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Vertical collapse of a cytolysin prepore moves
its transmembrane f-hairpins to the membrane
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Perfringolysin O (PFO) is a prototype of the large family
of pore-forming cholesterol-dependent cytolysins (CDCs).
A central enigma of the cytolytic mechanism of the CDCs
is that their membrane-spanning p-hairpins (the trans-
membrane amphipathic p-hairpins (TMHs)) appear to be
~40A too far above the membrane surface to cross the
bilayer and form the pore. We now present evidence, using
atomic force microscopy (AFM), of a significant difference
in the height by which the prepore and pore protrude from
the membrane surface: 11345 A for the prepore but only
73+5A for the pore. Time-lapse AFM micrographs show
this change in height in real time. Moreover, the mono-
mers in both complexes exhibit nearly identical surface
features and these results in combination with those of
spectrofluorimetric analyses indicate that the monomers
remain in a perpendicular orientation to the bilayer plane
during this transition. Therefore, the PFO undergoes a
vertical collapse that brings its TMHs to the membrane
surface so that they can extend across the bilayer to form
the B-barrel pore.
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Introduction

Pathogenic bacteria often secrete water-soluble protein toxins
that can insert into cellular membranes and form aqueous
pores (Bhakdi et al, 1996; van der Goot, 2001). Unlike most
proteins that fold into conformations that are stable only in
aqueous solution or only in lipid bilayers, these toxins have
the remarkable ability to convert from a conformation that is
water-soluble to one that spans a membrane in an oligomeric
pore-forming complex. Many of these toxins are critical
pathological factors (van der Goot, 2001) and some are
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used for biotechnological applications (Schnepf et al, 1998;
Bayley and Cremer, 2001). Understanding the mechanisms by
which these remarkable proteins convert between their two
seemingly incompatible conformations has become the focus
of a great deal of attention in the last decade (Heuck et al,
2001; Zakharov and Cramer, 2002).

Of the pore-forming mechanisms, one of the more com-
mon is a three-step process involving a prepore intermediate
(Walker et al, 1992) in which the water-soluble monomers
first bind to the membrane and then assemble into oligomeric
prepore complexes on the surface. These prepore oligomers
then convert into pore-forming complexes as a region of each
monomer inserts one or more amphipathic B-hairpins that
combine to form a transmembrane f-barrel pore (Walker et al,
1992; Sellman et al, 1997; Miller et al, 1999; Shepard et al,
2000; Nguyen et al, 2002; Kawate and Gouaux, 2003; Melton
et al, 2004). Structural data indicate that some of these toxins
undergo only a limited change in their structure when they
convert from their water-soluble to transmembrane confor-
mation (Song et al, 1996; Petosa et al, 1997; Olson et al, 1999;
Pedelacq et al, 2000). In fact, to date, the only region of these
toxins that has been found to undergo significant structural
change and/or movement during pore formation is the region
of the protein that forms the transmembrane amphipathic
B-hairpin.

However, it is not yet clear whether members of the large
family of cholesterol-dependent cytolysins (CDCs) (Tweten
et al, 2001) share this property with other prepore-forming
toxins. The CDCs are a family of pore-forming toxins that
form an unusually large membrane pore (250-300A in
diameter), consisting of up to 50 monomers (Olofsson et al,
1993). The CDCs also form a prepore complex that then
converts to a pore-forming complex by the insertion of two
transmembrane f-hairpins per monomer (Shepard et al,
1998, 2000; Shatursky et al, 1999; Hotze et al, 2001). The
crystal structure of the water-soluble monomer of one mem-
ber of this family, perfringolysin O (PFO), has been solved
(Rossjohn et al, 1997). PFO is an 115 A long molecule
comprised of four domains, two of which have regions that
directly interact with the bilayer lipids (Figure 1). First, in
domain 4, there are three hydrophobic loops and a conserved
undecapeptide at the tip of this domain that anchor the
oligomer to the membrane (Nakamura et al, 1998; Heuck
et al, 2000, 2003; Ramachandran et al, 2002). These residues
are not deeply inserted within the bilayer and do not form
the amphipathic wall of the pore in the membrane
(Ramachandran et al, 2002; Heuck et al, 2003). Instead, a
number of spectrofluorimetric studies (Shepard et al, 1998;
Shatursky et al, 1999) have shown that the wall of the
B-barrel is formed by a pair of transmembrane amphipathic
B-hairpins (TMHs) that are derived from six a-helices in
domain 3 of the monomer (Figure 1).

However, a cryo-electron microscopy (cryo-EM) study of
the structure of the putative pore-forming complex of another
CDC, pneumolysin (PLY), concluded that its TMHs are
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Figure 1 Structure of the water-soluble PFO monomer. A ribbon
representation of the crystal structure of PFO is shown (Rossjohn
et al, 1997). The o-helical bundles (TMH1 and TMH2) located in
domain 3 (D3) that insert into the membrane in the pore complex
are colored red and yellow. The six domain 3 a-helices unfurl into
two amphipathic B-hairpins that insert into the membrane to form
the transmembrane B-barrel (Shepard et al, 1998; Shatursky et al,
1999). Domain 4 (D4) has been shown to anchor PFO to the
membrane in the prepore and pore complexes via the undecapep-
tide and three other short hydrophobic loops at its tip (Heuck et al,
2000; Ramachandran et al, 2002) (shown in yellow). This domain
exists in a perpendicular orientation to the membrane and, except
for its tip, is surrounded by the aqueous milieu (Ramachandran
et al, 2002). Also shown in a space-filled mode are the positions
of various residues studied herein (magenta) and the location of
residues Y181 and the C190-C57 disulfide (white). The representa-
tions were generated using MOLMOL (Koradi et al, 1996).

approximately 40 A too far from the membrane surface to
span the bilayer and that this complex does not actually form
a pore in the membrane (Gilbert et al, 1999). The cross-
sectional electron density profile of PLY suggested that its
structure in the ‘pore’ remains similar to that of the water-
soluble monomer (of PFO). Yet, this model is irreconcilable
with the aforementioned spectroscopic results which clearly
show that the PFO TMHs span the lipid bilayer and line the
pore (Shepard et al, 1998; Shatursky et al, 1999). Therefore,
how the TMHs cross the bilayer when they are ostensibly too
far from the membrane surface is a central enigma in the
pore-forming mechanism of the CDCs.

Herein we use atomic force microscopy (AFM) (Hansma
and Hoh, 1994; Czajkowsky et al, 2000; Fisher et al, 2000;
Viani et al, 2000; Zlatanova et al, 2000) and fluorescence
spectroscopy to investigate the structures of the PFO prepore
and pore complexes in model lipid membranes. Our results
clearly show that the structures of the PFO prepore and pore
complexes are strikingly different in one key feature: the
height of the pore complex from the membrane surface is
approximately 40 A less than that of the prepore complex.
Thus, unlike any other prepore-forming toxin described to
date, the prepore-to-pore conversion of PFO is associated
with a dramatic, vertical collapse of its structure by approxi-
mately 40 A. These results not only provide a resolution to
the aforementioned structural paradox, but also illustrate a
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novel mechanistic feature in the membrane insertion process
of a pore-forming toxin.

Results

The surface topology of the prepore complex

Since the prepore intermediate is only a short-lived state of
the wild-type toxin (Shepard et al, 2000; Hotze et al, 2001),
we investigated the membrane-associated complexes formed
by mutants of PFO that were previously found to be trapped
at the prepore stage. In one, PFOS'°°"%37C the introduction of
a disulfide bridge between residues 57 in domain 2 and 190 in
domain 3 crosslinks these domains together and prevents the
insertion of the TMHs into the membrane (Hotze et al, 2001).
Subsequent reduction of the disulfide bond results in the
penetration of the TMHs into the bilayer and the conversion
of the prepore complex into the pore. Two other mutations, in
which tyrosine at residue 181 has been substituted with either
cysteine (PFOY'®€) or alanine (PFOY'®'%), produces a toxin
that assembles into oligomeric complexes, but does not insert
its TMHs (Hotze et al, 2002). By studying the structures
formed by each of these prepore mutants, we ensured that
the observed structural features are properties of the prepore
state and are not particular to a specific protein mutant.

As the large scan size image in Figure 2A shows, the
addition of PFOY'®€ to the supported lipid bilayer results in
a high density of protein complexes associated with the
membrane. The majority of these complexes are circular
rings, each with roughly the same diameter, while the re-
maining complexes consist of incomplete rings, or arcs, with
a similar radius of curvature as the ring complexes. The outer
diameter of the circular structures, determined from the
center-to-center distance between neighboring complexes
within hexagonally packed regions, is 38+2nm (n=190),
while their height from the membrane surface, as measured
from regions where there were only clusters of complexes
within otherwise protein-free bilayer (Figure 2B), is 11345 A
(n=240).

Higher resolution images obtained at smaller scan sizes
show that each subunit within the complex has an ellipsoidal
surface contour, with its longer axis directed along the radius
of the complex (Figure 2C). In this direction, the contour has
a length of 65+10A (n=90), which is probably slightly
larger than the actual length because of tip broadening, and
decreases slightly in height from the outermost to the inner-
most edge by 7+3 A (n=82). In the perpendicular direction,
along the circumference, the periodicity of the complex is
2543 A (n=106), which, assuming that there is very little
interdigitation between the monomers within the complex, is
also a reasonable estimate of the width of the monomer at the
top of this complex.

The surface topology of the pore complex

The addition of pore-forming PFO to cholesterol-containing
membranes also produces a high density of complexes asso-
ciated with the bilayer (Figure 3A), although more of these
complexes consist of arcs, of various sizes, rather than
complete rings. The center-to-center distance between the
neighboring ring complexes is 37+3 nm (n=49), similar to
the size of the rings of the prepore complexes and consistent
with earlier electron microscopy observations of the PFO pore
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Figure 2 AFM images of the PFO prepore complex associated with
supported lipid bilayers containing cholesterol. (A) The prepore-
trapped PFOY'®!€ complexes form a largely uniform population of
ring structures, 38nm in outer diameter. Scale bar: 100 nm. (B)
These complexes measure 113+5A high from the top of the
membrane surface, similar to the height of the water-soluble
monomer (Figure 1). The darkest region in this figure is a large
defect in the membrane, where the tip is directly in touch with the
mica substrate. Scale bar: 100 nm. (C) At smaller scan sizes, higher
resolution features are clearly discerned, including the 25 A periodic
arrangement of subunits in the complex and a slight 7 A decrease in
height of each subunit from its outermost to its innermost edge.
Scale bars: x, y, 25nm; z, 10 nm.

complexes (Olofsson et al, 1993; Shepard et al, 2000; Hotze
et al, 2001).

However, as is evident from the cross-sectional profile in
Figure 3B, these pore complexes protrude only 734+5A
(n=178) from the membrane surface, a distance that is
markedly smaller (40 A) than that measured of the prepore
complexes (Figure 2B).

3208 The EMBO Journal VOL 23 | NO 16 | 2004

Figure 3 AFM images of the PFO pore complexes in supported lipid
bilayers that contain cholesterol. (A) Pore-forming PFO self-assem-
bles into both ring and arc-shaped complexes similar in size to the
prepore complexes. Scale bar: 100nm. (B) The pore complexes
protrude 7345 A from the bilayer, approximately 40 A less than the
prepore complexes. The darkest region on the left in this figure is a
large defect in the membrane, where the tip is directly in touch with
the mica substrate. Scale bar: 100 nm. (C) Smaller scan size images
of these complexes reveal a number of finer features of the com-
plexes, including a similar 25A periodicity of subunits in the
complex and 7 A decrease in the height of each subunit from its
outer to inner edge. Comparison with the prepore complexes
(Figure 2) shows that the surface contours of the protein in the
prepore and pore complexes are the same. Scale bar: x, y, 25nm; z,
10 nm.

It should be noted that we have previously determined
(Shepard et al, 1998; Shatursky et al, 1999) that it is unlikely
that more than one residue near the predicted turn in the
transmembrane B-hairpins of PFO extends beyond the mem-
brane since these residues are flanked by membrane-
embedded residues. Therefore, it is unlikely that the insertion
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of the pore structure is significantly affected by the presence
of the mica support on the far side of the bilayer since there is
more than 10 A of water between the mica and lipid bilayer
(Bayerl and Bloom, 1990; Johnson et al, 1991).

At smaller scan sizes, each subunit in the pore complex is
found to exhibit an ellipsoidal surface contour, with its long-
est axis directed along the radius of the complex (Figure 3C),
similar to the subunit in the prepore complex (Figure 2C).
The length of the monomers along the radius of the complex
(63+7A, n=73) and the width of each subunit along the
circumference (24+3 A, n=234) are also essentially the
same as that observed in the prepore complexes. Moreover,
the height of the subunit surface, measured along the radius
of the complex, also decreases slightly from the outer to the
inner edge by 7+2 A (n=50), as observed with the prepore
complexes.

These AFM images show that the structures of the prepore
and pore complexes have the same surface morphology,
within the resolution limits of AFM, but differ in the height
by which they project from the membrane surface by 40 A.
The prepore-to-pore transition in PFO therefore appears to be
associated with an essentially, if not exclusively, vertical
collapse of the structure by 40 A.

Time-lapse images of the prepore-to-pore conversion
We previously showed that if the disulfide bridge of
PFOS199¢-657C i5 reduced after the formation of the prepore
complexes, the majority of complexes insert into the mem-
brane and form a pore (Hotze et al, 2001). Thus, the addition
of DTT to prepore complexes of PFO3'9°¢¢57€ should change
their topographic profiles only in the height by which they
project from the bilayer. Figure 4 shows a time-lapse series of
images of PFOS1?9¢"%57C gbtained after the addition of DTT. In
each image, the population of complexes consists of struc-
tures with one of two heights: the taller complexes protrude
~113 A from the membrane surface while the shorter com-
plexes project only ~73 A, as shown for the prepore and pore
complexes, respectively (Figures 1 and 2). Moreover, it is
clear that almost all of the complexes that were taller at an
early time period became shorter at a later time period. These
results show that changing the conditions in a manner that
has been previously shown to convert these prepore com-
plexes into pores also causes complexes with a height of
113 A to convert into those with a height of 73 A. Also, the
closely packed prepore complexes converted into pore com-
plexes without any detectable change in the packing of the
complexes, indicating that the outer diameter of the pore
complex cannot be significantly greater than that of the
prepore complex, which is consistent with the measurements
presented above.

The orientation of PFO on the membrane surface

We have previously shown that collisional quenchers that are
localized to either the lipid acyl chains or the aqueous
solution can be used to clearly identify whether a fluorescent
dye-labeled residue of PFO faces the hydrophobic region of
the bilayer or the aqueous milieu (Shepard et al, 1998;
Shatursky et al, 1999). The AFM observations described
above indicate that the surface structure of the oligomeric
complex does not change as the prepore converts into the
pore. This observation suggests that the PFO monomers
within the oligomeric complex do not change their orienta-
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Figure 4 Direct observation of the change in height upon the
conversion of prepore complexes to pores. Sequential ima§es
be

(from left to right) of the same oligomeric complexes of PFOS!

G57C obtained after the addition of DTT are shown. The first image

(Omin) was obtained 30 min after the application of the reducing
agent. The complexes are initially at a height of ~113A and
decrease to a height of ~73 A over time. Scale bar: x, y, 100 nm;
z, 10 nm.

tion with respect to the membrane surface, that is, they do
not tilt over and lie down on the bilayer to insert their TMHs.
To test this prediction, collisional quenching was used to
determine whether residues from different domains of PFO
are in contact with the membrane surface either in the
prepore or pore complex. We choose several residues that
are present on the surface of PFO based on crystal structure
of the soluble monomer. Residues D58, K426 and Q433 are
located along the predicted outside face of the oligomer in
domains 1, 2 and 4, whereas residues S171, K343 and D302
are located along the face of the monomer predicted to face
the pore in the oligomer (Figure 1). Hence, if the monomer
tilts towards the inside of the oligomer in the prepore com-
plex, we would predict that those residues facing the inside
would be quenched, but those residues facing the outside
would not, whereas the opposite would be true if the mono-
mer tilts towards the outside of the complex. In the pore
complex though, only the quenching of those residues facing
the outside of the complex could be used to assess molecular
orientation with this assay, since the lipid is absent from the
interior of the pore.

Collisional quenching requires physical contact of the
fluorophore and a collisional quenching agent. The quench-
ing agent (a nitroxide) was thus placed near the membrane
surface by replacing a fraction of the phosphatidylcholine
with 1,2-diacyl-sn-glycero-3-phosphoTEMPOcholine (TEMPO-
PC) in PC-cholesterol liposomes. The extent to which the
TEMPO-PC reduced the fluorescence from fluorescent probes
located on residues mutated to cysteine in the disulfide-
trapped mutant PFOS!°°¢C57C was determined in both the
prepore (oxidized disulfide) and pore (reduced disulfide)
states (Figure 5).

The residues in domain 3 (K343C and D302C), where the
TMHs are located, and in domain 1 (S171C) are not quenched
to any appreciable degree in the prepore or pore conforma-
tion. However, as mentioned above, since these residues are
predicted to face the pore lumen in the pore, we did not
expect them to be quenched when in the pore conformation
since the lipid in the channel is lost. The fact that these are
not quenched to any significant degree in the prepore indi-
cates that they are not in contact with the membrane surface
in the prepore complex. Therefore, the toxin monomers
within the prepore complex do not appear to be tilted
forward, lowering domain 3 closer to the membrane in the
prepore prior to their insertion into the membrane. In addi-
tion, we found that the fluorescence from a residue near the
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Figure 5 Determination of residues in close proximity to the mem-
brane surface in both prepore and pores by collisional quenching.
The extent by which the fluorescence from selected labeled residues
is reduced in bilayers that contain lipids with a quenching moiety in
the headgroup region (TEMPO-PC), compared with the fluorescence
from similarly modified proteins in bilayers without the TEMPO-PC
(POPC), is shown. The residues denoted on the X-axis were mutated
to cysteine and labeled with the fluorescent probe in the disulfide-
locked mutant, PFOS'9°“G57C_ The extent of quenching was deter-
mined in both prepore and pore complexes of each dye-labeled
mutant. Fluorophores located near the surface of the membrane
surface will be quenched by the TEMPO-PC present in the lipo-
somes. Legend: POPC—DTT, PFOS!?9C657C jhcubated with POPC-
cholesterol liposomes as a prepore complex (disulfide remains
oxidized); POPC + DTT, PFO®'°°“"¢57C incubated with POPC-choles-
terol liposomes as a pore complex (disulfide is reduced to allow
prepore-to-pore conversion); TEMPO-DTT and TEMPO + DTT
(same as POPC—DTT and POPC+ DTT, except that 10% of the
total lipid is replaced with TEMPO-labeled lipid). F/F,, ratio of
fluorescence of membrane-bound PFO (F) to that for the soluble
monomer (Fp).

middle of domain 2 (D58C) is not quenched in either the
prepore or pore complex, consistent with a location distal
from the membrane surface at both prepore and pore stages.

There was a marked reduction (25-35%) of probe fluor-
escence when it was attached to the domain 4 residue Q433C
in both the prepore and pore conformations, but no signifi-
cant change in the fluorescence from another domain 4
residue, K426C, which is ~15 A above residue Q433 in the
crystal structure. These findings suggest that domain 4 inter-

3210 The EMBO Journal VOL 23 | NO 16 | 2004

acts with the bilayer only through a limited contact via the
residues near its very tip, which is consistent with the
previous observations of Ramachandran et al (2002), who
showed that this domain in both the prepore and pore
complexes is in a perpendicular orientation with the mem-
brane surface. Residues (i.e., D58 and K426) along the out-
side surface of domains 2 and 4 of the oligomer are predicted
to face away from the pore and do not come into contact with
the surface upon conversion of the prepore to the pore
complex.

Taken together, these results suggest that only domain 4
near its tip is juxtaposed to the membrane surface in the
prepore complex and that the PFO monomer appears to
maintain an upright position in the prepore and does not
‘tip over’ such that domains 1, 2, or 3 are in contact with
membrane surface in the prepore complex.

Localization of N-terminal residues in the prepore

and pore complexes

The significant changes in the structure of the two complexes
that are suggested by the dramatic difference in height must
occur in a region of the protein that, even in the pore
conformation, is far from the membrane surface. The surface
profiles of the prepore and pore complexes in the AFM
images are similar, but this could be coincidental and there
could be significantly different structures in the protein at its
topmost surface that nonetheless give similar contours. We
therefore investigated whether there were molecules that are
large enough to be detected by AFM which would specifically
bind to the surface of either the prepore or pore complex, and
then determined if these molecules would bind to both
complexes.

The AFM images and spectroscopic data of the prepore
complex both suggest that the surface of the protein that is in
direct contact with the AFM tip is the top of domain 1 that
includes the amino terminus (Figure 1). If true, then the
addition of molecules large enough to resolve by AFM that
bind to residues near the amino terminus should change the
surface topography of prepore and/or pore complexes. In
the first set of experiments, we examined the topography of
the PFOY'®'# prepore complexes after the addition of an
antibody specific for an epitope tag at the amino terminus
of the recombinant PFO molecules (see Materials and meth-
ods). In a separate experiment, the prepore-forming
mutant, PFOY!814/P30C " wwhich also contains a mutation of
the amino-terminal residue Asp-30 to cysteine, was biotiny-
lated after the prepore complex was formed. Streptavidin was
then incubated with PFOY'8!A/P3%C Before the addition of the
labels, the complexes of both PFOY!8!4 and PFQY!81A/D30C
project ~113 A from the bilayer surface in the AFM images
(data not shown).

Figure 6A shows the sample of PFOY'®'4 after the addition
of the amino-terminal epitope-specific antibodies. The middle
region was scraped away prior to obtaining this image by
applying a greater tip force and scanning speed. The addition
of the antibodies clearly changes the surface topography of
the sample by ~ 10 nm, consistent with the size of antibodies
(Han et al, 1995). In control experiments, the addition of
antibodies that recognize a heterologous epitope did not
cause any change to the AFM images of these prepore
complexes (data not shown).
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Figure 6 Location of residues near the N-terminus of PFO of the
prepore complex. The amino-terminal residues of PFO, as well as
the amino-terminal polyhistidine tag, are predicted to be near the
top of the oligomeric complex. The locations of the histidine tag and
residue D30C were each identified in the oligomeric complex by
specifically tagging each with a large protein and imaging with
AFM. (A) The addition of antibodies that recognize the amino-
terminal polyhistidine epitope near the N-terminus results in the
appearance of a number of large globular particles on the surface of
the oligomers. The particles in the middle region were scraped away
by the application of a greater force prior to obtaining this image.
The difference in height between the middle and the unperturbed
region is ~10nm, which is consistent with the size of antibodies
(Han et al, 1995). Scale bar: x, y, 100 nm; z, 25 nm. (B) Addition of a
thiol-reactive biotin label to PFOY'®'A/P30C prepore complex (left
panel) followed by the addition of streptavidin (right panel) results
in the appearance of a number of ~8nm globular particles (right
image) that are distributed in a pattern which resembles the
surfaces the prepore complexes. Vertical scale: 20 nm. Scale bar:
100 nm.

Figure 6B shows the sample of prepore complexes of
PFQY!81A/D30C pefore (left panel) and after (right panel)
biotinylation and the addition of streptavidin. The surface
topography of the sample treated with streptavidin clearly
shows a number of globular particles that are distributed in a
pattern that resembles the close-packed arrangement of the
surfaces of the prepore complexes. These globular particles
are ~8nm in diameter, consistent with the expected (slightly
tip broadened) size of streptavidin (Hendrickson et al, 1989).
Moreover, these particles could be scraped away by applying
a greater tip force and scanning speed, leaving just the
topmost surface of the prepore complexes and revealing the
height of the molecules to be ~4nm, as expected for
streptavidin (data not shown) (Hendrickson et al, 1989).
Neither biotinylation nor the addition of streptavidin, alone,
produced any changes in the AFM images of PFQY'8!4/D30¢C,
nor did following a similar biotinylation/streptavidin proce-
dure change the AFM images of the single point mutant
PFOY'8'4 that lacked a cysteine residue. Thus, taken together,
these results clearly show that N-terminal residues are indeed
localized to the top of the prepore complex.

We next added the N-terminal antibodies to the wild-type
pore complexes and followed the same biotinylation/strepta-
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Figure 7 Location of residues near the N-terminus of PFO in the
pore complex. Addition of the same antibodies described for
Figure 6A produces a change in the sample topography in the
PFO pore complexes (left image) as found with the prepore com-
plexes. Likewise, following the same biotinylation/streptavidin
labelin% procedure as in Figure 6B with the pore-forming mutant
PFOP3*°® produced a similar change in topography in the pore
complexes (right image) as observed with prepore complexes.
Thus, residues near the N-terminus are located at the top of both
prepore and pore complexes and are similarly accessible to these
structural labels in both complexes. Scale bar: 100 nm.

vidin procedure with the mutant, PFOP3°¢, which forms pores

and projects ~73 A from the membrane surface in the AFM
images (Figure 7). As the images in Figure 7 show, these
topographic labels change the surface topography and height
of the pore complexes to an extent similar to that of the
prepore complexes. Similar control experiments as described
above with the prepore complexes yielded no change to the
AFM images of the pore complexes (data not shown). Hence,
the N-terminal residues are near the top of both the prepore
and pore complexes, and these residues are as accessible in
the pore complex as they are in the prepore complex.

Discussion

Structural implications for the mechanism

of pore formation by PFO

The AFM results presented here, together with the previously
obtained crystal structure of the PFO monomer (Rossjohn
et al, 1997), provides the first structural comparison of a
prepore-forming toxin in each of its biochemically defined
states: water-soluble, prepore and pore. The results of these
studies show that prepore-to-pore conversion results in a
dramatic 40 A vertical collapse of the oligomeric structure.
This observation provides a resolution to the long-standing
enigma of how PFO brings its transmembrane domain within
striking distance of the membrane surface.

The water-soluble PFO monomer is a highly asymmetric
molecule, roughly 115 A x 55 A x 30 A (Rossjohn et al, 1997).
The N-terminus is located at the opposite end of the molecule
from domain 4, and, with the molecular orientation depicted
in Figure 1, the topmost surface of domain 1, on moving from
the N-terminus to domain 3, is tilted down slightly. The AFM
images of the prepore complex show that each subunit in this
oligomer stands 113A from the membrane surface, and
exhibits a surface contour that measures roughly 65A (but
probably less, owing to tip broadening) in the radial direction
and 25A along the circumference. There is also a slight
decrease in the height of the surface contour along the radial
direction on moving from the outermost to innermost edge of
the ring, and N-terminal residues are located at the top of the
complex (that is, on the face of the protein opposite to that
which interacts the membrane surface).

These observations are consistent with a model of the
prepore structure in which the PFO monomer is simply
attached to the membrane in a largely perpendicular orienta-
tion by the end of domain 4, with domain 1 directed along
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Prepore

s171

Figure 8 Schematic structural model of the prepore-to-pore transi-
tion of PFO. The data presented here suggest that the conformation
of PFO in the prepore complex is largely the same as that of the
water-soluble monomer, attached to the membrane in a perpendi-
cular orientation via the tip of its domain 4. At the prepore stage of
formation, the TMHs are ~40 A from the membrane surface. Upon
converting to the pore, there is a vertical collapse of the structure by
40 A, which changes neither the outer diameter of the complex nor
the structure of its topmost surface significantly. We propose that
the vertical collapse is a consequence of a disruption of the
extended domain 2 structure. As a result of this collapse, the
TMHs are brought close enough to the membrane surface to be
able to span the bilayer and line the pore.

the radius of the complex and domain 3 located inside the
prepore complex (Figure 8). This model is consistent with
previous studies that have clearly shown that domain 4, at
the opposite end of the molecule from domain 1, is attached
to the membrane via its tip and is oriented in a perpendicular
fashion to the membrane in the prepore complex
(Ramachandran et al, 2002). In addition, of the six residues
examined in the various domains of PFO, only residue Q433
within domain 4 of the PFO structure is quenched by a
collisional quencher when PFO assembles into the prepore
complex. The lack of quenching of other residues, predicted
to be located at the back and front of domain 1, is also
consistent with a perpendicular orientation of the entire PFO
monomer, attached to the membrane by the end of domain 4,
in the prepore oligomer.

Therefore, the transition of PFO from a water-soluble
monomer to a membrane-associated prepore subunit is prob-
ably not associated with significant changes to its structure.
Inspection of the monomeric structure in Figure 1 shows that,
with the attachment of this monomer to the membrane
surface by the tip of domain 4 in a vertical orientation, the
TMHs of such a prepore subunit would be 40A from the
membrane surface. Yet, if this region were in a similar
position in the pore conformation, the amphipathic B-hair-
pins of the TMHs would be too far from the bilayer to span
the membrane, which would conflict with the previous
spectroscopic data clearly indicating that these PB-hairpins
line the pore in the bilayer (Shepard et al, 1998; Shatursky
et al, 1999). Hence, according to this model of the prepore
structure and the earlier spectroscopic results, the conversion
from prepore to pore must be associated with structural
changes that result in the movement of the TMHs, and thus
domain 3, nearer to the membrane surface by approximately
40 A. Moreover, since domain 3 is connected to the rest of the
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protein only through the domain at the top of the complex
(domain 1), these structural changes must also change the
topographic profile of the complex.

The AFM images presented here confirm this prediction,
and show that this different topographic profile is character-
ized by an essentially vertical collapse of the prepore complex
by 40 A, with no significant change in the outer diameter of
the complex nor in the surface contour or location of the N-
terminus. In addition, the collisional quenching results show
that the conversion to the pore does not bring the various
residues examined in domains 2 and 4 within the range of the
surface-anchored collisional quencher and so the monomer
in this complex does not tilt over such that these residues rest
on the membrane surface. As expected, this quenching assay
did not show any change in quenching in those residues that
are predicted to face the channel (S171, D302, K343) after
conversion to the pore, since the lipid is lost from the interior
of the channel upon forming the pore. Previous data have in
fact shown that residue D302 is near the core of the mem-
brane, facing the pore channel, with its flanking residues,
T301 and 1303, embedded in the core of the bilayer in the pore
complex (Shatursky et al, 1999).

What structural changes in PFO could bring the TMHs
within striking distance of the membrane? Domain 4 does not
tilt over or embed more deeply into the membrane upon
prepore-to-pore conversion (Figure 5; Ramachandran et al,
2002) and so changes in the structure of domain 4 or its
orientation with the membrane are not involved in the
observed collapse of the prepore structure. Alternatively,
the surface of domain 1 that faces the pore could rotate
downward while at the same time the bent B-strands between
domains 1 and 3 could straighten out. However, this scenario
would not result in a significant difference in the vertical
height of the prepore and pore complexes. Moreover, the
similar surface features of the prepore and pore oligomers in
these AFM images suggest that there is no major change in
the orientation of domain 1. Thus, taken together, these
observations suggest that the change in height described
here most likely results from a change in the structure of
domain 2 (Figure 8).

Domain 2 in the water-soluble (and probably prepore)
conformation consists of two long B-strands, which make
considerable contact with one of the domain 3 a-helical
bundles that eventually convert to one of the two extended
transmembrane f-hairpins (TMH1) that line the pore
(Figure 1) (Shepard et al, 1998). Thus, it is likely that,
without these contacts which must be broken for the TMHs
to span the bilayer (Shepard et al, 1998; Shatursky et al, 1999;
Hotze et al, 2001), this conformation is unstable and a more
compact structure may be energetically favored (Figure 8).
The two B-strands that comprise domain 2 may thus behave
as a ‘stretched spring’ that is stabilized by interactions with
TMH]1; without these, the domain 2 ‘spring’ contracts to a
more compact form, consequently bringing the TMHs close
enough to the membrane so that they may span the bilayer.

Comparison with other prepore-forming toxins

The previous cryo-EM study of the membrane-associated
oligomer of the related PLY described a complex that does
not form a pore in the bilayer, and whose subunits exhibit
a cross-sectional electron density profile that resembles
the structure of the water-soluble monomer of PFO that is
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attached to the membrane surface in a vertical orientation by
the tip of its domain 4 (Gilbert et al, 1999). It was suggested
that the transmembrane P-hairpins were 40A above the
membrane surface and therefore could not penetrate the
membrane. However, as shown herein, the prepore complex
vertically collapses this same distance upon pore formation.
Although the PLY complex was suggested to correspond to
the pore-forming state of this toxin, the results presented here
suggest that the proposed structure of the PLY oligomer
(Gilbert et al, 1999) was likely that of the prepore and not
the pore complex.

The analyses of the structures of other pore-forming toxins
suggest that they do not undergo a vertical collapse as seen
here for PFO. The structure of the pore complex and mono-
mer structure of a-hemolysin and the related leukocidin,
respectively (Song et al, 1996; Olson et al, 1999; Pedelacq
et al, 2000), showed that the B-hairpin that spans the mem-
brane simply extends itself to penetrate the membrane,
requiring no significant vertical movement of the protein to
bring it nearer to the bilayer surface. Similarly, the anthrax
protective antigen (PA) structure (Petosa et al, 1997) showed
that predicted location of the transmembrane B-hairpin was
close to the membrane surface in the prepore oligomer,
suggesting that no significant change in the vertical height
of the rest of the toxin was required for insertion of the
B-barrel.

The studies herein show that an unprecedented change in
the vertical height of the oligomeric complex of PFO occurs
during the conversion of a prepore to pore. This structural
change is consistent with a vertical collapse that would be
required to bring the transmembrane f-hairpins of the pre-
pore oligomer into close proximity to the membrane surface
so that they may insert into and cross the bilayer to form the
transmembrane B-barrel.

Materials and methods

Preparation of PFO and its derivatives

Derivatives of PFO in which one or more residues were converted
to cysteine in the cysteine-less PFO derivative, PFO®***2, were
generated by QuikChange PCR kit (Stratagene, La Jolla, CA) and
oligonucleotide primers designed to introduce the TGT codon for
cysteine at the required positions within the PFO structure. So as to
avoid confusion, we shall omit the designation C459A in the text.
The purified, recombinant forms of PFO and its derivatives were
purified from Escherichia coli and modified with fluorescent probes
as previously described (Hotze et al, 2001, 2002). All recombinant
proteins contain an amino-terminal polyHistidine ‘Xpress’ tag15 The
cysteine-substituted PFO mutants PFOP*%¢, PFOS'”IC, prQP302€
PFOX3#3C ppOX426C and PFOY*33C were generated from the
disulfide-trapped derivative of PFO®***4 in which residues G57
and S190 were substituted with cysteines that formed a disulfide
bond that locks domain 3 to domain 2 (PFOS'°¢657C) (Hotze et al,
2001). Each mutant was labeled at the designated cysteine residues
with the sulfhydryl-specific N-ethylmaleimide fluorescein (NEMF)
(Molecular Probes, Eugene, OR). Each purified toxin (20 nmol) was
labeled at the unique cysteine residue by incubating it with a 20 M
excess of NEMF for 2 h at room temperature. The dye-labeled toxin
was separated from unbound dye by passage over a 1.5 x 30 cm?
column packed with Sephadex G-50. The efficiency of labeling was
determined spectroscopically (Shepard et al, 1998) and was
determined to be 25-50% for each mutant. Disulfide formation in
each mutant that was generated in the PFO®'°*®*? mutant was
assessed by the ratio of the hemolytic activity of unreduced
(inactive, disulfide locked) to reduced toxin (active, reduced
disulfide). Disulfide formation was determined to be >95% in all
cases.
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Liposome preparation

Liposomes were prepared as previously described by an extrusion
system (Shepard et al, 1998) with the following modifications.
Liposomes were prepared using 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and cholesterol at a ratio of 45:55 mol% or
in which 10mol% of the total lipid was substituted with the spin-
labeled lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho(TEMPO)-
choline (PC-TEMPO) (Avanti Polar Lipids, Alabaster, AL) so that
the composition was 10:35:55mol% PC-TEMPO:POPC:cholesterol.
PC-TEMPO places a nitroxide spin probe near the surface of the
membrane. After preparation, the liposomes were stored on ice
under argon until used (within 3 days of preparation).

Fluorescence measurements

All fluorescence measurements were performed in an SLM-8100
photon-counting spectrofluorimeter (SLM Instruments) as de-
scribed previously (Shepard et al, 1998). An excitation wavelength
of 480 nm was used for fluorescein and the emission intensity was
measured between 500 and 600 nm. The bandpass was 4 nm for all
experiments. Emission scans of the fluorescein-labeled residues in
the cysteine-substituted derivatives PFOP>¢, PFOS!71€, prQP302€,
PFOX43€  ppOX426C and PFO?*33C of the disulfide-trapped mutant
PFOS57CS199C were recorded after incubation of each protein with
POPC:cholesterol or the PC-TEMPO:POPC:cholesterol liposomes in
both the presence and absence of 1 mM DTT in 2ml of buffer A
(100 mM NaCl, 50 mM HEPES, pH 7.5) at 37°C. In all experiments,
the total toxin concentration was 44nM. Emission spectra of
controls in which the labeled toxin was replaced with unlabeled
toxin were subtracted from each experimental emission spectrum.
Also, except for the controls, experiments contained a mixture of
50mol% dye-labeled toxin and 50mol% unlabeled toxin (the
controls contained 100% unlabeled toxin) to minimize the effects of
self-quenching of the fluorescein dyes when the PFO molecules are
juxtaposed in the oligomeric complexes.

In the absence of reduction, PFOS'2°¢657C remains locked in the
prepore state (i.e., the transmembrane f-barrel does not form) and
when reduced the prepore complex is converted to the pore
complex (the transmembrane B-hairpins insert into the membrane).
Changes in the fluorescence intensity upon membrane binding
of each labeled toxin were determined by the ratio (F/F,) of
membrane-bound (F) and free monomer (F,). The extent of
quenching by the TEMPO-PC can be determined by comparing
the fluorescence intensity of the probe in the absence and presence
of the TEMPO-PC, when the toxin is in the prepore (the G57C-S190C
disulfide remains oxidized) or pore (the G57C-S190C disulfide is
reduced) conformations.

Preparation of the supported bilayers and imaging with AFM
The supported membranes containing the PFO derivatives were
formed by sequentially depositing two separately prepared lipid
monolayers onto a mica substrate using small Teflon wells,
followed by the injection of the protein into the wells, as described
previously (Czajkowsky et al, 1998, 1999). The composition of the
first monolayer (facing mica) was egg phosphatidylcholine (eggPC,
Avanti Polar Lipids, Alabaster, AL), while that of the second
monolayer was eggPC:cholesterol at 50:50mol%. For all PFO
derivatives, the final concentration of the protein in the well was
~15pg/ml, and, except for the samples with PFOS1?°CC57C the
buffer in the well consisted of buffer B (10 mM sodium phosphate,
pH 7) and 5 mM DTT; with PFOS1°¢"S57C the buffer did not contain
SmM DTT. After incubating for ~45min, the sample was
extensively washed and then imaged in the AFM under the same
buffer used during incubation.

Imaging was performed in the contact mode with a Nanoscope II
AFM (Digital Instruments, Santa Barbara, CA) using oxide-
sharpened ‘twin-tip’ Si3N4 cantilevers with a spring constant of
0.06 N/m. The typical scan rate was 9 Hz, and the applied force was
minimized to 0.1 nN. The piezoscanner (14 um, D scanner, Digital
Instruments, Santa Barbara, CA) was calibrated using a variety of
samples including mica, the cholera toxin B subunit, and two-
dimensional crystals of streptavidin on biotinylated supported
bilayers. All images were reproducible with different tips and
different fast-scan directions, and the lateral measurements were
determined from the full-width at half-height in unprocessed
images.
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Maodifications to the sample after membrane binding

For the time-series experiments with PFOS!°°CCS7C after first
preparing and evaluating the sample in buffer B, DTT was added
to a final concentration of 5 mM. For the labeling experiments with
antibodies, the antibodies were added to the sample to a final
concentration of 7 pg/ml. After incubating for ~2 h, the sample was
washed extensively with buffer B and then imaged. The epitope for
the antibodies (Invitrogen, CA) was either the ‘Xpress’ tag found at
the N-terminus of all of the PFO derivatives studied here or, in the
control experiments, a C-terminal His tag that is not present in any
of the proteins. For labeling with biotin and streptavidin, the sample
was first extensively washed in buffer B, and then three cycles of
biotinylation with 10ug/ml (1-biotinamido)-4-(4’-[maleimido-
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