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Figure 1. Overall structure of the PLY pore complex. (A) Single-particle cryoEM map of PLY at 4.5 A resolution with fitted model. The four PLY domains
(D1-D4) are red (D1), yellow (D2), green/cyan (D3) and blue (D4). Inset: refolded B-hairpins (HP1 and HP2) fitted to the map. Cyan B-strands have
refolded from helix bundles in D3 of the soluble form. (B) Cross-section with overall dimensions of the pore complex. The grey bar indicates the
position of the lipid bilayer. Inset: side view of membrane-inserted monomer with toroid density of disordered amphipol (broken line).
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Figure 1—figure supplement 1. Negative stain and cryoEM of PLY solubilized in DDM, Cymal-6 and Amphipol. PLY rings solubilized with DDM vary in
size and tend to orient on the specimen support or the air/water interface. Rings solubilized with Cymal-6 are more homogenous in size but tend to

stack in pairs. Exchange of detergent against Amphipol A8-35 results in uniform, randomly oriented, single PLY rings. Scale bar: 50 nm.
DOI: 10.7554/elife.23644.003
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Figure 1—figure supplement 2. Image processing of PLY rings. (A) Sample micrograph of amphipol-solubilized PLY rings picked for single-particle
processing (red boxes). Scale bar: 50 nm. Class averages after 2D classification are shown on the right. (B) FSC curve for phase-randomized, masked
map (red curve) indicates 4.5 A resolution by the FSCq 143 criterion (red line). The sharp peak at 4.8 A, reflecting the repeat distance between the 168 -
strands in the B-barrel, and a steep drop beyond that, indicating a resolution of 4.5 A at the 0.143 theshold for the masked FSC, and of 4.6 A at the 0.3
threshold for the map-vs-model FSC. The two values are in excellent agreement.
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Figure 1—figure supplement 3. Local resolution estimate of the PLY monomers and of the complete pore complex. (A) Local resolution map of one
PLY monomer from the final density map of the pore complex. The monomer is rotated in 90° steps around the y-axis. (B) Local resolution map of the
PLY pore complex.

DOI: 10.7554/eLife.23644.005
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A PLY monomer in the pore complex B soluble PLY monomer

Figure 2. Soluble and membrane-inserted PLY monomer. One subunit of membrane-inserted form of PLY in the cryoEM structure (A) and x-ray
structure of soluble PLY (van Pee et al., 2016) (B) seen from the side (left) and from the pore center (right). Both helix bundles (HB1 and HB2, cyan)

in the PLY monomer refold to form two long, membrane-spanning B-hairpins (HP1 and HP2). The upper end of the B-hairpins is sandwiched between
a helix-turn-helix motif (HTH, green) on the inside and helix a3a (red) of the next monomer on the outside of the pore. One of the helices is a refolded
B-strand of D3 (green). Helix 03a is the refolded linker that connects D2 to D1 in the soluble monomer. (C) D4 contains the conserved undecapetide
(green sticks) that confers cholesterol specificity to PLY. The peptide includes three resolved Trp sidechains, one of which interacts with Thr405 in the
adjacent monomer. (D) Cross section through a segment of the 168-strand B—barrel with resolved bulky sidechains. The two B-hairpins of one
monomer are labelled. (E) Helix a.3a interacts with HP1 and D1 of the neighbouring monomer, stabilizing the pore complex.

DOI: 10.7554/elife.23644.006
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Figure 2—figure supplement 1. Stereo view of domain 1 presented as ribbon-and-stick model. Selected large sidechains are shown as sticks. The
map is contoured at 7.0 and 9.0 G.
DOI: 10.7554/elife.23644.007
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Figure 2—figure supplement 2. Superposition of domain 4 of the PLY monomer in the crystal structure (blue) and in the pore complex (green), viewed
from the pore center. Residues of the undecapeptide and selected residues in other loops are shown as sticks. The map is contoured at 6.5 and 7.5 6.
DOI: 10.7554/elife.23644.008
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Figure 2—figure supplement 3. Stereo view of domain 4 in the pore complex with potential inter- and intramolecular interactions of loops viewed
from two sides. The undecapeptide is green and selected residues are shown as sticks. The closest distance between the loops from different
monomers is 4-5 A. The map is contoured at 6.0 and 7.5 G.

DOI: 10.7554/elife.23644.009
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Figure 2—figure supplement 4. Stereo view of domain 3 with the upper part of the B-barrel and the new helix-turn-helix motif (HTH) that forms the o-
barrel inside the pore. The new helix a.3a (red) from the neighboring monomer is on the right. Hydrophobic residues at the interface between the -
sheet and HTH and intermolecular interactions to the next helix o3a are shown as stick models. The map is contoured at 6.5 and 8 6.

DOI: 10.7554/elife.23644.010
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Figure 2—figure supplement 5. Stereo view of domain 2 seen along the ring axis. The main chain is presented as cartoon and the side chains as

sticks. The map is contoured at 7.0 and 9.0 ©.
DOI: 10.7554/elife.23644.011
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Figure 3. Sequence alignment of selected cholesterol-dependent cytolysins. Elements of secondary structure are shown for the crystal structure of
soluble PLY (above) and for the cyroEM structure of the pore complex (below). Colors of the secondary structure elements and residue numbers
correspond to the PLY crystal structure (Figure 2B; pdb code 5aod). Asterisks indicate conserved residues.
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Figure 4. Intermolecular interactions in the 4.5 A cryoEM map of the PLY pore complex. Slices parallel (A-C) and perpendicular (D-F) to the membrane
reveal interactions of secondary structure elements between adjacent monomers in the pore complex. Section planes are indicated on top. Note that
the scale of sections D to F is 50% larger to show molecular detail more clearly. The 85-04-86 region in domain D1 and the long membrane-parallel
helix a5 (red box in A and D) alternate around the top of the pore complex. On the outside, the 168-strand B-barrel is flanked by helix a3a (orange box
in B and D) and by the a-barrel of the helix-turn-helix motifs (green box in B and F) on the inside. The 4-strand B-sheets of domain D4 (blue box in C

and E) are offset against D4 of the next monomer, forming a ring of 8-strand B-sheets. The 85 A-long B-strands forming the 168-strand B-barrel are
clearly resolved (cyan box in C and E).
DOI: 10.7554/elife.23644.013
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Figure 5. Charge distribution in the PLY pore complex. (A) Positive (blue) and negative charges (red) are evenly distributed on the polar outer surface
of the pore complex. The membrane-inserted region is marked by a band of neutral hydrophobic residues (arrows). (B) The inner surface of the pore

Figure 5 continued on next page
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Figure 5 continued

complex is highly charged. (C) Contact surfaces of adjacent PLY monomers in the pore complex. (D) Charge complementarity of the two helices in the
helix-turn-helix motif forming the internal a-barrel. Positive charges are shown in blue and negative charges in red. (E) The membrane-inserted region
of the B-barrel is hydrophobic on the outside and negatively charged on the inside (F). The inset (G) shows map density for the salt bridge between
Asp168 of one PLY monomer with Lys271 in the next monomer along the ring. Glutamates and aspartates forming the negatively charged patches on
the inner surface of the B-barrel are drawn as sticks. The map is contoured at 5.0 and 6.0 .

DOI: 10.7554/elife.23644.015
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Figure 6. CryoET of PLY prepores and pores.

(A) PLY assembles into prepores and pores upon incubation with cholesterol-containing liposomes. Scale

bar, 50 nm. (B) Sections through subtomogram average volumes of the prepore (top) and pore complex (below). Left panel: sections perpendicular to
the membrane; right panel: sections parallel to the membrane. Colors indicate section planes. (C) Fourier shell correlation for subtomogram averages
indicate 22 A resolution for the prepore and 27 A for the pore at FSCq s or 20 A and 21 A resolution at at FSCo.3. Oblique view (D) and cross section (E)
of PLY prepore (left) and pore (right). Both maps accommodate 34 PLY monomers. The prepore map was fitted with the crystal structure of the soluble

PLY monomer (Marshall et al., 2015), and th

e pore map with the cryoEM structure of the pore monomer (Figure 2A). PLY domains are red (D1), yellow

(D2), green/cyan (D3) and blue (D4). The lipid bilayer is continuous in the prepore complex, but absent in the pore complex.

DOI: 10.7554/elife.23644.016

van Pee et al. eLife 2017;6:e23644. DOI: 10.7554/elife.23644

19 of 24


http://dx.doi.org/10.7554/eLife.23644.016
http://dx.doi.org/10.7554/eLife.23644

e LI F E Research article Biophysics and Structural Biology | Microbiology and Infectious Disease

Figure 6—figure supplement 1. CryoET map of the PLY prepore with rigid-body fitted x-ray structures of the water-soluble toxin that forms rows in
the 3D crystals. PLY monomers of 5A0D (green) are straight and protrude by 10 A at the top of the map. Monomers of 5CR6 (red) are bent at the hinge
between domain 2 and 4 (blue arrow) and match the map volume closely, indicating that this structure represents the pre-pore form of PLY.

DOI: 10.7554/elife.23644.017
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Figure 7. Membrane binding and hemolytic activity of PLY . (A) Wildtype PLY (PLY\y1) and PLYp1gga form rings on
cholesterol-containing liposomes. PLY\yt lyses the majority of liposomes, while PLYpggaleaves them mostly intact.
Figure 7 continued on next page
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Figure 7 continued

Lipid-filled rings with a narrow rim (blue arrows) are prepores, while rings with a wider rim that do not contain lipid
(red arrows) are pores. Slits (green arrows) and arcs (yellow arrows) are observed occasionally, but mostly PLY
forms complete rings. Mutant PLYp4ga prepores detach easily from the liposomes due to reduced binding affinity,
and then break into fragments. Curves indicate the hemolytic activity of PLY\wr, PLYp1gga, @and PLY g146/147. PLY 4146/
147 is inactive, in line with the inability of this mutant to form oligomers on cholesterol-containing liposomes. Scale
bar: 50 nm.
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P LYA1 46/147

Figure 8. Location of functionally important PLY residues. (A) Ala146 and Arg147 in the loop that induces refolding of the last B-strand in the central D3
B-sheet into helix 013a in the late prepore and pore complex. Deletion of both residues renders the toxin inactive. (B) In the pore complex, Asp168
near the end of one long trans-membrane B-hairpin (HP1) forms a salt bridge with Lys271 in the other trans-membrane B-hairpin (HP2) of the adjacent
monomer. Replacing Asp168 by alanine inhibits membrane insertion. (C) a-carbon traces in the x-ray structures of PLY\yt (pdb 5aod), PLY 4146147 (pdb
5aof), and PLYp1esa (pdb 5aoe). Minor differences between wildtype and mutant structures are visible in the loop regions of D4 (blue arrows); D2 (yellow
arrows) and HB2 (green arrows). In PLYs14¢/147, 0ne loop connecting D1 to D3 is also slightly different (red arrows).
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Figure 9. Mechanism of membrane insertion and pore formation. Stepwise conformational changes of PLY toxin during pore formation shown for one
monomer (above, side view) and for three neighbouring monomers (below, view from the pore centre). In the first step, soluble PLY monomers attach

to the surface of cholesterol-containing cell membranes via the conserved D4 undecapeptide (Figure 2C) to form circular oligomers of the early
prepore. A 90° rotation of D2 moves D1 and D3 towards the membrane in the late prepore. Helix bundles HB1 and HB2 are poised above the

membrane surface to refold into 85 A B-hairpins HP1 and HP2. In the final step of pore formation, both hairpins traverse the hydrophobic membrane
core and assemble into a 168-strand, 260 A B-barrel. Reorganization of the PLY monomer exposes numerous charges on the inside of the B-barrel
(Figure 4) that would destabilize the lipid bilayer and repel membrane lipids, resulting in pore opening and cell lysis.
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