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Background: Toxoplasma gondii requires a perforin-like protein (PLP1) for rapid host cell egress.
Results: Loss of the PLP1 N-terminal domain reduced parasite egress and lytic activity, but not virulence.
Conclusion: PLP1 has a unique accessory N-terminal domain, which binds membranes and promotes rapid egress.
Significance: Understanding the role of accessory domains is critical for defining the activity of pore-forming proteins.

The recently discovered role of a perforin-like protein (PLP1)
for rapid host cell egress by the protozoan parasite Toxoplasma
gondii expanded the functional diversity of pore-forming pro-
teins. Whereas PLP1 was found to be necessary for rapid egress
and pathogenesis, the sufficiency for and mechanism of mem-
brane attack were yet unknown. Here we further dissected the
PLP1 knock-out phenotype, the mechanism of PLP1 pore for-
mation, and the role of each domain by genetic complementa-
tion.We found that PLP1 is sufficient for membrane disruption
and has a conserved mechanism of pore formation through tar-
get membrane binding and oligomerization to form large,
multimeric membrane-embedded complexes. The highly con-
served, central MACPF domain and the �-sheet-rich C-termi-
nal domain were required for activity. Loss of the unique N-ter-
minal extension reduced lytic activity and led to a delay in rapid
egress, but did not significantly decrease virulence, suggesting
that small amounts of lytic activity are sufficient for pathogene-
sis. We found that both N- and C-terminal domains have mem-
brane binding activity, with the C-terminal domain being criti-
cal for function. This dual mode of membrane association may
promote PLP1 activity and parasite egress in the diverse cell
types in which this parasite replicates.

Pore-forming proteins involved in infection have been clas-
sically viewed as aiding pathogen invasion into host cells and
tissues or promoting pathogen clearance by the host immune
system. For example, the Gram-positive bacterium, Listeria
monocytogenes, utilizes listeriolysin O (LLO)2 to escape its ini-

tial endosomal vacuole to access its replication niche in the host
cytosol (1). Also, Plasmodium sporozoites utilize pore-forming
proteins to promote tissue migration during multiple stages of
their life cycle (2, 3). To combat infection, mammalian hosts
circulate components of the complement cascade, which upon
activation culminates in the assembly of the membrane attack
complex on target microbes, such as the Gram-negative bacte-
rium Neisseria meningitidis (4). Additionally, perforin, a pore-
forming protein secreted by cytotoxic T lymphocytes, delivers
proteases into virus-infected or transformed cells to initiate
programmed cell death (5). Related pore-forming proteins are
found in diverse organisms throughout the tree of life (6).
Our group recently identified a perforin-like protein (PLP1)

that is crucial for rapid host cell exit of the protozoan parasite,
Toxoplasma gondii (7). T. gondii is the etiological agent of tox-
oplasmosis, which causes severe disease when acquired con-
genitally or reactivated in immune-compromised individuals,
manifesting as tissue destruction from unchecked lytic growth
(8–10). T. gondii belongs to the phylum Apicomplexa, which
includes other pathogens of human and veterinary significance
such as Plasmodium, Cryptosporidium, and Eimeria (11–14).
These microorganisms have a unique set of apical secretory
organelles termedmicronemes and rhoptries. Proteins secreted
from these organelles are involved in parasite gliding motility,
cell invasion, and manipulation of the host cell to protect the
intracellular replication compartment, the parasitophorous
vacuole (15–18). Thus, the majority of characterized secretory
proteins function at the point of cell entry.
The Toxoplasma lytic cycle occurs through multiple rounds

of cell entry, replication, and egress.Whereas molecular mech-
anisms of cell entry are well characterized, those governing cell
exit are largely unknown (19, 20). The discovery that amicrone-
mal protein, PLP1, is required for rapid egress revealed that the
parasite produces specific factors for cell exit. PLP1 is a lytic
protein with a unique postreplicative function in niche escape
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rather than a prereplicative function to access a replication site
as seen for the pore-forming proteins of the aforementioned
pathogens. This and other studies (21–23) support an emerging
hypothesis of egress as an event the parasite actively regulates
instead of a strictly passive process occurring upon exceeding a
critical capacity. PLP1-deficient parasites failed to egress rap-
idly from the parasitophorous vacuole after calcium ionophore
treatment, which induces microneme secretion and motility
(24, 25). Additionally, whereas wild-type parasites effectively
permeabilized the parasitophorous vacuole membrane (PVM),
PLP1-deficient parasites retained an intact surrounding mem-
brane (7). These results suggested that PLP1 functions during
egress by disrupting the PVM, which allows parasites to cross
this physical barrier rapidly. PLP1-knock-out parasites were
also noted to have an invasion defect; however, the contribution
of PLP1 to invasion remained unknown.
Recent work on pore-forming proteins has demonstrated

conservation of structure between the cholesterol-dependent
cytolysins (CDCs) and membrane attack complex/perforin
family (MACPF) proteins (26–28). The conservation of struc-
ture leads to a proposed conservation in mechanism of mem-
brane permeabilization (6, 29, 30). The pore-forming protein is
secreted as a soluble monomer and binds a receptor on the
target cell membrane. Following membrane binding, mono-
mers oligomerize into ring-like structures and undergo a struc-
tural rearrangement to create a lesion in the target membrane
(31, 32).Whereasmanypore-forming proteins, such as perforin
and LLO, are sufficient for membrane damage, others, such as
the membrane attack complex, require assembly of multiple
proteins in a specific order (33). Thus, it is important to identify
whether PLP1 is sufficient for membrane damage or requires
other parasite or host factors.
Predicted MACPF domains are found in genomes of diverse

organisms and are associated with a wide variety of adjacent
domains. Only a few MACPF-associated domains, however,
have been characterized. PLP1 has a highly conserved central
MACPF domain, responsible for oligomerization and mem-
brane permeabilization in other MACPF domain-containing
proteins. PLP1 also has unique N- and C-terminal extensions.
The C-terminal domain is predicted to be �-sheet-rich, a gen-
eral feature that is conserved among C-terminal domains of
other pore-forming proteins (6). The position and structural
features of the PLP1 C-terminal domain implicate it in mem-
brane binding, but its role has not been addressed previously.
The PLP1 N-terminal domain sequence contains no conserved
domains and is found only in Toxoplasma and the related
Neospora sequences. It may be more distantly related to the
N-terminal extensions seen on some of the Plasmodium
MACPF proteins (34). N-terminal domains in other MACPF
proteins include a low density lipoprotein receptor A domain
and thrombospondin type I domains in several complement
proteins (35, 36). Examples of N-terminal domains in CDCs
include the lectin binding domain of lectinolysin and an N-ter-
minal PEST-like sequence in LLO (37–41). Because of its
unique characteristics, no obvious function for the PLP1N-ter-
minal domain has been proposed.
Here we investigated the contribution of PLP1 to cell inva-

sion, PLP1 sufficiency for membrane damage, the general

mechanism of membrane attack and the role of each domain of
PLP1 in membrane damage.

MATERIALS AND METHODS

Ethics Statement—This study was carried out in strict
accordance with the Public Health Service Policy on Humane
Care and Use of Laboratory Animals and Association for the
Assessment and Accreditation of Laboratory Animal Care
guidelines. The animal protocolwas approved by theUniversity
of Michigan Committee on the Use and Care of Animals (Ani-
malWelfare Assurance A3114–01, protocol 09482). All efforts
were made to minimize pain and suffering.
Parasite Culture—Parasites were maintained in human fore-

skin fibroblasts (HFFs) in Dulbecco’s modified Eagle’s medium
supplemented with 10% calf serum, 10mMHEPES, 2 mM L-glu-
tamine, and 50 �g/ml penicillin/streptomycin. The parent
strain RH�ku80�hxg (42) is derived from the commonly used,
virulent RH strain (43). The geneticallymodified strains used in
this study are described in other sections of the text.
Invasion Assays—Parasites were inoculated at a high (�300

�l) or low (�50 �l) passage in T25 flasks of HFF. Following
2-day growth, parasites in high passage flasks had egressed,
whereas parasites in low passage flasks remained intracellular.
Egressed parasites were filter-purified in Endo buffer (44.7 mM

K2SO4, 106mM sucrose, 10mMMgSO4, 20mMTris-H2SO4 (pH
8.2), 5 mM glucose, 3.5 mg/ml bovine serum albumin) (44), and
a red-green invasion assay was performed as previously
described (45). Low passage flasks were washed twice with
room temperature Endo buffer, scraped, and syringe-passed
prior to filter purification in Endo buffer and subsequent inva-
sion assay. Immunofluorescence was performed as previously
described (45), and 15 fields of view (total magnification,�400)
per strain were examined on a Zeiss Axio inverted microscope
for attached and invadedparasites.Graphs depict the average�
S.D. of three independent experiments.
Egress Assays—Parasites were inoculated into HFFs in an

8-well chamber slide and incubated at 37 °C at 5%CO2 for 30 h.
Wells were washed twice with warm phosphate-buffered saline
(PBS), and egress was tested by adding 120 �l/well of vehicle
dimethyl sulfoxide or 2 �M A23187 in egress assay buffer
(Hanks’ buffered salt solution containing 1 mM CaCl2, 1 mM

MgCl2, and 10 mM HEPES) and incubated for 2 min in a 37 °C
water bath. Egress was stopped by addition of 2� fixative (8%
formaldehyde in 2� PBS). Immunofluorescence was per-
formed to stain parasites with antibodies to surface antigen 1
and the parasitophorous vacuole membrane with antibodies to
dense granule protein 7. At least 10 fields of view (magnifica-
tion,�400) per conditionwere imaged on a Zeiss Axio inverted
microscope, and a minimum of 100 vacuoles, with 4 or more
parasites per vacuole, was scored as occupied or unoccupied.
Graphs depict the average � S.D. of three independent
experiments.
PLP1 Knock-out and Complementation—PLP1 was geneti-

cally ablated in the RH�ku80�hxg strain using the same
approach described previously (7). The PLP1 complementation
vector was constructed by replacing the 5� and 3� flanks of the
microneme protein 2 (MIC2)-associated protein (M2AP) com-
plementation vector with PLP1 5�- and 3�-untranslated regions
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amplified from genomic DNA (45). The PLP1 signal anchor,
amplified from cDNA, restriction enzyme cloning sites, and the
epitope tag, were generated by fusion PCR and cloned into the
vector by restriction enzyme digestion and ligation. PLP1
domain boundaries were based on computational predictions
of the conservedMACPFdomain, delineating the protein into a
central MACPF domain and an N- and C-terminal domain (7).
PLP1 domain-deleted constructs were PCR amplified from
cDNA and cloned into the complementation vector by restric-
tion enzyme digest and ligation.
The RH�ku80�hxg, RH�ku80�plp1 strains were transfected

with 50�g of the dsRed expression plasmid (46), linearizedwithin
the tub promoter, and cloned by limiting dilution. DsRed strains
weremaintainedwith chloramphenicol selection. The PLP1 com-
plementation vector was digested within the 5� and 3� flanks and
transfected into the RH�ku80�plp1dsRed strain and maintained
under 340 �g/ml 6-thioxanthine in Dulbecco’s modified Eagle’s
medium/10 mM HEPES/1% dialyzed FBS and cloned by limiting
dilution. Clones were confirmed by PCR of genomic DNA and by
immunoblotting.
Recombinant Protein Cloning, Expression, and Purification—

PLP1 sequences were PCR amplified from cDNA and cloned
into the pET15b expression vector by restriction enzyme diges-
tion and ligation. The expression vector was transformed into
BL21 codon � Escherichia coli. Expression was induced with 1
mM isopropyl 1-thio-�-D-galactopyranoside at OD 0.4–0.6 at
room temperature for 4–10 h and confirmed by Coomassie
Blue staining and immunoblotting. Soluble constructs (PLP1
Nterm andCterm)were purified by nickel affinity columnpuri-
fication. Insoluble constructs (mature recombinant PLP1,
recombinant MACPF domain) were isolated by extracting
inclusion bodies as described by the manufacturer (Novagen).
Briefly, inclusion bodies were denatured with 6 M guanidine
hydrochloride, allowed to bind to the column for 1 h at room
temperature or 4 °C overnight, washed, and eluted with nonde-
naturing buffers. All recombinant protein samples were buffer-
exchanged into 50 mM NaCl, 10 mM Tris-HCl (pH 8.0).
Recombinant M2AP was generated as described previously

(47). The recombinant LLO expression vector was a kind gift
from Mary O’Riordan (48). LLO was expressed and purified in
the same manner as mature recombinant PLP1.
Antibody Production—Recombinant PLP1 was used to gen-

erate antibodies in mice as described previously with 50 �g of
recombinant protein per injection (49) and in rabbits by a com-
mercial service (Cocalico). Recombinant N- and C-terminal
domains were used to affinity-purify domain-specific antibod-
ies from rabbit sera using an amino-link kit according to the
manufacturer’s instructions (Pierce). Specificity and approxi-
mately optimal dilutions were determined by immunoblotting
and immunofluorescence.
Lytic Activity—Lytic activity on host cells was tested by incu-

bating HFFs in an 8-well chamber slide with 100 nM recombi-
nant protein (M2AP, PLP1, or LLO) in egress assay buffer/12.5
�g/ml propidium iodide/10mM dithiothreitol. Cells were incu-
bated for 10 min at 37 °C, washed twice with warm PBS, and
fixed with formaldehyde. Immunofluorescence was performed
for PLP1, and nuclei were stained with 4�,6-diamidino-
2-phenylindole.

Hemolysis was tested by incubating washed sheep red blood
cells at 2% final hematocrit in PBS with varying concentrations
of recombinant protein. Red blood cells were incubated for 1 h
at 37 °C and pelleted by centrifugation at 500 � g for 5 min.
Supernatant was collected and absorbance at 540 nM read in a
96-well plate reader. The assay was performed with triplicate
wells, normalized to 1% Triton X-100 lysis.
Membrane Flotation—Membrane flotation was performed

on host cell debris isolated from fully egressed cultures. Para-
sites were separated from host cell debris by centrifugation at
1000� g for 10min. Supernatant was collected and centrifuged
again. The second supernatant was subjected to ultracentrifu-
gation at 25,000 rpm for 1 h in a Thermo Scientific SorvallWX
Ultra Series centrifuge. The high speed pellet (HSP) was
washed once by resuspension in PBS and centrifugation as in
the previous step. A sucrose density gradient was applied to
the pellet. The pellet was resuspended in 750 �l of 85%
sucrose and overlaid with 3 ml of 65% sucrose and 1 ml of
10% sucrose. Sucrose solutions were prepared in 100 mM

NaCl, 10 mM Tris-HCl (pH 7.4). Sucrose gradient samples
were centrifuged at 35,000 rpm for 16 h at 4 °C in a Thermo
Scientific Sorvall WX Ultra Series centrifuge. Fractions (0.5
ml each) were collected from the top of the gradient and
applied to SDS-PAGE. Blots were probed for PLP1, dense
granule protein 4, or microneme protein 5.
Membrane flotation of recombinant N- and C-terminal

domains was accomplished by preparing red blood cell ghosts
as previously described (50). 20 �M (final concentration)
recombinant protein was mixed with or without 2 � 107 red
blood cell ghosts in 100 �l of PBS and incubated at 37 °C for 15
min. A sucrose density gradient was applied by mixing the pro-
tein samplewith 400�l of 85% sucrose and then overlayingwith
900 �l of 65% sucrose and 200 �l of 10% sucrose. Samples were
centrifuged in a Thermo Scientific Sorvall MTX 150 microul-
tracentrifuge at 90,000 rpm for 3 h. Fractions (200�l each)were
collected and examined by SDS-PAGE and immunoblotting for
the His6 epitope tag.
SDS-Agarose Gel Electrophoresis—SDS-agarose gels were

prepared by boiling 1% (w/v) agarose in SDS-running buffer (25
mM Tris (pH 8), 250 mM glycine, 0.1% (w/v) SDS), poured into
15 � 17-cm vertical glass plates with a 1.5-mm gap, and cooled
to room temperature. Parasite lysate was obtained by filter
purification and lysis with hot sample buffer. Lysate and HSP
were electrophoresed at 5–8 mA and transferred to PVDF
membrane in a semidry transfer machine at 20 V for 70 min.
Titin frommousemuscle lysate was used as a size standard, and
PVDF membranes were briefly stained with Coomassie Blue
prior to immunoblotting for PLP1.
Hexafluoroisopropanol (HFIP) Treatment—HSP was TCA-

precipitated and resuspended in 500 �l of buffer (50 mM NaCl,
10 mM Tris (pH 7.4)) or HFIP. Samples were allowed to dry in a
Speed-Vac, and pellets were resuspended in sample buffer prior
to SDS-PAGE and immunoblotting for PLP1.
Domain Deletion Construct Expression and Secretion—Para-

sites were filter-purified and attached to a glass slide coated
with BD-CellTak (BD Biosciences) prior to fixation with etha-
nol. Immunofluorescence was performed for PLP1 and MIC2,
and nuclei were stained with 4�,6-diamidino-2-phenylindole.
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Intracellular parasites inoculated for 24 h were also fixed with
ethanol prior to staining for PLP1 andMIC2. Results are repre-
sentative of two or more independent experiments.
For immunoblot detection, parasites were filter-purified in

PBS, counted, and lysed in hot sample buffer. Parasites (1.5 �
107) were loaded per lane and probed for PLP1 and MIC2.
Microneme secretion with ethanol induction was performed as
previously described (51), and samples were probed for PLP1
and MIC2.
Plaque Assay—Parasites were filter-purified and counted,

and 50 parasites were inoculated into eachwell of a 6-well plate.
Plates were incubated for 7 days and stained with crystal violet.
Plaque number was determined by visual examination. Plaque
area was determined by measuring plaque diameter in two
dimensions in bright field on a Zeiss Axio invertedmicroscope,
averaging the diameters for 10 plaques/strain, and approximat-
ing a circle in area. Graphs represent the average� S.D. of three
independent experiments.
PVM Permeabilization and Lytic Activity—PVM permeabi-

lization was tested by inoculating parasites in HFF as described
for the egress assay. Following a 30-h incubation, wells were
washed twice with warm PBS, and parasites were immobilized
by treating with 1 �M cytochalasin D in egress assay buffer (120
�l/well) at 37 °C for 3 min. Microneme secretion was induced
by addition of 120�l of egress assay buffer/1�M cytochalasin D
with dimethyl sulfoxide or 4 �M A23187 for 3 min. Secretion
was halted by addition of 240 �l of 2� fixative. Cells were
stained with 4�,6-diamidino-2-phenylindole and imaged as
above. Infected cells were determined by bright field, whereas
release of dsRed from the parasitophorous vacuole to the host
cytosol indicated PVM permeabilization. Lytic activity was
determined by normalizing PVMpermeabilization towild-type
(WT) parasites. Graphs represent the average � S.D. of three
independent experiments.
Mouse Virulence—Ten 6-week-old female Swiss-Webster

mice were injected intraperitoneally with 10, 100, or 1000
tachyzoites and observed formorbidity.Mice that becamemor-
ibund were humanely euthanized.

RESULTS

Loss of PLP1 Leads to a Secondary Invasion Defect—PLP1 has
been previously identified as an important egress factor (7). In

addition to the striking defect in rapid egress observed on the
level of individual infected cells, we show here that this defect is
observed on a population level (Fig. 1A). The majority of PLP1-
deficient parasites remain trapped in the parasitophorous vac-
uole 2 min after ionophore addition whereas other strains such
as RH (the original parent for all of the strains used in this
study), �hxg, and m2apko efficiently exit from cells. Whereas
PLP1 had been noted to have an invasion defect (7), the contri-
bution of PLP1 to parasite invasion was unclear. Video micros-
copy revealed that plp1koparasites thatwere able to egress after
a delay appeared to utilize persistent glidingmotility to eventu-
ally break through the PVM and escape from the cell (7).
Accordingly, we reasoned that plp1ko parasites might exhaust
limited resources such as the microneme contents in their pro-
longed attempts to breach the PVM, thus leaving them less
competent for cell invasion. To this end,we compared cell inva-
sion of naturally egressed (Fig. 1B) and mechanically liberated
parasites (Fig. 1C). The �40% decrease in invasion of naturally
egressed plp1ko is similar to that observed form2apko, a para-
site strainwith a previously reported invasion defect (45). How-
ever, mechanically liberating the parasites restored plp1ko
invasion to that of the parental strain (�hxg) but did not rescue
m2apko invasion, consistent with the plp1ko invasion defect
being secondary to the egress defect. We also noted a 5–7-fold
increase in cell invasion for mechanically liberated parasites
over naturally egressed parasites. The increased invasiveness of
mechanically liberated parasites could be due to preserving lim-
iting components that would normally be depleted during
egress and extracellular existence. The findings support a
model in which economical egress promotes efficient cell
invasion.
PLP1 Is Sufficient for Membrane Permeabilization, Likely via

a Canonical Mechanism of Membrane Attack—Kafsack et al.
(7) showed that PLP1 is necessary for ionophore-induced PVM
permeabilization, so we next asked whether PLP1 activity was
sufficient for membrane damage. We produced recombinant
and refolded PLP1 in E. coli and tested it for lytic activity on
host cells and erythrocytes. Recombinant protein was incu-
batedwith host cells in the presence of propidium iodide, which
stains nuclei of cells with membrane damage. Host cells incu-
bated with PLP1 or LLO exhibited propidium iodide-stained

FIGURE 1. Loss of PLP1 leads to a primary egress defect and a secondary invasion defect. A, 30-h vacuoles were treated with vehicle (dimethyl sulfoxide
(DMSO), white bars) or ionophore (A23187, black bars) for 2 min and �100 vacuoles in �10 fields of view scored by immunofluorescence as occupied or
unoccupied vacuoles. B and C, naturally egressed (B) or mechanically liberated (C) parasites were tested for invasion defects by red/green invasion assay; light
gray bars � attached parasites, dark gray bars � invaded parasites. Fifteen fields of view were counted per strain per experiment. Graphs display the mean �
S.D. (error bars) of three independent experiments (*, p 	 0.05 by one-tailed Student’s t test compared with RH).

Mechanism of Toxoplasma PLP1 Pore Formation

MARCH 22, 2013 • VOLUME 288 • NUMBER 12 JOURNAL OF BIOLOGICAL CHEMISTRY 8715



nuclei, whereas those incubated with buffer or recombinant
M2AP excluded propidium iodide (Fig. 2A). PLP1 and LLO
were both hemolytic, whereas M2AP failed to lyse red blood

cells (Fig. 2B). Recombinant PLP1 and LLO were of similar
purity (supplemental Fig. S1). These assays confirm that PLP1 is
sufficient for membrane damage.
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Previouswork onCDCs, complement, and perforin suggest a
common mechanism for pore formation. These proteins are
generally secreted as monomers that bind to a receptor(s) on
the target cell, oligomerize, and undergo a structural rearrange-
ment to cross the target cell membrane, creating a large trans-
membrane lesion (32). To examine PLP1 membrane binding
and oligomerization in vivo, we isolated host cell debris in an
HSP from naturally egressed cultures of RH and plp1ko and
tested for PLP1membrane association via flotation in a sucrose
density gradient. In an immunoblot of gradient fractions, PLP1
was observed in the lighter density fractions along with another
PVM protein, dense granule protein 4 (Fig. 2C). Microneme
protein 5 is a secreted protein with no knownmembrane bind-
ing capacity; accordingly, no microneme protein 5 was
observed in the HSP (data not shown) or in the membrane-
associated fractions. Recombinant microneme protein 5 added
to the bottomof the gradient with theHSP remained associated
with the higher density fractions, confirming a lack of mem-
brane association. Treatment of the HSP with sodium bicar-
bonate, pH 11.5, did not extract PLP1 from themembrane frac-
tions, suggesting it is embedded in membranes (Fig. 2D).
Interestingly, whereas monomeric PLP1 in parasite lysate

migrates at 130 kDa, we observemembrane-associated PLP1 in
the well and at the interface between the stacking gel and sep-
arating gel (Fig. 2C). Additional PLP1 was observed between
these landmarks. This severely retardedmigration suggests that
PLP1 forms large, highly stable oligomeric complexes that are
resistant to boiling in SDS-PAGE sample buffer. To
resolve these putative oligomers further, we performed SDS-
agarose gel electrophoresis (SDS-AGE). PLP1 in parasite lysate
migrated as a single band of�130 kDawhereas PLP1 associated
with host cell debris in the HSP migrated as multiple, high
molecular mass complexes (Fig. 2E, arrowheads). These com-
plexes were not observed in samples from plp1ko parasites,
confirming the specificity of the antibody. Because PLP1 is par-
tially processed upon secretion in extracellular parasites (52),
we next asked whether PLP1 is proteolytically processed in
these large molecular mass complexes. We treated the HSP
with HFIP to disrupt protein-protein interactions and analyzed
the samples by SDS-PAGE (Fig. 2F). HFIP treatment resulted in
the loss of PLP1 from the well and stacking gel along with the
concurrent appearance of a major band at 130 kDa, similar to
that observed in parasite lysate. We also observed multiple
minor, processed forms of PLP1 upon HFIP treatment, which
suggests some processed PLP1 is incorporated into the high
molecular mass complexes, although the majority of the com-
plex is composed of mature PLP1 (Fig. 2F). We conclude that
PLP1 forms large, membrane-embedded oligomers, consistent

with the established mechanism of oligomerization and mem-
brane insertion by other members of the MACPF and CDC
protein families.
Precise Generation of plp1ko Domain Deletion Complemen-

tation Strains—Whereas PLP1 has a highly conserved MACPF
domain, the N- and C-terminal domains flanking it are unique
(7, 34).We hypothesized theMACPF domain to be required for
oligomerization and membrane permeabilization. The PLP1
C-terminal domain is predicted to be �-sheet rich, a feature of
other pore-forming protein C-terminal domains involved in
target cell membrane binding. The PLP1 N-terminal domain
has no conserved sequence, and most pore-forming proteins
lack N-terminal domains. To identify functional domains of
PLP1, we devised a novel complementation strategy involving
regenerating the PLP1 knock-out in the genetically tractable
RH�ku80 background and complementing the knock-out at
the PLP1 locus by double homologous recombination and neg-
ative selection against the hypoxanthine xanthine guanine
phosphoribosyltransferase (HXG) drug selection marker (Fig.
3A). The recreated knock-out was confirmed by PCR and
immunofluorescence (Fig. 3, B andD). A panel of domain dele-
tion mutants was designed based on the computational predic-
tion of theMACPFdomain (Fig. 3C). Replacement ofHXGwith
PLP1 cDNA at the PLP1 locus was confirmed by PCR (Fig. 3B).
Fig. 3E indicates the genotypes and hereafter used colloquial
names for these complementation strains. Fig. 3E also lists the
presence or absence of spheres in egressed cultures, a charac-
teristic of PLP1 deficiency and egress failure (see also supple-
mental Fig. S2 for images of egressed cultures). The absence of
spheres in the WT comp and MACPF�Cterm strains prelimi-
narily suggests normal or near normal egress whereas the pres-
ence of spheres in plp1ko and all of the other domain deletion
strains implies defective egress.
Expression and localization of the domaindeletionswere tested

by immunofluorescence, immunoblotting, and a microneme
secretion assay. Although the complementation plasmid
included a C-terminal epitope tag, tagged protein was not
detected by immunofluorescence, and only a faint proform of
PLP1 was observed by immunoblotting (data not shown).
These findings suggest that the epitope tag is removed after the
protein is synthesized, possibly by proteolysis whereas the pro-
tein traffics to the micronemes. Immunofluorescence with an
antibody to the entiremature PLP1 (�PLP1) showed absence of
PLP1 in plp1ko and the presence of apical fluorescence in the
complemented strains, which co-localized with microneme
protein 2 in most extracellular parasites (Fig. 3D) and intracel-
lular parasites (supplemental Fig. S3). Immunoblotting parasite
lysate with �PLP1 showed that the WT comp is expressed at a

FIGURE 2. PLP1 is sufficient for lytic activity and binds and oligomerizes on host membranes. A, host cells were incubated for 10 min at 37 °C with buffer
alone, 100 nM recombinant M2AP, PLP1, or LLO and propidium iodide, which stains nuclei of cells with membrane damage. Immunofluorescence was
performed for PLP1. The PLP1 antibody cross-reacted with LLO, but not M2AP. B, lytic activity was observed by hemolysis assay with varying concentrations of
recombinant protein. Graph displays the mean � S.D. (error bars) of triplicate wells and is representative of three independent experiments. C, sucrose gradient
membrane flotation of cell debris after parasite egress revealed PLP1 and dense granule protein 4 (GRA4) signal associated with lighter density (membrane)
fractions. Endogenous microneme protein 5 (MIC5) was not detected due to lack of membrane binding activity. Recombinant MIC5 added to the cell debris
sample was associated with the higher density fractions, also indicative of no membrane binding. Low density, high molecular mass PLP1 signal is absent in the
PLP1 knock-out sample. D, membrane-associated PLP1 is resistant to alkaline treatment, indicative of membrane integration. E, in parasite lysate (L), PLP1
migrated rapidly on SDS-agarose, whereas in the HSP (host cell debris), PLP1 signal occurred in multiple, slowly migrating complexes (arrowheads). F, treatment
of HSP with HFIP, which disrupts hydrophobic interactions, led to PLP1 migrating at the same molecular mass as in parasite lysate (L), along with some smaller
processed forms (arrowheads). Molecular mass markers are indicated in kDa.
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FIGURE 3. Generation of plp1 knock-out and complementation strains for domain deletion analysis and immunofluorescence of complemented
strains. A, the plp1 knock-out was generated in the RH�ku80�hxg strain by replacing the PLP1 locus with the HXG drug selection marker. The plp1ko was
complemented at the endogenous locus by double homologous recombination and negative selection. B, PCR on parasite genomic DNA demonstrated plp1
locus replacement with HXG in the knock-out and HXG replacement with PLP1 cDNAs in complemented strains. C, PLP1 domain structure and domain deletions
tested in this study are shown. D, immunofluorescence with a polyclonal PLP1 antibody showed some PLP1 complementation constructs co-localized with
MIC2, whereas other constructs were poorly detected. Scale bars, 2 �m. E, parasite strains investigated in this study are listed, including the genotype, common
name used throughout this paper, and the presence or absence of spheres in postegressed cultures. Spheres were observed by bright field examination of
egressed cultures, and images were acquired on bright field at a magnification of �200 on a Zeiss Axio inverted microscope.
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slightly lower level than the WT parental PLP1, despite com-
plementation at the endogenous locus (Fig. 4A). This lower
expression could be due to the absence of introns and mRNA
splicing or the transient presence of the epitope tag. As
confirmed by affinity-purified domain-specific antibodies
(�Nterm,�Cterm), the domain deletionswere expressed at lev-
els similar to the WT comp except for the N-terminal domain
and the MACPF domain, which were poorly detected (middle
and lower panels of Fig. 4A). Low detection may be due to poor
antigenicity or from protein instability. Ethanol-induced secre-
tion was observed for all of the domain deletions, further sup-
porting the localization of these constructs to the micronemes

(Fig. 4B). Because the PLP1 signal anchor is the only translated
element common to all of the constructs, our findings are con-
sistent with it being sufficient to target the constructs to the
micronemes. In secreted samples, we detected proteolytic
processing of constructs containing the N-terminal domain,
which mirrors the previously reported processing of PLP1 by
subtilisin 1 (SUB1), a micronemal subtilisin-like protease (Fig.
4, B and C) (52).
PLP1 Domain Deletion Leads to Intermediate or Complete

Loss of Function—Having established expression and secretion
of the mutant constructs, we next tested for defects in the lytic
cycle by plaque assay. Equal numbers of parasites for each strain

FIGURE 4. PLP1 domain deletion constructs are expressed by the parasites and secreted from the micronemes. A, parasite lysate immunoblotted with a
polyclonal (�PLP1) or affinity-purified (�Nterm, �Cterm) PLP1 antibodies. Arrowheads indicate faint bands specifically detected by the antibodies. The sche-
matic below indicates domains recognized by the antibodies. B, microneme secretion induced with 1% ethanol and the secreted fraction immunoblotted for
PLP1 and MIC2. C, immunoblot of secreted fractions demonstrating that PLP1 is processed in the N-terminal domain, indicated by the presence of multiple
bands detected by the PLP1 antibody in constructs with the N-terminal domain and absent in the plp1ko. Arrowheads indicate specific bands for single domain
constructs. Molecular mass markers are indicated in kDa.
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were allowed to form plaques in HFF cell monolayers for 1
week. We observed no significant differences in plaque num-
bers among WT, plp1ko, and complemented strains (Fig. 5A),
suggesting equal viability and that none of the deleted PLP1
domains is required for suppressing PLP1 lytic activity during
membrane transport or storage in the micronemes. Accord-

ingly, we experienced no obvious problems in complementing
the plp1ko with any of the domain deletions as might be
expected for expression of a toxic mutant.
Although plaque numbers were similar between strains, we

observed a conspicuous difference in plaque size between WT
and plp1ko parasites. WT parasites formed large plaques, and

FIGURE 5. Phenotypic analysis of PLP1 domain deletion strains reveals intermediate or nonfunctional complementation. A, 50 parasites per well were
allowed to form plaques for 7 days. B, plaque area was measured by determining the average diameter in two dimensions and approximating a circle. C, egress
was tested following ionophore (A23187) treatment by immunostaining vacuoles for dense granule protein 7 (GRA7) and parasites for surface antigen 1 (SAG1)
and quantifying vacuoles containing parasites (occupied) and parasite-free vacuoles (unoccupied). D, time course of parasite egress is shown as in C with
indicated times for each strain. E, PVM permeabilization was determined by treating infected cells with cytochalasin D prior to ionophore (A23187) treatment
and fixation; infected cells were identified by bright field, and PVM permeabilization was indicated by release of the PV-targeted fluorescent protein dsRed into
the host cytosol. F, lytic activity determined from PVM permeabilization was normalized to WT parasites. Graphs depict the average � S.D. (error bars) of three
independent experiments. *, p 	 0.05 by one-tailed Student’s t test. G, mouse survival after infection. Ten Swiss-Webster mice per strain were injected
intraperitoneally with the indicated numbers of parasites and monitored for morbidity and mortality.
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plp1koparasites formedmuch smaller plaques. This decrease in
plaque size is likely due to both the pronounced egress defect
and the moderate invasion defect. Interestingly, plaque size of
the complemented strains mirrored WT or the plp1ko for the
majority of the strains; however, theMACPF�Cterm (i.e. dele-
tion of the N-terminal domain) strain had an intermediate
plaque size (Fig. 5B).
In an induced egress assay, themajority ofWT parasites rap-

idly leave the vacuole whereas plp1ko parasites remain associ-
ated with the vacuole over the course of several minutes. In the
complemented strains, theWT comp is similar toWT in egress
andmost other strains resemble the knock-out, indicating non-
functional complementation. Again, the MACPF�Cterm
strain showed an intermediate phenotype with the majority of
parasites still in vacuoles, although more parasites egress than
the plp1ko (Fig. 5C). We then compared the kinetics of egress
for the WT comp, MACPF�Cterm, and plp1ko strains. The
egress time course showed that the MACPF�Cterm parasites
have a notable delay in egress but do not remain trapped as long
as the plp1ko parasites (Fig. 5D).
To determine whether the differences in egress were due to

differences in PLP1 lytic activity, we tested the complemented
strains for their ability to permeabilize the PVM by immobiliz-
ing intracellular parasites with cytochalasin D prior to iono-
phore treatment. PVM permeabilization was observed by
release of the fluorescent vacuolar marker dsRed into the host
cytosol.We found thatmostWTparasites exhibited a damaged
PVM, whereas plp1ko parasites showed an intact PVM (Fig.
5E). The complemented WT strain showed somewhat less
PVM damage, likely due to the lower level of PLP1 expression.
Most other strains had no significant PVM damage; however,
the MACPF�Cterm strain showed more PVM damage than
the plp1ko. By normalizing PVM permeabilization to WT, we
observed 80% of WT activity in the WT comp and 20% of WT
activity in theMACPF�Cterm (Fig. 5F). Loss of theN-terminal
domain does not abolish PLP1 lysis activity, but reduces it sub-
stantially. The absence of spheres from naturally egressed cul-
tures of MACPF�Cterm parasites is consistent with lytic
egress occurring in this strain without the failure events seen in
nonfunctional strains. Together, these results support a crucial
role for the MACPF and C-terminal domains for PLP1 activity
because complemented strains lacking one of these domains
had no PLP1 activity.
Although plp1ko parasites can be propagated normally in

vitro, previous work demonstrated a substantial virulence
defect in the mouse infection model (7), implying that rapid
parasite egress is crucial for pathogenesis. TheMACPF�Cterm
complemented strain provided another tool with which to
investigate the role of rapid egress in pathogenesis because this
strain had an egress defect that was intermediate between WT
and plp1ko. To examine this further, we infected mice with 10
or 100WT comp or MACPF�Cterm parasites, or 1000 plp1ko
parasites and observed the outcome of infection with respect to
mouse survival. As expected, plp1ko showed an attenuation of
virulence, which was reversed in the WT comp. Notably,
MACPF�Ctermparasiteswere also highly virulent and not sig-
nificantly different (p � 0.09 for 10 tachyzoites/mouse) from
the WT comp (Fig. 5G), despite the survival of one mouse

infected with MACPF�Cterm parasites, confirmed by serol-
ogy. These results suggest that even low levels of lytic activity
are sufficient for virulence, and the moderate egress delay does
not have a significant impact on infection.
To identify the basis for nonfunctionality of the domain dele-

tions, we assessed PLP1 membrane binding and oligomeriza-
tion in the complemented strains. Membrane flotation of host
cell debris from naturally egressed, complemented cultures
showed membrane association of high molecular mass com-
plexes for both WT comp and MACPF�Cterm. This suggests
that the Nterm is not required for membrane binding or oligo-
merization. We also observed membrane binding for the
Nterm�Cterm and Nterm�MACPF constructs, but no signif-
icant antibody reactivitywas observed in thewell or stacking gel
for these two constructs (Fig. 6A), indicating the absence of
oligomerization. We were unable to observe any specific anti-
body reactivity upon membrane flotation for other constructs
due to low expression levels, minimalmembrane binding activ-
ity, poor detection, or a combination of these possible
situations.
To determine whether the N- or C-terminal domains were

sufficient formembrane binding, we produced the correspond-
ing recombinant,His-tagged proteins inE. coli. TheN-terminal
domain was expressed as a soluble product and the C-terminal
domain was partially soluble. Recombinant Nterm was pro-
cessed by bacterial proteases in a pattern similar to endoge-
nous, secreted Nterm, and the Cterm was unprocessed by par-
asitic or bacterial proteases (Figs. 4C and 6B). This suggests that
similar protease-sensitive sites are exposed on recombinant
and endogenous Nterm and that recombinant Nterm is struc-
turally similar to the endogenous construct. We attempted to
generate recombinant MACPF domain, but this construct was
poorly expressed, largely insoluble and unstable in solution
upon refolding (data not shown). Recombinant Nterm and
Cterm were incubated with red blood cell ghosts and subjected
to membrane flotation. Both processed and unprocessed
Nterm as well as the Cterm constructs were detected in lighter
density sucrose fractions in the presence of membranes, con-
sistent with these domains each being sufficient for membrane
association (Fig. 6B).

Wenext examinedpotential oligomers of strainswith detect-
able PLP1 construct membrane association by HFIP treatment
of the HSP. We observed PLP1 in the well and stacking gel for
both WT comp and MACPF�Cterm as previously noted, and
no significant high molecular mass bands for the
Nterm�Cterm and Nterm�MACPF (Fig. 6C). Treatment of
the HSP with HFIP resulted in mature and processed PLP1
bands observed in the WT comp and a single band in the
MACPF�Cterm sample. Bands equivalent to the lysate form
are observed in both buffer and HFIP-treated samples of the
Nterm�Cterm and Nterm�MACPF samples. Together, these
results indicate an essential role for the MACPF and Cterm in
PLP1 oligomerization. Although membrane binding was
observed for the Nterm�Cterm, loss of the MACPF domain
precluded oligomerization. For the Nterm�MACPF domain,
the membrane binding observed did not lead to detectable
amounts of oligomerization, suggesting that the protein is not
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positioned to oligomerize when membrane-bound by only the
N-terminal domain.
To determine whetherWT comp andMACPF�Cterm olig-

omers differed in their high molecular mass complexes, we
applied lysate and HSP from both samples to SDS-AGE and
immunoblotted for PLP1. We observed similar high molecular
mass smears for bothWT comp andMACPF�Cterm samples,
confirming that the N-terminal domain is not required for for-
mation of large molecular mass complexes (Fig. 6D).

DISCUSSION
Here we show that PLP1 is sufficient for membrane permea-

bilization and appears to function as a bona fide pore-forming
protein. Loss of PLP1 activity led to a marked egress defect and
a secondary invasion defect. PLP1 has unique functional
domains associated with its conserved MACPF domains
including a membrane binding C-terminal domain that is
required for functionality. Interestingly, the N-terminal
domain also contains membrane binding activity, which pro-

FIGURE 6. Functional analysis of PLP1 domain deletions reveals differences in membrane binding and oligomerization. A, membrane flotation of
host cell debris was acquired from complemented strains immunoblotted for PLP1. Arrowheads indicate specific bands. B, membrane flotation of
recombinant N- and C-terminal domains used red blood cell ghosts (RBCg) and was immunoblotted for the His6 epitope tag. C, host cell debris from
complemented strains was TCA-precipitated, treated with HFIP or buffer, and immunoblotted for PLP1. D, SDS-AGE and PLP1 immunoblotting of WT
comp and MACPF�Cterm lysate (L) and HSP were performed. Marker is Coomassie Blue-stained mouse muscle lysate; the indicated sizes are in kDa.
Arrows indicate monomers in lysate.
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motes PLP1-mediated membrane damage but is not required
for pore formation or pathogenesis.
Our findings indicate that loss of PLP1 leads to a secondary

invasion defect based on showing that mechanical release of
plp1ko parasites restored invasion to parental levels. Thus,
PLP1 is likely dedicated to parasite egress and does not play a
direct role in invasion. Because PLP1 is probably secreted from
micronemes during both egress and invasion, how its activity is
differentially regulated during these events remains unknown.
PLP1 is expected to be active during egress to permeabilize the
PVM but inactive during invasion to maintain membrane
integrity for the formation of the nascent PV. Although PLP1 is
processed in its N-terminal domain, this proteolysis may play
an inhibitory role rather than an activating one. In support of
this notion, loss of the N-terminal domain reduced PLP1 activ-
ity and the majority of PLP1 observed in native oligomers is
unprocessed. Additionally, genetic ablation of SUB1, the prote-
ase responsible for processing PLP1 in the secreted fraction,
does not affect egress (52), indicating that processing is not
required for PLP1 activity. On the other hand, if SUB1 process-
ing of PLP1 suppresses lytic activity, proteolysis may be down-
regulated during egress to promote PVM lysis and enhanced
when parasites are extracellular to protect surrounding host
cells or the parasite itself. SUB1-deficient parasites have an
invasion defect due to the lack of processing several invasion-
related proteins. Whether the absence of PLP1 proteolysis in
SUB1-deficient parasites and the proposed derepression of lytic
activity play a role in this invasion defect is unknown. If SUB1
activity is suppressed during egress there may be functional
differences in other SUB1 substrates during egress and
invasion.
It is also interesting to note the substantial increase in para-

site attachment and invasion for mechanically lysed versus nat-
urally egressed parasites. The enhanced invasion of mechani-
cally liberated parasites suggests that such parasites aremore fit
for entry. Although parasite inoculation and harvest occurred
at the same time for both conditions, natural egress occurs
somewhat asynchronously, and this is likely a source of varia-
tion in invasion assays because parasites continuously secrete
micronemes while extracellular.
Previous work demonstrated that PLP1 is necessary for PVM

permeabilization (7). Here we have shown that PLP1 is suffi-
cient for membrane disruption. Although it is possible that
other parasite or host factors regulate PLP1 activity, the results
with recombinant protein PLP1 indicate that they are not nec-
essary for its function. The Toxoplasma genome contains
another putative pore-forming protein termed perforin-like
protein 2 (PLP2). Although PLP2 expression has not been care-
fully examined, the lack of lytic activity in the absence of PLP1
suggests that PLP2 does not have lytic activity independent of
PLP1. Determining the extent to which PLP2 contributes to
egress or another function awaits the creation of a PLP2-defi-
cient strain.
To examine the role of each PLP1 domain in lytic activity, we

complemented the knock-out parasites with domain deletion
constructs. The enhanced homologous recombination of the
RH�ku80 strain permitted targeting the constructs to the
endogenous locus, resulting in expression under the native pro-

moter. We found that the PLP1 signal anchor is sufficient for
microneme targeting of all tested PLP1 domains as we observed
apical localization by immunofluorescence and ethanol-in-
duced secretion. Similar to the previously generated randomly
integrated PLP1-complemented strain (7), we observed less
PLP1 expression in the WT-complemented parasites than the
parental strain. This suggests that intronic sequences promote
expression or that the epitope tag interferes with expression, or
a combination of the two scenarios. Importantly, we observe
similar levels of expression for most of the domain deletion
constructs using affinity-purified domain-specific antibodies.
The lower levels of expression observed for the Nterm and
MACPF domains expressed individually may be due to proteo-
lytic processing of the Nterm and a lack of epitopes in the
MACPF domain, and/or construct instability and degradation.
Regardless, the domain deletion complementation strategy was
useful for determining the functional role for each domain in
pore formation in vivo, a first of its kind for a MACPF protein.
The finding of predicted functions for the MACPF and

�-sheet-rich C-terminal domain highlights the conservation of
this domain family. The MACPF domain is necessary for olig-
omerization and membrane permeabilization whereas the
C-terminal domain providesmembrane binding activity neces-
sary for pore formation.We also identified a novel activity for a
MACPF-associated N-terminal domain in membrane binding.
We speculate that binding through theN-terminal domain pro-
vides anothermeans of enhancing lytic activity by allowing rec-
ognition of more than one membrane receptor. An N-terminal
lectin-binding domain in the CDC lectinolysin binds to Lewis
blood group antigen on the surface of erythrocytes and is
thought to enhance pore formation by concentrating the toxin
at fucose-rich sites on target membranes (37, 39). Although
C8� has lectin binding activity, it is a lipocalin protein associ-
ated with C8� andC8� and does not contain aMACPF domain
(53). Whereas the protein sequence of the Nterm is not highly
conserved, other MACPF proteins in apicomplexan genomes
also contain N-terminal domains of varying lengths. Apicom-
plexan parasites complete their life cycle in a wide variety of
hosts and tissues. These domains may provide unique regula-
tory elements necessary for augmenting lytic activity at each
stage of the life cycle.
Although the loss of PLP1 results in an egress delay and pro-

found virulence attenuation, we did not detect a significant vir-
ulence defect for the MACPF�Cterm strain, which also has a
marked delay in egress. This suggests that the presence of lytic
activity, rather than the absolute rate of parasite egress, is the
deciding factor in pathogenesis. The basis of virulence attenu-
ation for the plp1ko parasites is still an open question. What
factors lead to host control of plp1ko infection yet susceptibility
to WT parasites? One deciding factor may be indicated in the
different plaque sizes ofWTand plp1koparasites.WTparasites
form large plaques in a monolayer, and plp1ko parasites form
much smaller plaques despite similar plating efficiency. Plaque
size is dependent onmultiple factors including invasion, egress,
andmotility, and is an indication of parasite viability and capac-
ity to complete the lytic cycle. The small plaque size of PLP1-
deficient parasites is likely due to the combined egress and sec-
ondary invasion defects. plp1ko parasites might expend more
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resources for egress, thus compromising motility during inter-
cellular migration. The combined invasion and egress defects
may render extracellular plp1ko parasites more susceptible to
phagocytosis than WT parasites, which are able to rapidly
egress and invade a neighboring cell, spending a limited time in
the extracellular environment. Additionally, the small plaques
in the plp1ko may indicate a limited amount of lytic damage
occurring in plp1ko infections. High levels of tissue damage
from multiple rounds of lytic replication in WT parasite infec-
tions may exacerbate the immune response whereas reduced
tissue damage by plp1ko parasites may be more efficiently
repaired by the host, resulting in a dampened immune response
and recovery from infection. Verification of these hypotheses
will require more careful examination of the differences in host
immune responses and the lytic damage caused by WT and
plp1ko parasites in the mouse infection model.
The field of pore-forming protein biology has been stimu-

lated with breakthroughs in structural and biochemical tech-
niques. Here we have demonstrated the utility of investigating
the function of a pore-forming protein in a parasite system.
Future studies will contribute knowledge into the diverse ways
pore-forming proteins function and to the molecular mecha-
nisms of virulence in these important pathogens.
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