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The Tomato Defensin TPP3 Binds Phosphatidylinositol (4,5)-
Bisphosphate via a Conserved Dimeric Cationic Grip Conformation
To Mediate Cell Lysis
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Mark R. Bleackley, Marilyn A. Anderson, Marc Kvansakul, Mark D. Hulett

Department of Biochemistry, La Trobe Institute for Molecular Science, La Trobe University, Melbourne, Victoria, Australia

Defensins are a class of ubiquitously expressed cationic antimicrobial peptides (CAPs) that play an important role in innate de-
fense. Plant defensins are active against a broad range of microbial pathogens and act via multiple mechanisms, including cell
membrane permeabilization. The cytolytic activity of defensins has been proposed to involve interaction with specific lipid com-
ponents in the target cell wall or membrane and defensin oligomerization. Indeed, the defensin Nicotiana alata defensin 1
(NaD1) binds to a broad range of membrane phosphatidylinositol phosphates and forms an oligomeric complex with phosphati-
dylinositol (4,5)-bisphosphate (PIP2) that facilitates membrane lysis of both mammalian tumor and fungal cells. Here, we report
that the tomato defensin TPP3 has a unique lipid binding profile that is specific for PIP2 with which it forms an oligomeric com-
plex that is critical for cytolytic activity. Structural characterization of TPP3 by X-ray crystallography and site-directed mutagen-
esis demonstrated that it forms a dimer in a “cationic grip” conformation that specifically accommodates the head group of PIP2
to mediate cooperative higher-order oligomerization and subsequent membrane permeabilization. These findings suggest that
certain plant defensins are innate immune receptors for phospholipids and adopt conserved dimeric configurations to mediate
PIP2 binding and membrane permeabilization. This mechanism of innate defense may be conserved across defensins from dif-

ferent species.

lant defensins are small (~5 kDa), cysteine-rich, cationic pep-

tides that belong to the broad class of innate defense molecules
known as cationic antimicrobial peptides (CAPs). Plant defensins
play a major role in plant innate immunity and have been identi-
fied in all analyzed plant species to date, as either constitutively
expressed or induced defense molecules that are produced in re-
sponse to pathogenic attack or environmental stress (1). The ter-
tiary structure of all plant defensins is highly conserved, compris-
ing a triple-stranded antiparallel B-sheet and a single a-helix
stabilized by four disulfide bridges, known as the “cysteine-stabi-
lized alpha-beta” or “CSa” motif (2). Despite this conserved
three-dimensional structure, there is a high degree of variation in
the primary sequence of plant defensins, particularly at interven-
ing loop regions, which are typically important for activity (3).

Many plant defensins have antifungal activity, but other func-
tions have been reported, including antibacterial activity, ion
channel blocking, protein synthesis inhibition, and trypsin and
a-amylase inhibition as well as roles in heavy metal tolerance,
plant development, and pollen tube guidance (3-5). They can be
divided into two classes based on whether or not a C-terminal
propeptide (CTPP) (of ~33 amino acids) is present (2, 6). This
domain is involved in vacuolar targeting and protects the plant
cells from phytotoxicity during transit through the secretory path-
way (7). Defensins expressed with the additional CTPP domain
are known as class I defensins and have been identified only in the
Solanaceae and Poaceae families. All other plant defensins belong
to class I (2).

The antifungal mechanisms employed by several class I plant
defensins involve, at least in part, cell wall/membrane disruption
of target cells, with reports of various membrane lipids being im-
plicated in this process. For example, the radish defensin RsAFP2
interacts with the sphingolipid glycosylceramide (GlcCer) at the
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cell membrane of Candida albicans, inducing reactive oxygen spe-
cies (ROS) production and cell death (8). The alfalfa defensin
MsDefl also requires the presence of GlcCer to inhibit the
growth of Fusarium graminearum (9). Similarly, membrane per-
meabilization of Saccharomyces cerevisiae by the dahlia defensin
DmAMP1 depends on expression of mannosyldiinositolphos-
phorylceramide (10). More recently, binding to phosphatidic acid
(PA) has been implicated in the membrane-permeabilizing activ-
ity of MtDef4 on Fusarium graminearum (11). Despite the identi-
fication of these lipid ligands for defensins, the molecular basis of
the interactions remains poorly defined. The identification and
characterization of class II defensins, found mainly in floral tissue
and in seeds, have been limited. NaD1, a solanaceous defensin
from the flowers of the ornamental tobacco (Nicotiana alata),
exhibits fungicidal and growth-inhibitory activities toward several
plant-pathogenic fungi, including Fusarium oxysporum, Fusarium
graminearum, Botrytis cinerea, Saccharomyces cerevisiae, Candida
albicans, and several Aspergillus and Cryptococcus species (6, 12—
15). NaD1 has a three-stage mechanism that involves cell wall
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binding, membrane permeabilization, and entry into the cyto-
plasm that results in cell death for both hyphal and yeast fungal
forms (14). Furthermore, NaD1 has been reported to induce Ca**
influx and K™ efflux, ROS production, and activation of the high-
osmolarity glycerol (HOG) stress response pathway in certain
fungi (13, 16). More recently, we demonstrated that dimerization
of NaD1 is important for antifungal activity. The dimer has an
extensive positively charged surface that may promote the inter-
action with negatively charged moieties within the fungal cell wall
and/or membrane (15). As the ability of defensins to form dimers
has been reported previously (17), these data suggest that dimeric
configurations of defensins are likely to be of functional impor-
tance for their antimicrobial activity. We subsequently showed
that NaD1 interacts with a broad range of phosphatidylinositol
phosphates with specific binding to the plasma membrane phos-
pholipid, phosphatidylinositol (4,5)-bisphosphate (PIP2), being
critical for membrane permeabilization (18). The crystal structure
of the NaD1-PIP2 complex revealed an oligomer comprising
seven NaD1 dimers in a cationic grip conformation bound to 14
PIP2 molecules. A number of positively charged amino acids were
identified in the B2-B3 loop region of NaD1 that mediate interac-
tion with the negatively charged phospho-head groups of PIP2,
and these residues were confirmed to play a role in both fungal and
mammalian cell membrane permeabilization (18). These findings
provided, for the first time, evidence of (i) a membrane phospha-
tidylinositol as a defensin target and (ii) lipid-mediated oligomer-
ization of a defensin as a key mechanism of action.

The Solanaceae family includes tobacco, tomato, petunia, cap-
sicum, eggplant, chili, and several other species. To date, only a
few defensins from Nicotiana, petunia, and tomato have been iso-
lated. The relatively high sequence identity and proposed struc-
tural conservation among class II solanaceous defensins have
prompted the question of whether the observed defensin-lipid
complex formation of NaD1 and its role in target cell permeabili-
zation may be conserved within this peptide class. However, no
similar structural or functional studies have been reported for any
other plant defensin to address this question. The tomato pistil
predominant 3 defensin (TPP3) was first identified by Milligan
and Gasser in 1995 when screening for highly expressed proteins
in pistils from tomato flowers (19). It shares 63% amino acid
sequence identity with the mature defensin domain of NaD1 (20,
21). In this study, through several biological and protein biophys-
ical approaches, we have demonstrated that TPP3 adopts the cat-
ionic grip dimeric configuration reported for NaD1 and binds
specifically to PIP2. Lipid binding facilitates oligomerization and
induces membrane permeabilization of both mammalian and
fungal cells. These observations reveal a conserved mechanism of
action between class II defensins and support a growing body of
evidence for the requirement of highly specific defensin-lipid in-
teractions at the membrane of target cells to elicit cytolysis within
this peptide class.

MATERIALS AND METHODS

Cell lines. Human epithelial cervical cancer (HeLa) cells and leukemia
monocyte lymphoma (U937) cells were cultured in RPMI 1640 medium
(Invitrogen) at 37°C and 5% CO,. All culture media were supplemented
with 5 to 10% fetal calf serum, 100 U/ml of penicillin, and 100 pg/ml of
streptomycin (Invitrogen).

Expression and purification of defensins. The mature form of NaD1
was isolated from flowers of the ornamental tobacco Nicotiana alata as
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described previously (6). The mature defensin domain of TPP3 or the
point mutants TPP3(K6A), TPP3(K28A), TPP3(Q40L), and TPP3(K42E)
were expressed as secreted recombinant proteins in the methylotrophic
yeast Pichia pastoris and purified using an SP Sepharose column (GE
Healthcare Biosciences) as described previously (21).

Mammalian tumor cell viability and membrane permeability as-
says. For flow cytometry-based membrane permeabilization assays, hu-
man myeloid leukemia U937 cells at 1 X 10° cells/ml in RPMI 1640 me-
dium containing 0.1% bovine serum albumin (BSA) were treated with
defensins at 37°C for 30 min prior to addition of propidium iodide (PI) (1
pg/ml) or ToPro-3 (1 wM; Life Technologies) and flow cytometry analy-
sis. In certain experiments, cells were treated with neomycin (2.5 to 20
mM) for 30 min prior to the addition of defensins. The release of ATP and
lactate dehydrogenase (LDH) (22) from permeabilized cells was measured
using the ATP bioluminescence assay (Roche) and LDH cytotoxicity assay
kit IT (Abcam), respectively, according to the manufacturer’s instructions.

Fungal growth inhibition assay. The ability of TPP3 and the TPP3
point mutants to inhibit the growth of the filamentous fungus Fusarium
graminearum was assessed by performing fungal hyphal growth inhibition
assays as described previously (13).

Confocal laser scanning microscopy. Live imaging was performed on
a Zeiss LSM-780 confocal microscope using a 63X oil immersion objec-
tive in a 37°C, 5% CO, atmosphere. Adherent cells were cultured on
coverslips prior to imaging, while nonadherent cells were immobilized
onto 1% poly-L-lysine-coated coverslips. All cell types were prepared for
imaging in RPMI 1640 medium containing 0.1% BSA and 1 pg/ml of P or
1 pM To-Pro-3. Defensins were added directly to the imaging chamber
via a capillary tube. In certain experiments, cells were stained with PKH67
(Sigma-Aldrich) prior to imaging, as per the manufacturer’s instructions.
Images were then analyzed using ImageJ software (18) or Zen software
(Zeiss, Oberkochen, Germany). In certain experiments, HeLa cells were
transfected with a plasmid construct for free green fluorescent protein
(GFP) or GFP-PH(PLC31) using Xtreme Gene 9 transfection reagent
(Roche) as per the manufacturer’s instructions prior to imaging. To de-
termine the effects of TPP3 on transfected HeLa cells, images were cap-
tured over a 30 min (1,800-s) time frame from the time of TPP3 addition,
with number of seconds to membrane permeabilization recorded (non-
permeabilized cells were given a time score of 1,800 s).

Protein-lipid overlay assays. Protein-lipid overlays using Membrane
Strip, PIP Strip, and PIP Array (Echelon) assays were performed using 1
pg/ml of defensins as described previously (23). For quantification of all
protein-lipid overlay assays by densitometry, corrected readings for indi-
vidual lipid spots were calculated by subtracting a reading from a region
that was directly adjacent on the strip, representing nonspecific back-
ground.

ATP release assay with ATP-encapsulated liposomes. (i) Liposome
preparation. Liposomes were prepared using L-a-phosphatidylcholine
(PC, chicken egg) and L-a-phosphatidylinositol-4,5 bisphosphate (PIP2,
porcine brain) purchased from Avanti Polar Lipids (Alabaster, AL). PC
(dissolved in chloroform) and PIP2 (dissolved in chloroform-methanol-
water, 20:9:1) were combined with the desired molar ratio of lipid com-
ponents (pure PC or PC-PIP2, 95:5). The lipid mixture was dried under a
stream of nitrogen gas followed by further drying under a vacuum for 16
h. The lipid films were rehydrated to 5 mg/ml in 20 mM HEPES (pH 7.4)
containing 5 mg/ml of ATP, for 1 h at 37°C with periodic gentle agitation.
Lipid mixtures were then freeze-thawed three times before 15 rounds of
extrusion through an Avanti Polar Lipids Mini-Extruder with a 0.2-pm
membrane. Liposomes were washed three times in 20 mM HEPES (pH
7.4) by centrifugation at 16,000 X g to remove nonencapsulated ATP.
Liposomes were used within 24 h.

(ii) ATP release assay. The release of ATP from liposomes treated with
defensins was measured using a SpectraMax microtiter plate reader. ATP-
encapsulated liposomes in 20 mM HEPES (pH 7.4) equivalent to 100 pg
of dried lipid were combined with 50 .l of luciferase reagent (Roche) and
added to 10 pl of defensin prepared in buffer (final concentration of 15
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TABLE 1 Crystallographic data collection and refinement statistics

Parameter Value(s)®
Data collection statistics
Space group P6122
Unit-cell parameters
a, b, c(A) 64.97, 64.97, 82.40
o B,y (%) 90.00, 90.00, 120.00

Wavelength (A)
Resolution (A)

0.9537
46.46-1.70 (1.79-1.70)

Rpnerge 0.072 (1.073)
Ryim” 0.012 (0.174)
I/l 51.4 (5.3)
Completeness (%) 100 (100)
Multiplicity 34.7 (38.1)

No. of reflections
No. of observed reflections

412,499 (64,170)
11,889 (1,684)

Refinement
Resolution (A) 1.70
No. of reflections 11,848
Ryond Resee 0.1866/0.2079
No. of atoms
Protein 826
Ligand/ion 4
Water 64
B-factors
Protein 28.74
Water 35.68
RMSD
Bond lengths (A) 0.009
Bond angles (°) 1.1

“Values in parentheses are for the highest-resolution shell.
bR precision-indicating merging R factor.

pim.

wM) immediately prior to recording luminescence at 30-s intervals over a
30-min time course. Corrected luminescence was then calculated by sub-
tracting background luminescence (buffer only) for each reading. A rate
0f 100% lysis was determined by recording single luminescence endpoints
for liposomes incubated for 5 min prior with 1% Triton X-100 and then
subtracting background luminescence (buffer only). Defensin-mediated
membrane lysis was then expressed as a percentage of total lysis.

Protein cross-linking. TPP3 and related defensins in the presence or
absence of PIP2 were cross-linked with bis(sulfosuccinimidyl)suberate
(BS?) and analyzed by reducing SDS-PAGE as described previously (15).

Transmission electron microscopy (TEM). TPP3 at 0.9 mg/ml and
1,2-dioctanoyl-sn-glycero-3-[ phosphoinositol-4,5-bisphosphate] (Avanti
Polar Lipids) at 0.23 mM in water (10 pl) were applied to 400-mesh
copper grids (ProSciTech) coated with a thin layer of carbon for 2 min.
Excess material was removed by blotting, and samples were negatively
stained twice with 10 pl of a 2% (wt/vol) uranyl acetate solution (Electron
Microscopy Services). The grids were air dried and viewed using a JEOL
JEM-2010 transmission electron microscope operated at 80 kV or a FEI
Tecnai TF30 transmission electron microscope operated at 300 kV.

Crystallization and data collection. TPP3 crystals were grown using
the sitting drop vapor diffusion method at 293 K in 24% (wt/vol) poly-
ethylene glycol 4000 (PEG 4000), 0.16 M ammonium acetate, and 0.1 M
sodium citrate (pH 5.1) as described previously (21). Native diffraction
data were collected as described previously (21) (Table 1).

Model building and refinement. The crystal structure of TPP3 was
solved by molecular replacement with PHASER (24) using a monomer of
NaD1 (PDB code 4aaz) (15) as a search model. Electron density was con-
tinuous within residues 2 to 49 (chain A) and 3 to 49 (chain B) with no
discernible density identified outside these regions. The final model was
built using Coot (25) and refined with Phenix (26) to a resolution of 1.7 A
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with values of R, and R, of 18.66% and 20.79%, respectively. All
figures were prepared using PyMol (DeLano Scientific).

Protein structure accession number. Coordinates have been depos-
ited in the Protein Data Bank under accession code 4UJ0.

RESULTS

TPP3 interacts with PIP2 in vitro. TPP3 shares 63% identity with
NaD1, and the residues that participate in dimer formation and
PIP2 binding are largely conserved across both defensins (Fig.
1A). To investigate the lipid binding profile of TPP3, in particular
its ability to bind membrane phosphatidylinositol phosphates, in-
cluding PIP2, lipid binding assays using Membrane Strips, PIP
Strips, and Sphingo Strips (Fig. 1B) were performed. A PIP Strip
was probed with NaD1 and included for comparison (Fig. 1C).
Quantification of the relative binding to PIP Strips was achieved
by performing densitometry analysis on three independent strips
for TPP3 versus NaD1 (Fig. 1D). TPP3 bound specifically to PIP2,
with negligible binding to other PIPs. Notably, a lack of binding to
phosphatidylinositol monophosphates as well as those containing
di- and triphosphates in the 3 position was observed. As the bind-
ing to purified phosphoinositides using in vitro approaches such
as lipid overlay assays is not always representative of phosphoi-
nositides in lipid bilayer membranes, experiments with liposomes
were also conducted. Thus, to determine whether the observed
binding of TPP3 to PIP2 also occurred in the context of a lipid
bilayer and whether this binding could induce membrane per-
meabilization, a liposomal leakage assay with ATP-encapsulated
liposomes was performed (Fig. 1E). ATP-encapsulated liposomes
containing either PC or PC-PIP2 were treated with TPP3 or NaD1
over 30 min. Both TPP3 and NaD1 induced complete lysis of
PIP2-containing liposomes, whereas no lysis was observed for PC-
only liposomes.

Crystal structure of TPP3. To gain structural insight into the
molecular mechanism of action of TPP3, we determined its crystal
structure. Similar to other plant defensins, TPP3 adopts a CSa3
motif, harboring three canonical disulfide bonds, with a fourth
disulfide bond connecting the N and C termini, thus generating a
pseudocyclic molecule (Fig. 2A). The asymmetric unit contains a
dimer of TPP3, which leads to the loss of 396 A? of solvent acces-
sible surface in the interface. The TPP3 dimer is formed by antipa-
rallel alignment of the B1 strands and is stabilized by two K6-K6
hydrogen bonds and two C49-K47 salt bridge interactions. The
overall topology of the dimer is reminiscent of the cationic grip
observed in the NaD1-PIP2 oligomeric complex, and superimpo-
sition of the TPP3 dimer with a NaD1-PIP2 dimer using Dali-Lite
(27) yielded a Z-score of 17.1 with a root mean square deviation
(RMSD) of 1.2 A over 93 Ca atoms. Inspection of the superim-
posed structures identified residues K6, H35, and K42 in TPP3,
which closely match critical PIP2 binding residues in the NaD1-
PIP2 dimer (K4, H33, and R40), suggesting a potential lipid bind-
ing site in the TPP3 dimer (Fig. 2B).

Electrostatic surface analysis of the TPP3 dimer. Given that
the membrane permeabilization ability of NaD1 may be initiated
by interactions with negatively charged glycoproteins on the
plasma membrane surface (14), the electrostatic surface potential
of the TPP3 dimer was investigated. The majority of the dimer
surface is charged positively, both in the dimer cavity and sides,
with a relatively small area near the dimer interface displaying
negative charge (Fig. 2C).

It has been shown previously that antimicrobial peptides, in-
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FIG 1 The tomato defensin TPP3 interacts specifically with phosphatidylinositol 4,5-bisphosphate (PIP2) in vitro. (A) Amino acid sequence alignment of TPP3
(NCBI database accession no. U20591) and NaD1 (NCBI database accession no. AF509566). NaD1 residues and putative TPP3 residues participating in PIP2
binding are annotated with a bold dash; residues participating in cationic grip dimer formation are annotated with a double dash. An additional alanine residue
is present at the N terminus of TPP3, generated through recombinant processing, described previously (21). (B and C) Detection of TPP3 binding to cellular
lipids by protein-lipid overlay assays using Membrane Lipid Strips, PIP Strips, and Sphingo Strips (B) compared with PIP Strip of NaD1 (C). Data in panels B and
C are representative of at least two independent experiments. (D) Densitometry analysis of PIP Strip probed with TPP3 compared with NaD1, normalized for
binding to PIP2. (E) Ability of NaD1 and TPP3 to permeabilize ATP-encapsulated liposomes. ATP-encapsulated liposomes containing either PC or PC-PIP2
were treated with 15 uM defensin in the presence of luciferase reagent. “Percentage total lysis” represents the degree of ATP release from cells expressed as a
percentage of 100% lysis (as determined by Triton X-100 treatment). Error bars in panels D and E represent SEMs from three independent experiments.
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FIG 2 Crystal structure of TPP3. (A) Cartoon representation of the TPP3 structure (orange) shown as a dimer in the asymmetric unit with the molecular surface
shown in pale orange. (B) Surface representations of TPP3 and NaD1, displaying the “cationic grip” formed between the two TPP3 monomers (orange and pale
yellow), the NaD1 cationic grip (teal and aqua) in which two PIP2 molecules are present (magenta), and the superimposition of the TPP3 dimer (orange) over
the NaD1 dimer containing PIP2 molecules (aqua and magenta). (C) Qualitative electrostatic surface representation of TPP3 (blue is positive, red is negative, and

white is uncharged or hydrophobic). This figure was generated using Pymol.

cluding defensins (of plant and animal origin), may form dimers
or higher-order oligomers to elicit target cell membrane destabi-
lization (15, 28, 29). PISA (proteins, interfaces, structures, and
assemblies) analysis revealed that four salt bridges are formed be-
tween residues R23 and D19 from a single monomer between
adjacent dimers, forming an extended tetrameric configuration in
the crystal (Fig. 3). Despite the equivalent residues on the second
monomer being accessible, they did not participate in salt bridges
with a neighboring dimer, and thus no continuous oligomer was
formed within the crystal.

TPP3 is cytolytic to mammalian tumor cells and induces
plasma membrane blebs. To determine whether TPP3 can induce
cytolysis of mammalian tumor cells, flow cytometry-based PI up-
take as well as ATP release assays were performed on U937 cells.
TPP3 induced membrane permeabilization in a concentration-
dependent manner, as represented by the percentage of PI-posi-
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tive cells (Fig. 4A). At the highest concentration of 10 M, TPP3
induced 69.6% cell death compared with 62.3% cell death in the
NaD1 positive control. Similarly, ATP was released rapidly from
cells following treatment with TPP3 in a concentration-depen-
dent manner (Fig. 4B). Furthermore, release of LDH from U937
cells following TPP3 treatment also occurred in a concentration-
dependent manner, with 10 wM TPP3 inducing 35% cytotoxicity
(Fig. 4C), compared with 65% in NaD1 (data not shown). Collec-
tively, these data suggest that TPP3 can induce cytolysis of mam-
malian tumor cells, including the release of large (=140 kDa)
cytoplasmic proteins.

Live confocal laser scanning microscopy (CLSM) was used
to examine changes in cell morphology upon TPP3 treatment
(Fig. 4D). In both adherent (HeLa) and nonadherent (U937)
cell types, large plasma membrane blebs were formed in af-
fected cells, coinciding with PI uptake. The bleb size of TPP3-
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Dimer Il

FIG 3 TPP3 dimers form tetramers in the crystal unit. Two TPP3 dimers
interact to form a tetramer through salt bridge formations between D19 and
R23 residues in the a1-helices. An enlarged view of the dimer-dimer interface
(inset) displays side chains of salt bridge-forming residues. This figure was
generated using Pymol.

treated cells was large (>20 wm) and did not retract over peri-
ods of 30 min.

TPP3 oligomerizes with PIP2 in vitro. The ability of TPP3 to
interact with PIP2 was examined using transmission electron mi-
croscopy (Fig. 5A), revealing that long, string-like fibrils of TPP3
were formed only in the presence of PIP2. Multiple fibrils with a
diameter of approximately 10 nm were observed. At times, fibrils
stacked adjacently or in bundles, suggesting lateral association.
The propensity of the TPP3 to oligomerize in solution was also
investigated using the chemical cross-linker BS® (Fig. 5B). In the
absence of PIP2, both monomeric and dimeric forms of TPP3
were detected. However, in the presence of PIP2, the formation of
larger oligomeric assemblies of various sizes was detected, appear-
ing as “laddering” and suggesting that TPP3 binds PIP2 to form
higher-order oligomers.
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TPP3 interacts with plasma membrane PIP2 to mediate
membrane permeabilization. To determine whether the interac-
tion between TPP3 and PIP2 occurs in cells, the level of available
PIP2 at the inner leaflet of HeLa cells was modified using the
GFP-tagged pleckstrin homology domain of phospholipase C(81)
(GFP-PH), a biological PIP2 sensor (30). HeLa cells overexpress-
ing either GFP-PH or free GFP were treated with TPP3 and visu-
alized using CLSM over a 30-min time course. GFP-PH-express-
ing cells exhibited an average time of 1,210 s taken to membrane
permeabilization (or 2-fold delay), compared with an average of
570 s for free-GFP-expressing cells (Fig. 5C).

To further examine the effects of inner leaflet PIP2 sequestra-
tion on the ability of TPP3 to induce tumor cell lysis, U937 cells
were pretreated with various concentrations of neomycin (0 to 20
mM) (Fig. 5D). Neomycin binds to PIP2 in biological membranes
(31, 32) and can be used as a sequestering agent to block interac-
tions with PIP2. Using a flow cytometry-based PI uptake assay,
U937 cells pretreated with neomycin were then treated with 10
.M TPP3. A concentration-dependent inhibition of TPP3-medi-
ated cell membrane permeabilization was observed for neomycin-
treated cells. In contrast, cells treated with LL-37, an amphipathic
a-helical cationic cathelicidin that induces target cell lysis through
a pore-forming mechanism not dependent on the presence of
PIP2 in target cell membranes (33), showed no neomycin-medi-
ated inhibition of membrane permeabilization (Fig. 5E). To-
gether, these data indicate that sequestration of inner leaflet PIP2
can decrease the ability of TPP3 to induce membrane permeabi-
lization.

PIP2 binding can be disrupted by specifically targeting con-
served residues in the proposed lipid-binding pocket. In NaD1,
residue K4 is crucial for dimer formation and fungal cell killing
(15). Furthermore, the structure of the NaD1-PIP2 complex re-
vealed that K4 also participates in binding to the 5-phosphate
moiety of PIP2 in the cationic grip dimer pocket, thus contribut-
ing to lipid-mediated oligomerization (18). Structural analysis of
the TPP3 dimer identified K6 as the equivalent of K4 in the cat-
ionic grip configuration of NaD1 (Fig. 6A). To determine whether
TPP3(K6) is also important for lipid-mediated oligomerization
and membrane permeabilization, we generated a TPP3(K6A) mu-
tant for functional analysis. Cross-linking experiments with BS’
indicated a loss in the ability of TPP3(K6A) to form higher-order
oligomers in the presence of PIP2 (Fig. 6B). Furthermore, PIP
Strip analysis revealed a complete loss of binding to PIP2 [anti-
body cross-reactivity of TPP3(K6A) was determined by Western
blotting (data not shown)] (Fig. 6C), which corresponded with
the inability of TPP3(K6A) to induce membrane permeabilization
of tumor cells (Fig. 6D) and PIP2-containing liposomes (Fig. 6E).
These observations coincided with an approximately 3-fold re-
duction in the ability of TPP3(K6A) to inhibit hyphal growth of
the filamentous fungus Fusarium graminearum compared with
that of wild-type TPP3 (Fig. 7). Together, these data suggest that
K6 of TPP3 is required for PIP2 binding and oligmerization,
which contribute to the cytolytic activity of this defensin. It should
be noted that although K4 of NaD1 was important for both dimer
formation and antifungal activity (15), the K6A mutation in TPP3
did not abrogate dimer formation. Since the NaD1 dimer solved
in the absence of PIP2 did not adopt the more stable cationic grip
configuration, it is possible that the K4A mutation in NaD1 was
adequate to disrupt dimerization (15). Examination of the TPP3
dimer structure suggests that the interactions mediated by K47
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FIG 4 TPP3 permeabilizes U937 tumor cells in a concentration-dependent manner and induces plasma membrane blebbing. (A) Flow cytometry-based analysis
of cell viability determined by uptake of PI. Cells were incubated for 30 min at 37°C with TPP3 at 10, 5, 2.5, or 1.25 pM, NaD1 at 10 pM, or PBS; the percentage
of PI-positive cells representing the level of defensin-mediated membrane permeabilization is shown. A similar degree of membrane permeabilization was
observed for TPP3-treated PC3 cells (data not shown). (B) ATP release of TPP3-treated U937 cells. TPP3 at 20, 10, 5, or 2.5 wM, NaD1 at 20 M, or PBS only
was added to U937 cells in the presence of luciferase reagent. Readings at 562 nm were then recorded at 30-s intervals over 30 min, with bioluminescence
representing the degree of ATP release from cells. (C) LDH release by TPP3-treated U937 cells. Cytotoxicity was calculated as a percentage of total LDH released
by TPP3-treated cells, based on cell lysis buffer control (100% lysis). (D) CLSM live cell imaging of PKH67-stained HeLa and U937 cells treated with TPP3 (10
wM) in the presence of PI, 24 min after addition of TPP3. Error bars in panels A and C represent SEMs (n = 3). Scale bars in panel D represent 10 wm; the
measurement for the arrow in panel D is 22 pm. Data are representative of at least two independent experiments.

and C49 in TPP3(K6A) may be sufficient for maintaining dimer
formation by this mutant (Fig. 6A). These data suggest distinct
roles for K6 of TPP3 and K4 of NaD1 in dimer and oligomer
formation.

In addition to K4, R40 in NaD1 is required for cooperative
PIP2 binding and oligomerization, with the NaD1(R40E) mutant
having lost the ability to oligomerize and bind phosphatidylinosi-
tol 4-phosphate (18). Analysis of the TPP3 dimer indicated that
K42 in TPP3 is the structural equivalent to R40 in NaD1 and is
likely to be in a position to engage the PIP2 4-phosphate moiety
(Fig. 8A). To test whether K42 is required for TPP3-PIP2 complex
formation, we generated a TPP3(K42E) mutant. TPP3(K42E) dis-
played a loss in the ability to form higher-order oligomers in the
presence of PIP2 (Fig. 8B) as well as a loss of binding to PIP2, as
determined by PIP Strip analysis (Fig. 8C). Furthermore, this mu-
tant displayed a reduction in the ability to induce fungal hyphal
growth inhibition to a similar degree to that observed for
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TPP3(K6A) (Fig. 7) as well as complete abrogation of mammalian
tumor cell membrane permeabilization (Fig. 8D). Thus, K42 in
TPP3 is likely to have the same role as its structural equivalent R40
in NaD1, that being the binding to the 4-phosphate moiety of PIP2
within the cationic grip dimer, to mediate cooperative higher-
order oligomerization and subsequent membrane permeabiliza-
tion.

In contrast to these observations, residue K28, which is not
situated within the cationic grip and was not predicted to partic-
ipate in lipid binding, induced no change in PIP2-mediated oli-
gomerization, PIP2 binding, or mammalian or fungal cell killing
when it was mutated to TPP3(K28A) (Fig. 7 and 9).

TPP3 has a distinct lipid binding pattern. The unique speci-
ficity of TPP3 for PIP2 is distinct from that of NaD1, which has a
broader specificity and binds to several mono-, di-, and triphos-
phatidylinositol phosphates. Notably, di- and triphosphatidylin-
soitol phosphates containing the 3-phosphate moiety interact
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with NaD1 but not TPP3. We therefore sought to identify the
specific residues within TPP3 that could contribute to its ability to
discriminate against 3-phosphate-containing phosphatidylinosi-
tol phosphates. Superimposition of the TPP3 and NaD1-PIP2
complex dimers revealed that Q40 in TPP3 has the potential to
sterically hinder binding to the 3-phosphate moiety of a phospha-
tidylinositol ring (Fig. 10A) and that this could be sufficient to
block binding to phosphatidylinositol phosphates containing a
3-phosphate moiety. To test this hypothesis, a TPP3(Q40L) mu-
tant was generated. Lipid binding analysis using PIP arrays (Fig.
10C) and PIP Strips (data not shown) revealed that TPP3(Q40L)
exhibited a broadened lipid binding specificity compared with
that of the wild type. Densitometry analysis of lipid binding assays
at 100 pmol were then performed (Fig. 10D); the greatest increase
in relative binding for the TPP3(Q40L) mutant was observed with
phosphatidylinositol-3,4,5-triphosphate (PIP3). In contrast, no
change in lipid binding specificity occurred with the control mu-
tant, TPP3(K28A) (Fig. 9A). In addition, the ability of TPP3 to
undergo PIP2-mediated oligomerization was not affected by the
Q40L mutation, as indicated with BS’ cross-linking (Fig. 10B).
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Collectively, these data strongly suggest that TPP3 interacts
specifically with PIP2 at the membrane of cells to induce mem-
brane disruption. Furthermore, the adoption of the cationic grip
configuration by TPP3, previously identified in the NaD1-PIP2
complex, represents a conserved defensin structure for lipid rec-
ognition that mediates oligomerization to effectively induce target
cell lysis.

DISCUSSION

The tertiary structure of plant defensins is well conserved; how-
ever, the primary amino acid sequence is highly variable and has
been proposed to reflect the broad range of functions for this
protein family. It has been postulated that CAPs, including de-
fensins, may form higher-order oligomers as a means of destabi-
lizing target cell membranes (34-36). However, the structural ba-
sis of CAP-mediated membrane permeabilization remains poorly
defined. Our recent study (18) on the solanaceous defensin from
ornamental tobacco, NaD1, reported the first description of the
structural basis for defensin-mediated membrane permeabiliza-
tion and implicated PIP2 as the ligand required to induce oli-
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TPP3 Binds PIP2 To Mediate Cell Lysis

gomerization. In this study, we have characterized the cytolytic
activity of the closely related tomato defensin TPP3, determined
its crystal structure, and defined its interaction with the plasma
membrane phosphatidylinositol phospholipid, PIP2.

TPP3 forms a cationic grip dimer. The crystal structure of
TPP3 revealed a dimeric configuration in the asymmetric unit,
which bears a striking resemblance to the PIP2-bound NaD1
dimer that forms the fundamental building block in the NaD1-
PIP2 complex (18). Whereas the NaD1-PIP2 dimer is likely to
represent the active dimer conformation, TPP3 was not crystal-
lized in the presence of a ligand, yet it adopts a very similar con-
figuration. The ability of NaD1 to dimerize was first reported by
Lay et al. (15), who identified two different crystal dimer forms,
one of which was formed by two opposing 1 strands in an antipa-
rallel configuration in the absence of a lipid ligand. Furthermore,
the dimerization was important for the antifungal activity of
NaD1 (15). The subsequent elucidation of the NaD1-PIP2 oligo-
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meric structure (18) revealed an NaD1 dimeric unit that forms a
cationic grip, where a deep cationic pocket at the interface of a
NaD1 dimer accommodates the head groups of two PIP2 mole-
cules (15). The cooperative binding of PIP2 in a single dimer by
adjacent NaD1 dimers mediates the oligomeric assembly. A re-
markably similar dimeric form is adopted in the crystal structure
of TPP3, suggesting a conserved mechanism for binding to PIP2.

PISA analysis revealed that K6, K47, and C49 of TPP3 are in-
volved in dimer-stabilizing hydrogen bonds and ionic interac-
tions, while the superimposition of the TPP3 dimer over the
NaD1-PIP2 complex suggested that K6 is likely to interact with the
4- and/or 5-phosphate moieties of PIP2 molecules within the cat-
ionic grip dimer pocket in a configuration similar to that in the
NaD1-PIP2 complex (18). Indeed, a loss of PIP2-mediated oli-
gomerization, PIP2 binding, and liposomal permeabilization was
observed for TPP3(K6A). Furthermore, a loss of membrane-per-
meabilizing activity of both mammalian tumor and fungal hyphal
cells was reported for this mutant. Thus, this structurally con-
served residue is likely to be important for lipid-mediated oli-
gomerization and membrane lysis across species. Whereas the

1974 mcb.asm.org

Molecular and Cellular Biology

NaD1(K4A) mutant lost the ability to dimerize in solution, exam-
ination of the TPP3 structure suggests that the TPP3(K6A) mu-
tant can maintain the cationic grip dimer by forming additional
ionic interactions at the dimer interface between the K47 and C49
residues. These interactions were not apparent in the previously
described NaD1 dimer (15), suggesting that TPP3 forms a more
stable dimeric structure than NaD1.

Evidence of dimer formation has been reported for several
other defensins. For example, X-ray crystallography revealed
that the antifungal Mexican turnip defensin SPE10 forms a
dimer, with dimerization suggested to play a role in its antifun-
gal activity (17). Dimer formation was also observed in the
crystal structures of human a-defensins 4, 5, and 6 (HN4, HN5,
and HNG6, respectively) (37). Furthermore, HN6 forms tetram-
ers (which comprised two homodimers) that oligomerize and
trap bacteria by forming fibril-like nanonets (38). Human
B-defensins 2 and 3, which are active against several Gram-
positive and Gram-negative bacteria as well as C. albicans, have
been shown through nuclear magnetic resonance (NMR) spec-
troscopy to form dimers (34, 35). This suggests that the role of
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dimerization, and possibly oligomerization, may be important in
defensin function across various mechanisms of antimicrobial ac-
tion.

PIP2 is required for the formation of higher-order TPP3 oli-
gomers. TEM revealed that TPP3 can form long, fibril-like struc-
tures in the presence of PIP2, and protein cross-linking analyses
showed that that TPP3 forms higher-order oligomers in the pres-
ence of PIP2. Neither of these events occurred with defensin alone,
indicating an absolute requirement for PIP2 in the formation of
these fibrils. Interestingly, the formation of a tetramer comprised
of two adjacent TPP3 dimers interacting through a1-helices was
observed in the crystal. This dimer-dimer interface differs from
that observed in the NaD1-PIP2 oligomer, which enabled forma-
tion of an extended arch of dimers. Although only two dimers
were seen to interact in the TPP3 crystal, one can envisage that if
such an interaction was repeated it might form an extended, fibril-
like structure, albeit in a different configuration from the NaD1
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oligomer. Since TPP3 did not form fibrils in the absence of PIP2, it
is likely that the ionic interactions in the dimer-dimer interface on
their own are insufficient to result in higher-order oligomeriza-
tion and fibril formation. It is tempting to speculate that the pres-
ence of PIP2 would enable the formation of additional interac-
tions between PIP2 head groups and TPP3 to reinforce and extend
such a tetrameric structure, in a similar manner to that described
for the NaD1 interaction with PIP2. However, the precise role that
PIP2 plays in oligomerization of TPP3 remains to be defined, and
this may require the structure determination of a TPP3-PIP2
complex.

In the NaD1-PIP2 oligomeric complex, the NaD1(R40) resi-
due is crucial for PIP2-mediated oligomerization, with the loss-
of-function NaD1(R40E) mutant displaying both a loss of PIP2-
mediated cross-linking and decreased efficiency of mammalian
tumor and fungal cell killing. Since the loss-of-function mutant of
the equivalent residue in TPP3 [TPP3(K42E)] also displayed both
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a loss of PIP2-mediated oligomerization and inhibition of mam-
malian tumor and fungal cell killing, it could be postulated that
this residue has a similar role across defensin species in facilitating
oligomer formation that leads to target cell membrane destabili-
zation.

With the exception of NaD1, ligand-mediated fibril formation
of a defensin has not been reported previously. There is, however,
some evidence that defensins or defensin-related peptides can
form fibrils in the absence of a ligand. For example, a 19-amino-
acid fragment of the radish seed defensin RsAFP19, comprising
the B2-B3 strand region, forms amyloid-like fibrils at pH 8.0 and
a temperature of 60°C in vitro (39). As mentioned above, oli-
gomerization of HN6 was recently reported (38) in which nano-
nets comprised of HNG6 fibrils form around and engulf Salmonella
enterica serovar Typhimurium (38). This mechanism did not uti-
lize alipid or any other ligand to initiate fibril formation, although
the requirement for a lipid was not explicitly tested. It was postu-
lated that contiguous tetramers made up of dimer pairs could
form “elongated helical structures” through a series of hydrogen
bonds. Interestingly, our TEM images revealed that the string-like
fibrils formed by TPP3 and PIP2 tended to laterally associate by
stacking against each other horizontally, resulting in “bundles” of
fibrils. While the net-forming mechanism of HN6 is highly dis-
similar to the membrane-permeabilizing action of TPP3, it is
worth noting that hydrogen bond-mediated associations between
adjacent defensin oligomers have been observed previously (38).
It could be speculated that such interactions could occur between
TPP3-PIP2 fibrils on the target cell membrane and contribute to
membrane destabilization. Finally, it should be noted that al-
though TPP3 can form oligomers in the presence of PIP2 in vitro,
whether TPP3-PIP2 oligomers form in the context of PIP2 con-
taining phospholipid bilayers or on cell membranes remains to be
determined.

TPP3 interacts with plasma membrane PIP2 through a con-
served mechanism. In this report, we have shown that TPP3 in-
teracts with PIP2, both in the context of an artificial lipid bilayer
and at the plasma membrane of mammalian tumor cells. The
ability of any defensin to induce target cell membrane permeabi-
lization through interaction with PIP2 has been reported only for
NaD1, although a number of other plant defensins have been re-
ported to interact with different lipids at the membrane of target
cells to elicit antifungal activity. These include the RsAFP2 and
MtDef1 defensins, which interact with GluCer (8, 9); DmAMP]1,
which requires M(IP),C (10); and MtDef4, which binds to phos-
phatidic acid (11). In addition to these, the fungal defensin plec-
tasin from Pseudoplectania nigrella, which shares the same plant
defensin CSa architecture, exhibits growth-inhibitory activity
against Gram-positive bacteria through direct binding to the cell
wall precursor lipid II (40). It has also been reported that the
effector protein from the fungus-like oomycete pathogen binds to
outer membrane PI(3)P through a conserved cationic motif to
enable entry into host cells (41). Taken together, these observa-
tions support the hypothesis that the lipid-binding fungal and
plant defensins target a wide range of lipids across different species
and that this lipid-targeting mechanism extends back into the
early evolution of eukaryotes.

As mentioned previously, NaD1 binds a variety of phosphatidyli-
nositols, including PI(3,4)P,, P1(3,5)P,, PI(4,5)P,, and PI(3,4,5)P;
(18), whereas TPP3 is clearly selective for PI1(4,5)P,. This differ-
ence in the lipid binding specificity of TPP3 was not correlated
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with any change in the ability to induce membrane permeabiliza-
tion of mammalian tumor cells. Nor did it change the plasma
membrane morphology of TPP3-treated mammalian tumor cells
compared with NaDI1-treated cells, namely, the appearance of
large, nonretracting plasma membrane blebs that accompanied
membrane permeabilization. While the consequences of this ap-
parent variation in lipid binding specificity remain to be deter-
mined, it is possible NaD1 has additional roles in targeting intra-
cellular membranes such as the endolysosomes/vacuoles of yeast
which are relatively abundant in PI(3)P and PI(3,5)P, (42). In-
deed, many defensins and other CAPs act on intracellular path-
ways of target organisms to induce growth inhibition or cell death
(16, 43, 44). However, the observation that exclusivity for PIP2
binding is sufficient to endow TPP3 with potent antifungal and
cytolytic activities suggests that PIP2 is a major target molecule for
defensin-mediated membrane attack as part of innate defense.

A role for PIP2 in pathogen-host interactions at the target cell
membrane has also been reported in other systems. For example,
effector proteins from the Gram-negative bacteria Vibrio parah-
aemolyticus and Shigella flexneri display phosphatase activity and
can dephosphorylate PIP2 at the membrane of target cells, result-
ing in blebbing, membrane disruption, and cell lysis (45, 46). The
sea anemone equinatoxin from Actinia equina also induces mem-
brane blebbing and cell lysis, by inducing Ca*"-mediated hydro-
lysis of PIP2 in target cell membranes (47). PIP2 is an important
component of the cell membrane, with major roles in both cell
signaling and membrane-cytoskeletal attachment. It is not sur-
prising that the modification or sequestration of this lipid, which
is present in the plasma membranes of both eukaryotic and pro-
karyotic cells, has been exploited by a wide variety of organisms,
through different mechanisms.

Cell membrane disruption of invading microbial pathogens is
an evolutionarily conserved form of immune defense reported for
many antimicrobial peptides. Until now, the solanaceous defensin
NaD1 was the only CAP shown to utilize the membrane lipid PIP2
to form large oligomeric complexes that lead to membrane per-
meabilization and cell death (18). However, as NaD1 also bound a
number of other phosphatidylinositol phosphates present in dif-
ferent subcellular locations, the relative importance of PIP2 bind-
ing for the overall activity of this defensin was unclear. Here, we
have demonstrated that the tomato defensin TPP3 exclusively
binds PIP2 and shares strikingly similar structural and functional
features with NaD1. Through biophysical analyses, we have
shown that TPP3 forms fibrils with PIP2 and that TPP3, like
NaD1, adopts a cationic grip dimer conformation that mediates
binding of PIP2. In addition, we have shown that TPP3 interacts
with PIP2 at the membrane of target cells to elicit membrane de-
stabilization. We propose that this interaction facilitates mem-
brane disruption and represents a conserved mechanism of PIP2-
mediated antimicrobial action within class II solanaceous
defensins. It remains of significant interest whether this PIP2 tar-
geting mechanism is also utilized by defensins from other species.
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