
parent pores formed by PFN oligomeric arcs (as opposed to
rings) have been observed (15, 16, 40), which supports the
idea that they provide an explanation for the variable pore
sizes we detect.
PFN Forms Heterogeneous Pores on Large Unilamellar

Vesicles—To enable us to visualize the interaction of PFN
with membranes in molecular detail, we switched to an LUV-
based system in which cryo-EM of the membrane with bound
protein is viable. On addition of PFN to LUVs, we observed
pore-like structures with a range of sizes and morphologies
(Fig. 6A). By taking 128 images of membrane-bound PFN olig-
omers, we were able to define two distinct conformations for
PFN bound to membranes, one of which is the pore-forming
state and the other of which appears to be a pre-pore state.
It is apparent from the raw images (Fig. 6A) that substantial

variability is observed in the size and planarity of PFN olig-
omers. The pore diameters varied from 10 to 25 nm (Fig. 6B),
but the average of all the images clearly shows a pore-like
structure (Fig. 6C). The size distribution (Fig. 6B) resembles
the distribution of single channel conductances (Fig. 4A) but

lacking small pores. We suspect that PFN pores smaller than
10 nm are too small to be detected by cryo-EM. This range of
sizes is wider than described previously (20) but in line with
pores formed by arcs and possibly between two arcs (9, 17).
To seek a more focused classification, we limited our assess-
ment of image similarity to one side of the pore-like oligo-
meric structure (Fig. 6C, boxed, and results are shown in Fig.
6D). This allowed us to view two clearly different PFN struc-
tures bound to the membrane surface as follows: one in which
the molecule has a comma-like shape (19 images in class) and
its head is cocked back, and the other in which the molecule is
more linear and seems to stand upright above the membrane
(22 images in class). As shown, focusing our classification on
one side of the oligomer not only sharpened the clarity with
which we could see the PFN subunit profile, but it also
smeared out the other half of the structure. This underscores
the diversity of pore diameters in the images (supplemental
Fig. 2) and has allowed us to pinpoint two different mem-
brane-bound states of PFN. It is notable that the comma-
shaped conformation is associated with an unbroken lipid

FIGURE 4. Conductance traces reveal diverse mechanisms of PFN pore formation. A, graph showing that PFN pores exhibit a wide range of conduc-
tances and current noise values. The calculated values for the pore diameter are shown above the graph, and representative pore traces are labeled by
numbers in the graph and depicted around the graph. The schematic representations show possible mechanisms of pore formation (green 	 lipid, red 	
PFN, and white 	 pore) as also discussed in the text. Presented pores 1– 6 were observed on DPhPC membrane. B–D, PFN pore properties. PFN pores were
arbitrarily divided into three groups on the basis on their conductances and noise levels: small pores with high noise (black empty squares), large pores with
high noise (gray circles), and large pores with low noise (black circles). B, current-voltage relationship. Means of 4 –10 single channel experiments 
 S.D. are
presented. Current values were normalized by dividing by current values gathered at 50 mV. C, ratio between positive and negative current (I�/I�) as a
function of the applied potential, data taken from B. D, pore selectivity. Means of 3– 6 single channel experiments 
 S.D. are presented. Electrophysiological
properties were examined on PLM composed of DPhPC.
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membrane (it is pre-pore), but the upright conformation is
associated with a hole through the membrane, the PFN pore.
A subset of 34 of the images, which aligned with respect to
one side of the oligomer, did classify together to show a sym-
metrical pore-like structure (Fig. 6E), which would corre-
spond to larger pores (conductances 11–14 nS) in Fig. 4A.
This demonstrates that some symmetrical structures of this
kind exist because we avoided the possible effect of model
bias by only aligning one side of the pore data to a reference
image, yet we considered both sides in statistical analysis of
image features to produce the average shown in Fig. 6E. Even
so, alignment and classification on the basis of one side of the
oligomer alone produced the best images of PFN bound to the
membrane (Fig. 6F). Surface rendering of these by application
of rotational symmetry (Fig. 6G) permitted the fitting of ho-
mology models of the PFNMACPF, EGF, and C2 domains
(supplemental Fig. 1A), showing the dimensions of the pore
match those expected for the molecule. As is also the case
with CDCs, the comma-shaped (pre-pore) state matches bet-
ter the MACPF domain shape than the upright (pore) state (9,
12, 41). This is consistent with what is known about the
mechanism of MACPF/CDC superfamily proteins, because it
suggests the refolding and extension of the pore-forming
MACPF/CDC helical regions that insert into the membrane
(12, 42–44) on PFN pre-pore-to-pore transition (supplemen-
tal Fig. 1).

DISCUSSION

Two models exist currently to explain the protein delivery
function of PFN. The first involves formation of stable, albeit
transiently functional, plasma membrane pores that allow the
direct transfer of granzymes into the target cell (3, 32). This
model is based primarily on visualization of pore-like struc-

tures on the membranes of target cells (16, 32, 40). In this
study, we show that native human perforin forms heterogene-
ous pores on lipid membranes, and cryo-EM for the first time
enabled monitoring of a pre-pore intermediate, which sits
atop an unperturbed membrane. Although heterogeneity was
noted before (20), the use of single-channel PLM experiments
and cryo-EM indicate that it is much larger than thought pre-
viously. Larger pores are most likely fully assembled ring-
shaped pores, in agreement with the dimensions of the pore
shown on Fig. 6E, and those larger than the ring are perhaps
two fused arcs (9, 17). Smaller pores are in our opinion the
incomplete but nevertheless functional arc-shaped pores,
which have been postulated for cholesterol-dependent cytol-
ysins also.
Several models of pore formation exist for the related

CDCs (9, 45), where complete oligomerization of monomers
into the pre-pore was shown to occur prior to pore formation
for perfringolysin O (43). The pre-pore complex inserts into
the membrane in a single step, and discrete stepwise openings
were indeed observed in a planar lipid bilayer setup (46). On
the other hand, CDC oligomers are predicted to form incom-
plete arcs that are supposed to be functional. Arcs are viewed
as transmembrane pores lined by a protein oligomer on one
side and lipids on the other (9, 45, 47). Previously, we pro-
posed a model in which the nature of the pore depends on the
local concentration of monomer such that limiting levels pre-
dispose to pore formation by arcs rather than rings (9). Thus,
depending on such variables as protein concentration and the
lipid composition of the membrane, functional transmem-
brane arcs, double-arc pores, or fully assembled ring-shaped
pores may be formed by CDC oligomers. Some of the electro-
physiological data are in agreement with this model. For ex-

FIGURE 5. Several examples of pores exhibiting variable noise. A, openings of large pores were frequently preceded by smaller increases in conduct-
ance. Here, we show two typical examples as follows: on the left (expanded view above) the presence of a noisy low conductance pore before the sudden
opening of an initially noisy and then noise-free pore, and on the right a more prolonged noisy and gradually opening pore prior to the appearance of a
large pore with low noise. B, after initial high noise in many cases, the pore stabilized, remaining stable for up to an hour. We also observed the apparent
interconversion of a noise-free large conductance and a noisy lower conductance pore.
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ample, it was shown that pneumolysin generates multiple
conductance pores in the membranes of nucleated cells (48).
Similarly, planar lipid bilayer experiments of a CDC from Ba-
cillus sphaericus showed gradual as well as stepwise increases
(49). The electrophysiological data reported here agree with
these possibilities suggesting that PFN may also exist in differ-
ent pore states.
The current traces (Fig. 3) and the variability in the pore

size and noise level (Fig. 4) not only suggest the existence of

multiple PFN pore states but also indicate that distinct mech-
anisms are responsible for their formation. Current traces
with high noise indicate small pores (Fig. 4, pores 1 and 2) or
large transmembrane arcs (Fig. 4, pores 3 and 4,). The inher-
ent noise of such pores may be due to the less rigid structure
of arcs and the presence of flexible and dynamic lipids as part
of the actual pore boundary. Extremely large increases in cur-
rent are probably caused by formation of double-arc pores by
fusion of two arcs within the membrane (Fig. 4, pore 4). Fully

FIGURE 6. Molecular details of pores formed on LUVs. A, examples of cryo-EM images of PFN interacting with LUVs. Membrane-bound PFN oligomers are
boxed, and a particularly narrow oligomer has an asterisk, and other superstructures are marked with arrowheads. B, distribution of pore and pre-pore diam-
eters observed with no attempt to distinguish them. C, class average of 128 images of PFN bound to LUVs. D, image classification based on the right-hand
side only of each data image (as boxed in C). Representative class averages and equivalent contour plots are shown. Left, comma shaped with intact mem-
brane. Right, more upright, pore-associated (arrowheads). E, class average of data aligned to the right-hand side of the membrane-bound oligomer only (as
in C) but classified on the whole structure. F, class average contour plots of iteratively aligned data with respect to one side only for pre-pore and pore con-
formations (arrowheads). G, fitting of the two different conformations of PFN with homology models of the MACPF (red), EGF (green), and C2 (blue) domains
of PFN (see supplemental Fig. 1A). On the right, pre-pore and pore densities are overlaid for comparison.
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assembled pores appear to form by maturation of previously
inserted arcs to a final stable ring-shaped proteinaceous pore
(Fig. 5A), but it can also be formed instantaneously by the
insertion of a fully assembled ring-shaped pre-pore complex
into the membrane (Fig. 4, pores 5 and 6). Thus, our results
are in accordance with both the “growing arcs” and the “pre-
pore to pore transition” model, where composition of lipids
and local protein concentration favors one or the other path-
way. The sliding increase in conductance seen in some pores
(Figs. 3A and 5B) could be explained by the movement of lip-
ids away from PFN on the membrane, and this could be due
to either a direct effect of the pre-pore state or an inserted arc
of PFN. Another explanation for the sliding increase in con-
ductance would be the addition of further PFN molecules,
either already formed into other oligomeric arcs or from a
remaining pool of monomeric protein.
It is generally accepted that the physical state of the plasma

membrane plays an important role in the functioning of
membrane proteins (50) and can have, in the case of pore-
forming peptides and proteins, important consequences on
the latter steps in the pore-forming process (51–53). One cru-
cial parameter in protein-lipid interactions is the ordering of
lipid acyl chains. The structure of headgroups used in our
PLM experiments was identical, but the acyl chains differed
with ordering that decreased as follows: POPC � DOPC �
DPhPC (54). Our results clearly show that the ordering of the
acyl chains influences the mechanism of pore formation,
which agrees very well with the known dependence of pore
formation on temperature in MACPF/CDC proteins (10, 11)
and the idea that pore formation is a kinetically governed
event (9). Less ordered acyl chains (DPhPC and DOPC) allow
the prompt insertion of PFN oligomers, which then may ex-
pand by addition of monomers or smaller oligomers or the
effect of the membrane-inserted protein on the membrane
lipid arrangement. This possibility is manifested in gradual
increases of current and occurrence of small pores (Figs. 3
and 4). Lipids with more ordered acyl chains (e.g. POPC) min-
imize the inadvertent insertion of oligomers leading to the
preferential formation of a full ring-shaped pre-pore on
the membrane surface and thereby a pore. In the next step,
the whole complex (complete or nearly completely assembled
pre-pore) inserts into the bilayer resulting in a discrete jump
in the conductance of such pores (Fig. 4, pores 3–6). Although
the presence of CHO did not appear to affect the mechanism
of pore formation (Fig. 3B), the stepwise current increases
were clearest for membranes with the highest CHO content
(Fig. 3) with most pores having low noise (Fig. 4). This agrees
with the ability of CHO to promote protein oligomerization
(55, 56) and order acyl chains of lipids (54).
In summary, by using different model systems with diverse

membrane curvature (PLM, LUVs, and GUVs), we show that
PFN forms pores that are more heterogeneous than antici-
pated. In addition to large, ring-shaped pores previously dis-
covered by electron microscopy, we show here that PFN also
forms smaller, less stable pores, presumably by lipids closing
the gap between the two ends of a PFN arc. The observation
of two membrane-bound PFN conformations, one associated
with a pore and the other not, indicates that a pre-pore olig-

omer as well as a pore oligomer can form. However, our data
provide evidence for the expansion of pore size after pore for-
mation, which is lacking for CDCs, and therefore shows a dif-
ference in mechanism. This is likely to be further complicated
by consideration of the mechanisms by which PFN-related
proteins facilitate phenotypes such as Plasmodium gliding
through cells (57) and, separately, invasion of insect midgut
cells (58, 59). Indeed, the common CDC/MACPF fold seems
to have been selected for its membrane-focused activity but
not for only one kind of membrane permeabilization event.
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