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Perforin (PFN) is a pore-forming protein produced by cyto-
toxic lymphocytes that aids in the clearance of tumor or virus-
infected cells by a mechanism that involves the formation of
transmembrane pores. The properties of PEN pores and the
mechanism of their assembly remain unclear. Here, we studied
pore characteristics by functional and structural methods to
show that perforin forms pores more heterogeneous than an-
ticipated. Planar lipid bilayer experiments indicate that per-
forin pores exhibit a broad range of conductances, from 0.15 to
21 nanosiemens. In comparison with large pores that possessed
low noise and remained stably open, small pores exhibited high
noise and were very unstable. Furthermore, the opening step and
the pore size were dependent on the lipid composition of the
membrane. The heterogeneity in pore sizes was confirmed with
cryo-electron microscopy and showed a range of sizes matching
that observed in the conductance measurements. Furthermore,
two different membrane-bound PFN conformations were ob-
served, interpreted as pre-pore and pore states of the protein. The
results collectively indicate that PFN forms heterogeneous pores
through a multistep mechanism and provide a new paradigm for
understanding the range of different effects of PEN and related
membrane attack complex/perforin domain proteins observed in
vivo and in vitro.
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Cytotoxic T lymphocytes and natural killer cells provide an
essential line of defense by eliminating pathogen-infected and
tumor cells through a process called granule-mediated apo-
ptosis. This phenomenon involves the secretion of PEN'° pos-
tulated to aid the intracellular delivery of granule-associated
proteases (granzymes) resulting in the death of the target cell
(1-3). How this delivery is achieved is subject to intense de-
bate. Broadly, there are two alternative models as follows: ei-
ther PEN forms pores at the cell membrane through which
granzymes are delivered directly or PEN forms pores in endo-
somes containing granzymes and thereby delivers them to the
cytosol (1-3). Nevertheless, the ability of PEN to perforate the
target membranes by transmembrane pores is central to each
model (1-3).

PEN is a multidomain protein. The largest portion, includ-
ing around two-thirds of the molecule starting from the N
terminus, is the membrane attack complex/perforin (MACPF)
domain (1-2). PFN also contains an epidermal growth factor-
like domain (EGF) of an unknown function and a C2 domain
at the C terminus, which is needed for calcium-dependent
binding to lipid membranes (supplemental Fig. 1, A and B) (4,
5). The structure of the MACPF domain is strikingly similar
to the pore-forming domain of the cholesterol-dependent
cytolysin (CDC) protein family from Gram-positive bacteria,
and it is therefore believed that both protein families use a
similar mechanism for transmembrane pore formation (6 —8).
CDCs are important pathogenicity factors, and prominent
members of the family include pneumolysin from Streptococ-
cus pneumoniae, perfringolysin (Clostridium perfringens),
streptolysin (S. pneumoniae), and listeriolysin (Listeria mono-
cytogenes) (9, 10). CDCs form pores by inserting a huge 3-bar-
rel across the membrane, each monomer contributing two
transmembrane $-hairpins that refold from six a-helices
within domain 3 (supplemental Fig. 1, C—E) (10). These cru-
cial structural elements are conserved between CDC and
MACPF domains and are deployed after oligomerization (7,
10). Baran et al. (11) have described two amino acid residues

% The abbreviations used are: PFN, perforin; MACPF, membrane attack
complex/perforin; GUV, giant unilamellar vesicle; LUV, large unilamellar
vesicle; CDC, cholesterol-dependent cytolysin; CHO, cholesterol; DOPC,
1,2-dioleoyl-sn-glycero-3-phosphocholine; rDHPE, rhodamine B 1,2-di-
hexadecanoyl-sn-glycero-3-phosphoethanolamine; DPhPC, 1,2-di-
phytanoyl-sn-glycero-3-phosphocholine; S, siemens; PLM, planar lipid
membrane; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine.
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that participate in oligomerization of monomers after PEN
binds to the membrane. It has been conclusively shown that
CDCs form pores by a two-stage mechanism. First, the pro-
tein oligomerizes into a pre-pore state; second, a pore forms
(10, 12). There is good evidence that pre-pores and pores can
be either complete ring-shaped oligomers or incomplete arc-
shaped ones (9). The inner diameter of the PFN pore was de-
termined to be 7-16 nm when measured by the electron mi-
croscopy (13, 14), and incomplete rings (so-called arcs) were
observed adjacent to completely oligomerized PEN pores
(rings) (15—17). Because the inner pore diameter obtained by
photobleaching or electrophysiological methods also ranged
from 5 to 10 nm (15, 18 -21), the existence of pleomorphic
oligomeric states emphasizes that the exact molecular mecha-
nism of PFN pore formation remains poorly understood.

To gain insight into the mechanism of PEN pore formation,
we have conducted a detailed study using several model mem-
brane systems, clearly showing that native human PFN forms
pores of heterogeneous size. The data are consistent with di-
rect insertion of the full ring-shaped pre-pore complex into
the lipid bilayer as a pore, as well as the assembly of a trans-
membrane pore by oligomerization of monomers to an in-
completely formed protein channel (an arc) that can form a
pore, on membrane insertion, at a protein-lipid interface. The
data convincingly show that pore assembly and insertion into
the membrane are modulated by the lipid composition of the
membrane and that PFN pores have two very distinctive alter-
native states, either with noisy or noise-free conductance, and
with some pores appearing to expand in size while active. We
also image two different oligomeric conformations of mem-
brane-bound PEN, which indicate that it can exist in both
pre-pore and pore states, validating a CDC-like two-stage
mechanism of membrane interaction.

EXPERIMENTAL PROCEDURES

Materials—Native human PEN was isolated as described by
Froelich et al. (22). Cholesterol (CHO), 1,2-diphytanoyl-sn-
glycero-3-phosphocholine (DPhPC), 1,2-dioleoyl-sun-glycero-
3-phosphocholine (DOPC), and 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (POPC) were from Avanti Polar Lipids
(Alabaster, AL). Rhodamine B 1,2-dihexadecanoyl-sn-glycero-
3-phosphoethanolamine, triethylammonium salt ('DHPE),
and dextrans labeled with Alexa Fluor 488 (3 and 10 kDa),
rhodamine B (10 kDa), or Oregon Green 488 (70 kDa) were
from Invitrogen. Dextrans labeled with fluorescein isothiocya-
nate (FITC) (4, 10, and 70 kDa) were from Sigma. All other
chemicals were from Sigma or Merck, unless stated otherwise.

Electroformation of GUVs—GUVs were prepared by elec-
troformation as described (23) with modifications. The lipids
were dissolved in chloroform/methanol (2:1, v/v) to a final 1
mM concentration. 25 ul of the lipid solution was spread onto
a pair of platinum electrodes and dried under reduced pres-
sure for 2 h. Electrodes (dimensions: inner diameter 1 mm,
length 34 mm, and spacing between electrodes 4 mm) were
then placed into a vial filled with sucrose buffer (295 mm su-
crose, 1 mm HEPES, 0.25 mm CacCl,). AC current was applied
with a functional generator (GW Instek GFG-3015). The pro-
tocol for electroformation was as follows: 2 h of 4 V/10 Hz; 15
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min of 2 V/5 Hz; 15 min of 1 V/2.5 Hz; 30 min of 1 V/1 Hz.
GUVs were sedimented with the glucose buffer (295 mm
glucose, 1 mm HEPES, 0.25 mm CaCl,). The buffer was
then exchanged by gentle pipetting with 150 mm NaCl, 20
mm HEPES, 0.25 mm CaCl,, pH 7.4. GUVs were then di-
vided into aliquots containing approximately equal
amounts of vesicles.

Fluorescence Microscopy— 6 ul of GUV suspension was
mixed with 0.5 or 1 ul of PEN and 0.5 ul of dextran. Final
concentrations were 12 nm (PFN), 0.1 mm (D3 and D4), 0.03
mu (D10), or 0.01 mm (D70). Buffer was used for control ex-
periments instead of PFN. The mixture was then incubated at
25 °C monitoring the permeabilization by fluorescent micros-
copy. Fluorescence and differential interference contrast mi-
croscopy (DIC) was performed on Axiolmager Z1 (Carl Zeiss,
Germany) equipped with an ApoTome for recording of opti-
cal sections (grid-confocal microscopy) and 100-watt HBO
mercury arc illumination. FITC-labeled dextrans were ob-
served with 450 —490-nm bandpass excitation and 515-nm
long pass emission filter. The membranes of the GUV-con-
taining rDHPE were observed with 546/12-nm bandpass exci-
tation and 590-nm long pass emission filter. Kinetics of probe
influx were recorded by confocal laser-scanning microscopy
on a Leica TCS SP5 laser-scanning microscope, mounted on a
Leica DMI 6000 CS inverted microscope (Leica Microsys-
tems, Germany). An HCX plan apo X63 (numerical aperture,
1.4) oil immersion objective was used. Probes (D3, D10, or
D70) were excited with the 488-nm line of the argon laser.
Fluorescence emission was detected at 500 —-530 nm. The
rDHPE in the GUV membranes was excited with the 543-nm
line of the argon laser. Fluorescence emission was detected at
605—650 nm.

Planar Lipid Bilayer Experiments—Solvent-free PLM were
prepared as described by Dalla Serra and Menestrina (24).
The 2-ml chambers were made of Teflon. The septum be-
tween the chambers was made of 25-um-thick Teflon film
and contained a 180-um hole. PFN was added at 0.2 to 1.1 nm
concentrations to stable preformed bilayers on the cis side
only (the cis side is where the electrical potential was applied,
and the trans side was grounded). All experiments, except
selectivity measurements, were performed in symmetric con-
ditions by using a buffer consisting of 100 mm KCl, 20 mm
HEPES, 0.1 mMm CaCl,, pH 7.4, on both sides of the mem-
brane. A constant voltage, generally 40 mV, was applied
across the membrane. Miniature magnetic stir bars stirred the
solutions on both sides of the membrane. The current across
the bilayer was measured, and the conductance (G) was deter-
mined as shown in Equation 1,

G(nS) = I(pA)/V(mV) (Eq. 1)
where I is the current through the membrane, and V'is the
applied transmembrane potential. lonic currents were re-
corded by a patch clamp amplifier (Axopatch 200, Axon In-
struments, Foster City, CA). A PC equipped with a DigiData
1200 A/D converter (Axon Instruments) was used for data
acquisition. The current was filtered at 0.5 kHz and acquired
at 2 kHz by the computer using Axioscope 8 software (Axon
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Instruments). All measurements were performed at room
temperature.

For the selectivity determination, a three times activity gra-
dient of KCl was formed, whereby the higher concentration
was on the trans side. Reversal voltage (V,.,) required to null
the transmembrane current was converted into the selectivity
index giving the ratio of the permeability of cations over the
anions (P__ /P_) by the standard Goldman-Hodgkin-Katz
Equation 2 (24),

P /P_ = ((Auans/Acis) - €Xp(eV e,/KT) — 1)/((Ayrans/ Acis)

— exp(eV,,/kT)) (Eq.2)

where a,,,,, and a_,, are the activities of KCl in trans and cis
side, respectively. kT/e is ~25 mV at room temperature.

The diameters of PFN pores were calculated according to
Equation 3,

d(nm) = 2\,%((G(n5)1(nm))/(o(ﬂ-)) (Eq.3)
where d is the pore diameter; o is the conductivity of the solu-
tion (e.g 11 mS/cm for KC1 0.1 m); / is the length of the pore
(estimated to be 20 nm from EM data (16) and estimate from
our cryo-EM data), and G is its conductance.

To quantify the noise, we determined the standard devia-
tion of the current on a short time interval (typically ~10 s)
for the individual current trace. Standard deviation was then
normalized by dividing it with the average current of each
trace to obtain normalized noise.

Cryo-EM— 400 ul of 10 mg/ml DOPC in chloroform
(Avanti Polar Lipids) and 40 ul of 25 mg/ml CHO in chloro-
form (Avanti Polar Lipids) were dried on a clean Pyrex tube
under argon. Residual chloroform was removed by overnight
desiccation in a desiccator attached to a VARIO-SP Dia-
phragm Pump (Vacuubrand, Germany). The lipid film was
then hydrated by addition of 1 ml of liposome buffer (20 mm
HEPES, 150 mMm NacCl, 250 uMm CaCl,, pH 7.4) at 50 °C fol-
lowed by vigorous vortexing, giving an ~5 mg/ml lipid disper-
sion. After 10 freeze-thaw cycles alternating between liquid
nitrogen, a 50 °C water bath and a 1-min vortexing step, the
dispersion was extruded 11 times with a Mini Extruder
(Avanti Polar Lipids) through a Whatman polycarbonate
membrane with a pore diameter of 100 nm. Liposomes were
used immediately after preparation. PFN was added to lipo-
somes at a final concentration of 10 -20 ng/ul and incubated
at either room temperature or 37 °C. If at the latter tempera-
ture, then the liposomes and PFN were individually preincu-
bated at 37 °C. Incubation times varied from 5 s to 5 min. The
number of pores was accentuated by longer incubations and
37 °C temperature. As a control for the effect of PEN itself, we
incubated a mixture of PEN buffer and LUVs at the same ra-
tios used with PFN present. Samples were flash-frozen using
liquid ethane on 300 mesh lacey carbon grids and imaged us-
ing an FEI F30 FEG cryo-electron microscope operating at
liquid nitrogen temperatures. Images were captured on SO-
163 film (Kodak) and scanned using a Zeiss SCAI scanner.
Micrographs were corrected for their CTF using CTFFIND3
(25) and EMAN (26). Images of pores were individually boxed
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using the EMAN suite program BOXER and subjected to im-
age alignment and analysis using IMAGIC software (27). Den-
sity was visualized using UCSF Chimera (28). The homology
model of perforin was calculated using the PHYRE web server
(29, 30).

RESULTS

Perforin Forms Heterogeneous Pores on GUVs—GUVs were
generated by electroformation from DOPC/CHO/rDHPE at a
molar ratio 79:20:1. rDHPE was used to mark the membrane.
We have found that such a lipid composition enables stable
Ca®"-dependent PFN binding as monitored by surface plas-
mon resonance in a related LUV system (31). The use of fluo-
rescent microscopy enabled us to monitor the movement of
fluorescent dextran molecules co-administered with PFN into
the GUVs when at least 100 um Ca®" was used. In the ab-
sence of Ca®", no permeabilization of GUVs was observed,
and spontaneous passage of probes into the GUV in the ab-
sence of PFN was negligible (Fig. 1A4). The presence of PEN at
12 nM final concentration caused rapid filling of the whole
GUV when low molecular weight fluorescent dextrans (Al-
exa-dextran 3000 (D3) or FITC-dextran 4000 (D4) with hy-
drodynamic radii of ~1.4 nm) were in the surrounding me-
dium (Fig. 1A4). The filling of each GUV was complete in
minutes (Fig. 1B) and indicates transmembrane pore forma-
tion. The flux of high molecular weight fluorescent dextrans
(Oregon Green- or FITC-labeled dextran 70,000 (D70) with
hydrodynamic radii of 6 nm) into GUVs was insignificant
even with prolonged incubation for 45 min (Fig. 1, A and C).
No further changes in the number of permeabilized GUVs
were observed with prolonged incubation for any of the
probes tested. The open black circles in Fig. 1C thus represent
the final proportion of permeabilized GUVs. The influx of the
intermediate probe (Alexa- or FITC-labeled dextran 10,000
(D10) with hydrodynamic radius of ~1.8 nm) was slower than
that of the small probe (Fig. 1B), but nevertheless, approxi-
mately half of the vesicles were filled with this probe after 45
min. After that time, we did not observe any further changes
in the number of permeabilized GUVs indicating that 45 min
is a sufficient time period for formation of functional PFN
pores on GUV membranes and for passage of D10 into the
interior of permeabilized GUVs. These results clearly show
that medium size probes, such as D10, which have a similar
size to granzyme B, can also pass through the pores, but the
physiological relevance of this direct transfer is questionable
because diffusion of such molecules through the pore is rela-
tively slow (Fig. 1, B and C). When both small and intermedi-
ate probes were used, we could clearly discriminate vesicles
that were filled with either probe or only the small one (Fig.
1D), indicating that some of the pores formed on the GUV
membrane were not of sufficient size to allow the passage of
the intermediate probe.

PFN Forms Heterogeneous Pores in Planar Lipid
Membranes—W e independently assessed the single pore sizes
of native human PEN by determining the conductance distri-
bution of pores in planar lipid membranes. The existing PLM
studies that used cytotoxic granule extracts or isolated PEN
indicated that PFN pore formation is dependent on the pres-
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FIGURE 1. GUVs are rapidly permeabilized in the presence of PFN. A, GUVs in the absence or presence of 48 nm PFN and different fluorescent probes
after 45 min incubation at room temperature. Scale bar, 20 um. B, time courses of GUVs filling with D3 and D10 in the presence and absence of 12 nm PFN.
Time courses of GUVs filling of 89 and 55 vesicles are shown for D3 and D10, respectively. C, proportion of permeabilized GUVs for different probes after 10
or 45 min of incubation. Each data point represents an independent experiment, and the median is shown by the black line. In total, 4-8 independent ex-
periments were performed with 106 -211 GUVs analyzed. D, example of two GUVs imaged after 45 min of incubation with 12 nm PFN, D3, and D10. The
membrane contained also rDHPE. The upper row shows a GUV which was permeabilized only for D3, although the one presented in the bottom row of im-

ages was permeable to both probes.

ence of calcium ions and that pores were heterogeneous in

size (20, 32—35). By using homogeneous PFN (22), supple- 1888-_

mented with Ca®>", we confirmed these findings in DPhPC . 200?’

planar membranes. In the control experiment performed in <

the absence of Ca>*, we did not observe any PEN activity over £ 4qp. i I

a 30-min period (Fig. 2), although the concentration of PEN g ‘ f ii-iv
was ~10-fold higher than in other experiments where we ob-  ©  o; ' -

served insertion of PFN into PLM (Fig. 3). Soon after addition ‘ I

of 5 mMm CaCl,, we observed an increase in conductance in -100

agreement with Ca®>*-dependent formation of pores by PFN 0 100 200 300 1300 1400 1500 1600 1700
(Fig. 2, point iii). Pores were usually formed 1-5 min after 0.5 Time (s)

nM PFN addition to a stable bilayer in the presence of Ca®"
(Fig. 3). In the next step, we analyzed PFN pore properties in
detail, also focusing on the effect of phosphatidylcholines with
mono- (POPC) or di-unsaturated acyl chains (DOPC) and the
incorporation of CHO on pore conductance.

The addition of nm PEN to planar lipid bilayers composed
of various lipids causes an increase in transmembrane current
within 30 -300 s (Fig. 3). Within a few minutes after the ap-
pearance of the first pore, the total ionic current reached a
plateau, which was stable regardless of the polarity of the ap-
plied voltage (see below and Fig. 4B). Because PFN readily
formed pores in all tested lipid compositions, a preferential
lipid requirement was not apparent (Fig. 3). Nevertheless,
substantial differences in current traces were noted, consis-
tent with the gradual opening of individual pores as well as
well resolved stepwise openings (Fig. 3). Gradual current in-
creases with nonresolved step-like jumps were observed on
DPhPC and DOPC membranes and where 20% of CHO was
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FIGURE 2. Calcium-dependent activity of purified human perforin. Pore
formation is absolutely dependent on the presence of calcium ions. Addi-
tion of 4.7 nm PFN (~10-fold higher concentration than in other experi-
ments reported here) to a stable bilayer composed of DPhPC in buffer con-
taining 100 M CaCl,, and 1 mm EDTA did not give a pore (i); 5 mm CaCl, was
added ~27 min after PFN addition (ii) causing the formation of PFN pore (iii)
and subsequently the rupture of the membrane (iv). The current was mea-
sured at a constant voltage of +40 mV.

added to DOPC membranes (see Fig. 3, inset i, for the repre-
sentative trace on DPhPC membrane). Gradual increases of
this kind were not seen in similar experiments with CDCs. In
these experiments, it was difficult to resolve individual pore
apertures, and the pore size estimate was obtained from re-
sults of single channel experiments (see below). In contrast,
POPC membranes containing various concentrations of CHO
enabled stepwise increases in currents, which were very clear
at high CHO concentrations. For example, the opening of
individual pores could be easily discriminated with a mem-
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FIGURE 3. PFN pores on PLM composed of various lipids. A, representa-
tive conductance traces of at least four independent multichannel experi-
ments are shown for each lipid composition tested. PFN was added to the
cis side at 0.5-1.1 nm concentration. Pores started to form 30-300 s after
addition of PFN. Two different types of pore openings, gradual (panel i) and
discrete (panel ii), are magnified. Individual pores are marked on POPC/CHO
1:1 membrane. B, PFN pores assemble and insert in a gradual or discrete
manner. We show the percentage of gradual or discrete openings of PFN
pores on PLM composed of DPhPC (86 pores analyzed), DOPC (38 pores),
DOPC/CHO 4:1 (24 pores), POPC (37 pores), POPC/CHO 4/:1 (88 pores), and
POPC/CHO 1:1 (61 pores). Unshaded regions denote gradual openings and
shaded regions discrete openings.

brane consisting of POPC/CHO, 1:1 (mol/mol) (see Fig. 3,
inset ii, for a representative trace).

Conductance increments were variable in amplitude, rang-
ing from 0.15 to 21 nS (Fig. 4). The observed distribution of
single channel conductances is slightly larger than reported
previously (20). This broad distribution strongly suggests the
co-presence of pores, ranging in size from 2 to 22 nm in diam-
eter (as estimated from Equation 3). It appears that larger
pores predominated in membranes with lipid compositions
that favor opening of discrete pores, i.e. POPC, POPC/CHO
(4:1), and POPC/CHO (1:1) membranes lacked pores that
displayed conductances <1 nS. On the other hand, smaller
pores were frequent on the bilayers composed of DPhPC,
DOPC, and DOPC/CHO (4:1).
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We also noted that PFN pores that assembled on various
membranes possessed distinct levels of current noise (Fig. 4).
Small pores (G <2 nS) were always associated with high noise
and exhibited a generally unstable character. The current
traces were often associated with sudden stepwise increases
or decreases and sometimes they completely closed (see pores
1 and 2 in Fig. 4A). Larger pores (G >2 nS) possessed slightly
lower noise (pores 3 and 4 in Fig. 4A4); however, some were
associated with a very low noise current trace (pores 5 and 6
in Fig. 4A). These pores possessed conductances between 5
and 14 nS and were stable for up to 1 h. The calculated diam-
eter of such low noise pores was 11-18 nm corresponding to
ring-shaped pores observed by electron microscopy (13—15).

By arbitrarily clustering pores into three groups, small high
noise (G <2 nS) and large (G >2 nS) with either high or low
noise, we also determined some of the properties of pores on
the DPhPC bilayer. As observed by the linear current-voltage
relationship for the three groups, PEN pores were not voltage-
dependent. Minor rectification at negative voltages was ob-
served only for the small pores (Fig. 4, B and C). As expected
for large aqueous transmembrane channels, PEN pores were
poorly selective. However, the selectivity of small pores was
slightly anionic, although larger pores displayed a slightly cati-
onic preference regardless of their noise level (Fig. 4D). The
pneumococcal CDC, pneumolysin, similarly exhibits a wide
range of conductances, where small pores are cation-selective,
although large pores are unselective (36).

We also noted that the formation and stability of large
pores were highly dynamic. For example, more than 80% of
the openings of larger pores with low noise were preceded by
smaller increases in current displaying high noise (Figs. 4,
pore 5, and 54). In most instances, the noise stabilized (Fig.
5B) and then remained constant for up to 1 h. On rare occa-
sions, the stable low noise pore (possibly a double-arc pore,
see Fig. 4, pore 4, and under “Discussion”) appeared to un-
dergo disassembly causing a sudden reduction in current as-
sociated with an increase in noise (Fig. 5B). When the current
spontaneously returned to the previous level, the noise also
returned to the former level suggesting restoration of a purely
proteinaceous pore. The fact that the same conductance is
found in a membrane before and after a period of lower, nois-
ier conductance suggests that a single pore has broken up into
a more disordered arrangement before reforming an ordered
one. This is in striking distinction to the CDCs where pores
open once and do not fluctuate in this manner.

Altogether, the GUVs and PLM data are in agreement with
the published literature that describes perforin-induced mem-
brane pores in the presence of Ca®* ions (16, 19, 20, 37, 38).
The purity of the PEN used (see “Experimental Procedures”)
(22) and the absence of a calcium-independent pore activity
such as that of granulysin (39) (Fig. 2) indicate that the heter-
ogeneous population of functional pores are the product of
PEN activity alone. A heterogeneous pore size has been ob-
served in the related CDCs also and has been explained by the
existence of pores formed by arcs as well as rings of protein
(9). If arcs do form then the conducting channel would be
defined by the protein on one side and a lipidic boundary,
presumably in a toroidal arrangement, on the other (9). Ap-
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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 we
arbitrarily divided into three groups on the basis on their conductances and

re observed on DPhPC membrane. B-D, PFN pore properties. PFN pores were
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 (/,.//_) 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.

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.

PEN Forms Heterogeneous Pores on Large Unilamellar
Vesicles—To enable us to visualize the interaction of PEN
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
PEN 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 PEN 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. 44) but

JANUARY 28, 2011+VOLUME 286+NUMBER 4

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 PEN. It is notable that the comma-
shaped conformation is associated with an unbroken lipid
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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.

membrane (it is pre-pore), but the upright conformation is
associated with a hole through the membrane, the PEN 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 PFN MACPF, EGF, and C2 domains
(supplemental Fig. 14), 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 PEN pre-pore-to-pore transition (supplemen-
tal Fig. 1).

DISCUSSION

Two models exist currently to explain the protein delivery
function of PEN. 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-
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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-
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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.

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

AV N
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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 I 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
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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. 34 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 PEN. 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 PEN 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
PEN 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 PEN arc. The observation
of two membrane-bound PFN conformations, one associated
with a pore and the other not, indicates that a pre-pore olig-
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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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