpins in the membrane. Both proteins are able to form toroidal proteo-lipid
pores.

Keywords Cholesterol-dependent cytolysins * Actinoporins ¢ Pore * Planar lipid
membrane
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