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Various plants use antimicrobial proteins/peptides to resist
phytopathogens. In the potato, Solanum tuberosum, the
plant-specific insert (PSI) domain of an aspartic protease
performs this role by disrupting phytopathogen plasma
membranes. However, the mechanism by which PSI selects
target membranes has not been elucidated. Here, we studied
PSI-induced membrane fusion, focusing on the effects of lipid
composition on fusion efficiency. Membrane fusion by the PSI
involves an intermediate state whereby adjacent liposomes
share their bilayers. We found that increasing the concen-
tration of negatively charged phosphatidylserine (PS) phos-
pholipids substantially accelerated PSI-mediated membrane
fusion. NMR data demonstrated that PS did not affect the
binding between the PSI and liposomes but had seminal ef-
fects on the dynamics of PSI interaction with liposomes. In
PS-free liposomes, the PSI underwent significant motion,
which was suppressed on PS-contained liposomes. Molecular
dynamics simulations showed that the PSI binds to PS-
containing membranes with a dominant angle ranging
from −31� to 30�, with respect to the bilayer, and is closer to
the membrane surfaces. In contrast, PSI is mobile and exhibits
multiple topological states on the surface of PS-free mem-
branes. Taken together, our data suggested that PS lipids limit
the motion of the anchored PSI, bringing it closer to the
membrane surface and efficiently bridging different liposomes
to accelerate fusion. As most phytopathogens have a higher
content of negatively charged lipids as compared with host
cells, these results indicate that the PSI selectively targets
negatively charged lipids, which likely represents a way of
distinguishing the pathogen from the host.
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Aspartic proteases (APs) are ubiquitous in various life do-
mains and have diverse functions (1, 2). Some APs in plants are
involved in the innate immune systems, which inhibit to
phytopathogens (3, 4). Like other APs that are synthesized as
inactive proenzymes with prosegments, many plant APs have
an additional segment known as the plant-specific insert (PSI)
sequence consisting of approximately 100 amino acids be-
tween the N- and C-terminal domains of the proenzyme (5).
The PSI domain exhibits activities against plant pathogens
both as a part of AP enzyme (6, 7) and as an independent
protein (8, 9). In vitro studies have shown that the AP from
potato (Solanum tuberosum) inhibits germination of Phy-
tophthora infestans and Fusarium solani, thus limiting their
growth (6, 7). As an independent protein, a PSI from a
S. tuberosum AP also acts as a defensive protein in response to
attack by plant pathogens and is able to inhibit the plant fungal
pathogen Botrytis cinerea in a dose-dependent manner (8, 9).
Transgenic expression of a S. tuberosum PSI in Arabidopsis
thaliana improved the resistance to B. cinerea attack by
inducing jasmonic acid and salicylic pathway genes, thus the
defensive activity of the PSI in vivo (8).

As a potential antimicrobial protein, the PSI’s mechanism
against the pathogen invasion has attracted much attention
(5, 8–11), although much remains unknown. The PSI forms
dimers under acidic conditions (10) and adopts a fold similar
to that of saposin-like proteins (SAPLIPs) in mammals
(12, 13), which generally demonstrate the ability to bind and
disrupt membranes (14–16). Similar to other SAPLIPs, the PSI
interacts with lipid bilayers (10, 15, 17), inducing membrane
permeability (18, 19) and membrane fusion (5, 11). Using
vesicles with different lipid compositions, the PSI’s ability to
induce membrane fusion was pH dependent (10, 11).

Previous studies have suggested that the activity of PSI and
its “parent” protein AP is organism dependent. Although being
toxic to human and plant pathogens (including yeasts and
prokaryotes) and cancer cells, it shows no toxicity to plant
cells, human T-cells, or red blood cells (6, 7, 9, 18, 20–22). A
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Membrane fusion activity of plant-specific insert domain
common difference for cells that the PSI is toxic toward as
compared with those which are not is the content of negatively
charged phospholipids in their cell membranes. Human and
plant pathogens are characterized by a higher content (20–25
%) of negatively charged phospholipids, whereas neutral
phospholipids are dominant in the plasma membranes of
human and plant cells, with only 5 to 10 % negatively charged
phospholipids in their cell membranes (23–28). As the PSI’s
activity is related to its interactions with membranes, it is
possibly more inclined to interact with negatively charged li-
posomes in order to identify potential targets (6, 21, 29–31).

To date, the mechanistic details regarding the dependency
of PSI activities on lipid composition, however, remains un-
clear. Therefore, this work attempts to yield further insights
into the functions of the PSI. In this study, various compli-
mentary biophysical techniques, that is, cryo-EM, Dynamic
Light Scattering (DLS), FRET, NMR and Molecular Dynamics
(MD) Simulations, were used to study the fusion activity
dependence of the PSI as a function of brain-phos
phatidylserine (PS) content, a negatively charged phospho-
lipid, in liposomes. The cryo-EM studies trapped a stalk-like
intermediate state, indicating that PSI-induced membrane
fusion occurs via a stalk model within the hemi-fusion
pathway. The rate of membrane fusion and the PSI’s dy-
namics on liposomes were highly dependent on the content
of PS. Increasing the PS content substantially accelerated PSI-
induced membrane fusion. The NMR data showed that the
PS concentration did not affect the ability of the PSI to bind
vesicles but affected the dynamics of the PSI on liposomes. In
PS-free liposomes, the PSI experienced pronounced motion,
whereas this motion was suppressed when associated with
PS-containing liposomes. Consistent with NMR, the MD data
suggested that the PSI align a dominant angle ranging
from −31� to 30�, on the surface of PS-containing mem-
branes, driven by strong charge-charge interactions.
Conversely, in PS-free membranes, the PSI experiences
multiple topological states on or away from the surface of the
membranes due to a lack of similar type of interactions.
Taking into account the hemi-fusion pathway, the stable to-
pology of the PSI on PS-containing liposomes could be more
efficient in bridging different liposomes and bringing them
into closer proximity, thereby accelerating the fusion process.
Because pathogens have much higher amount of negatively
Figure 1. Representative Cryo-electron micrographs of liposome with PSI. A
B, liposomes in intermediate state of the hemi-fusion liposomes. The white ar
composition was PC/PE/PS in a molar ratio of 1:1:1. PC, phosphatidylcholine
interests.
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charged lipids than host cells, these results suggest that target
pathogens are identified through membrane composition.

Results

The hemi-fusion state of PSI-induced membrane fusion

Physiologically, PSI is involved in vacuole sorting; the
environment of the vacuole being acidic. Our earlier work also
demonstrated that the PSI forms dimers under acidic condi-
tions and induces membrane fusion effectively below pH 4.5
(11). However, the fusion-intermediate states have not been
observed. Membrane fusion possibly occurs via the lipid-stalk
model or the fusion pore model (32), both of which are
observed within the hemi-fusion pathway.

In the present study, cryo-EM was used to observe fusion
intermediates at pH 4.5 (Fig. 1). Figure 1B shows an example of
an intermediate state of vesicle fusion induced by the PSI, in
which the deformation of round vesicles was separated by a
single bilayer. In contrast, the vesicles without the PSI did not
show shared bilayers, even though some vesicles were in
contact with one another (Fig. 1A). This observation agreed
with the lipid-stalk model within the hemi-fusion pathway,
which includes a diaphragm formed between the inner leaflets
of the two membranes (32).

Lipid composition dependence of PSI-induced membrane
fusion

FRET experiments were conducted to investigate the lipid
composition dependence of PSI-induced membrane fusion.
Lipid-mixing experiments were performed by mixing nonflu-
orescent liposomes and fluorescent liposomes, where the PSI
was added to induce vesicle fusion. Nonfluorescent liposomes
were composed of phosphatidylcholine (PC)/phosphatidyl-
ethanolamine (PE) at a molar ratio of 1:1 (termed PS-free
liposome hereafter) or PC/PE/PS (in a molar ratio of 1:1:0.5
or 1:1:1). Hereafter, the PC/PE/PS with a molar ratio of 1:1:1
was termed PS-containing liposome. The fluorescent lipo-
somes were prepared by incorporating both Pho-PE and NBD-
PE as the fluorescently labeled lipids (preparation details in
method section FRET experiments). The close proximity be-
tween the fluorophore groups in the fluorescent liposomes
quenched emission at 535 nm when using excitation wave-
length at 465 nm. Lipid mixing by membrane fusion with
, liposomes docking and two bilayers between two liposomes (white arrow);
rows point to the single bilayer between the fused liposome. The liposome
; PE, phosphatidylethanolamine; PS, phosphatidylserine; PSI, plant-specific



Membrane fusion activity of plant-specific insert domain
nonfluorescent liposomes was expected to recover the emis-
sion intensity due to dilution of the fluorophore lipids with the
nonfluorophore lipids and therefore separation of the FRET
pairs.

The fluorescent and nonfluorescent liposomes were mixed
in a pH 4.5 buffer and combined at a ratio of 1:9. The PSI
solution was added to this mixture. Figure 2 showed that the
fusion efficiency depends on the content of PS in liposomes.
Increasing the PS concentration substantially increased the
fusion efficiency. For liposomes of PS-containing liposomes,
90% fusion efficiency was achieved 1200 s after adding the PSI,
with respect to the maximum fluorescent signal obtained upon
the addition of Triton X-100 (positive control). However, the
fusion efficiency of only 33% was observed for the PS-free li-
posomes and 68% for 1:1:0.5 PC/PE/PS liposomes (Fig. 2).
These results clearly demonstrated that the fusion rates of
PSI-induced membrane fusion were substantially faster in
PS-containing liposomes than in PS-free liposomes, proving
the PS dependency of membrane fusion by the PSI.

Size distribution of liposomes after PSI-induced vesicle fusion

DLS can quantify the size distribution of the resultant fused
liposomes. DLS data were collected before and after addition
of the PSI to both types of liposomes (PS-free liposome and
PS-containing liposomes). Before PSI addition, two peaks
corresponding to vesicle radii of 10 and 100 nm were observed
for both types of liposomes, with most vesicles being distrib-
uted around 100 nm (Fig. 3). After PSI addition, a broad peak
appeared for both types of liposomes, corresponding to vesi-
cles with different radii ranging from 100 to 1000 nm, thus
indicating that PSI is able to fuse both PS-free and PS-
containing liposomes with similar ranges of vesicle sizes, and
that PS lipids did not affect the PSI fusion ability.

Lipid compositions mediate PSI motions in the liposome

The lipid composition dependent fusion rate of PSI-induced
membrane fusion may result from differences in the capability
Figure 2. Lipid mixing experiments demonstrates that PS content influenc
1:20. A, lipid mixing curves for the PSI. The mixing curves for liposomes with P
and green, respectively. The curves for control experiments with buffer and w
fusion efficiencies at 1200 s plotted against content of PS. PC, phosphatidy
specific interests.
of the PSI to bind liposomes or differently affect the dynamics
of the PSI in or on the liposomes. To clarify this point, NMR
spectroscopy was used to study the interaction between PSI
and different types of liposomes.

Solution NMR was used to study the binding capability
between the PSI and different liposomes. As shown in
Figure 4, the 1H-15N HSQC (heteronuclear single quantum
coherence) of the PSI were recorded before and after adding
different types of liposomes. Maximal PSI fusion activity has
been shown to occur at approximately pH 4.5, which is near
the PSI’s PI. Owing to solubility issues at pH 4.5, all solution
NMR experiments were conducted at 298 K and at pH 3.4.
Combining PS-containing liposomes with the PSI at a pro-
tein:liposome molar ratio of 1:2 led to substantial reductions
of the cross-peak intensities of the PSI. The addition of more
liposomes (PSI:liposome molar ratio = 1:4) further reduced
the spectral intensities. Only the cross-peaks corresponding
to the highly flexible unstructured loop (i.e., 42–63) remained
(Fig. 4, F and G). These results showed strong binding be-
tween the PSI and PS-containing liposomes (Fig. 4), consis-
tent with earlier reports (11). The largely reduced signal
intensities also indicated the limited motion of the PSI in
liposomes.

The same set of NMR titration experiments were also
conducted between the PSI and the PS-free liposomes, where
the 1H-15N HSQC spectra were collected accordingly (Fig. 4,
A–C). Unlike the PS-containing liposomes, the cross-peak
intensities for the PSI interacting with PS-free liposomes did
not differ appreciably between the PSI alone, regardless of the
samples containing protein:liposome in a molar ratio of 1:2 or
1:4 (Fig. 4, A–C).

The overall spectral changes of the PSI upon adding PS-free
liposome were less pronounced than those when adding
PS-containing liposomes. Two scenarios can explain the dif-
ference in the titration results. One possibility is that the PSI
has a dramatically different binding affinity for two types of
liposomes, whereby it interacts transiently with PS-free lipo-
some, with most of the PSI remaining in solution, thus
es PSI-induced fusion efficiency. The molar ratio of protein to liposome is
C/PE/PS of 1:1:1, PC/PE/PS of 1:1:0.5, and PC/PE of 1:1 are shown in red, blue,
ith Triton X-100 are shown in purple and black, respectively. B, membrane
lcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; PSI, plant-
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Figure 3. Dynamic light-scattering data of liposomes after adding PSI. A, PS-containing liposomes and (B) PS-free liposomes. The size distribution of
liposomes before (black) and after (red) the addition of PSI are shown. PS, phosphatidylserine; PSI, plant-specific interests.
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producing sharp lines for the protein signals. Conversely, the
PSI may form stable complexes with PS-containing liposomes,
thus diminishing its signals. Another possibility is that the PSI
strongly binds both types of liposomes, but with different
dynamic characteristics. In this scenario, the PSI may bind to
PS-free liposomes, but moves relatively freely on their surface,
thus potentially leading to narrow line-width for most residues
of the PSI in PS-free PSI-liposome complexes. In contrast, the
PSI when interacting with PS-containing liposomes may be
less mobile.

To clarify these two possibilities, both of the PSI-liposome
solutions were centrifuged to remove the liposomes, after the
collection of the 1H-15N HSQC spectra of the supernatant. As
shown in Figure 4, D and H, protein signals were not observed
in either of the supernatants. These results showed that the PSI
strongly binds on both types of liposomes, which in turn
suggested that the narrow signals observed for the PSI on
PS-free liposomes was because of the large dynamic motions of
the PSI on PS-free liposomes.

Solid-state NMR was further used to validate the dynamics
of PSI on two types of liposomes. The centrifuged liposomes
with 15N-labeled PSI were packed into solid-state NMR ro-
tors, and temperature dependent 1H-15N cross-polarization
solid-state NMR spectra were collected. Because cross-
polarization transfer was achieved using dipolar interactions,
the motion of the amide groups would average and cancel out
the dipolar couplings, yielding a reduction in signal intensities
(33). As shown in Figure 5, the signal intensity of the PSI in
PS-free liposomes substantially decreased when the temper-
ature was increased from 268 K to 298 K; the signal intensity
of the PSI at 298 K was only 20% with respect to that at 268 K
(Fig. 5D). In contrast, using PS-containing liposomes, the
temperature dependent spectral changes were much smaller.
In PS-containing liposomes, the signal intensity at 298 K was
about 76% that at 268 K (Fig. 5H). The different dynamic
behavior of the PSI with different types of liposomes further
supports the conclusion that the presence of PS phospholipids
affects the dynamics of the PSI in membranes. This result was
consistent with the solution NMR data where the PSI had
additional molecular motion in PS-free liposomes with
respect to PS-containing liposomes. The PSI is known to form
dimers and bridge the two liposomes in close proximity to
4 J. Biol. Chem. (2022) 298(1) 101430
initiate membrane fusion (11). The rigid PSI in PS-containing
liposomes discovered in the present study would be more
efficient in bridging different liposomes, thus accelerating the
process.
Lipid compositions mediate the interactions of the PSI with
the liposome

To investigate the dynamics of the PSI on different types of
liposomes, all-atom MD simulation of the PSI on two mem-
branes compositions—1:1:1 POPC/POPE/POPS (PS-contain-
ing) and 1:1 POPC/POPE (PS-free)—was performed. The
stability of secondary and tertiary structure of PSI dimer on the
membranes was evaluated by Cα-RMSD and secondary
structure analysis (Figs. S1 and S2). The majority of residues
are quite stable in secondary structure, especially those in
helical regions (Fig. S3). Qualitatively, no meaningful differ-
ences in secondary structure were found between the PS-free
and PS-containing systems (Fig. S4).

We further computed the electron density distributions of
the PSI on both types of bilayers and for the phospholipids in
each of the bilayer compositions along the z-axis (a direction
perpendicular to the membrane surface). The two pure
membranes share overlapping density distributions, whereas
the PSI’s density distribution showed a lipid-dependent profile
(Fig. 6). The PSI on a PS-containing membrane generally
tended to the more closely associate with the membrane’s
surface compared with the PSI on a PS-free membrane. There
is also more overlap with the respective membrane curves for
the PSI on a PS-containing membrane than when on a PS-free
membrane surface, indicating that the PSI forms stronger
interaction with the PS-containing membrane. This is
reasonable considering that PS has a net negatively charged
head group and that the majority of acidic residues on the PSI
are protonated under the simulated acidic condition (pH 4.0).
The electrostatic interactions maintain a closer interaction
between the PSI and the PS-containing membranes.

To identify the hotspot residues involved in the PSI-
membrane interactions, we computed contact maps of the
PSI residues relative to the head groups of each of the
phospholipids in respective membranes (Fig. 7). Once the PS
component is introduced, the overall contact fractions of PSI



Figure 4. PSI-liposome interactions determined by the solution NMR. All spectra are 1H-15N HSQC spectra. A and E, the HSQC of spectra of free 15N-PSI
at pH 3.4 and at 298 K. B and F, the HSQC of PSI after the addition of PS-free liposomes to a final protein-to-liposome molar ratio of 1:2 (B) and 1:4 (F). The
boxes highlight the residues that are attenuated after the addition of liposomes. C and G, the HSQC of PSI after the addition of PS-containing liposomes to a
final protein-to-liposome molar ratio of 1:2 (F) and 1:4 (G). D and H, the HSQC of spectra of the supernatant of the mixing solution from PSI + PS-free
liposomes (D) and PSI + PS-containing liposomes (H). HSQC, heteronuclear single quantum coherence; PS, phosphatidylserine; PSI, plant-specific interests.
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residues interacting with the membrane display a substantial
increase. In the PS-containing system, the PSI residues
preferentially form more contacts with PS molecules than
with either PE or PC molecules (Fig. 7A). The interaction
primarily mediated by residues (*denotes protonated state of
carboxylate group) of E100, K90, E93*, Q97, E89*, and E85. It
is reasonable that the positively charged K90 and the
(neutralized) polar residues E93*, Q97, and E89* contribute
highly to the interaction of PSI with the negatively charged PS
lipids. However, of note are E100 and E85, which are
J. Biol. Chem. (2022) 298(1) 101430 5



Figure 5. Temperature variable 15N-ssNMR spectra of the PSI in different type of liposomes. A–D, 1D 15N-PSI in PS-free liposomes at (left and right)
268K, 278K, 288K, and 298K. E–H, 1D 15N-PSI in PS-contained liposomes at (left and right) 268 K, 278K, 288 K, and 298 K. I, the relative intensities of 15N-PSI
plotted against temperatures. PS, phosphatidylserine; PSI, plant-specific interests.

Membrane fusion activity of plant-specific insert domain
deprotonated (negatively charged) and also form strong
contacts with PS. A close inspection of the interaction details
reveals the presence of strong hydrogen bonds (<2.1 Å,
140–160�) between the serine portion of the PS head group
with the side chain and main chain oxygen atoms of the
amino acids E100 and E85, respectively (Fig. 8). In the PS-free
system, the hotspot residues are E58*, E100, K7, and S61, with
a similar contact fraction magnitude interacting with PC and
PE to hotspots in the PS-containing system. Note that the
hotspot residue E100 in the PS-containing system is also a
major hotspot residue in the PS-free system, whereas the
residues E58* and S61 are only among the top residues in the
PS-free system.
Lipid compositions regulate the dynamics of the PSI on bilayer
surfaces

To examine the dynamics of the PSI on bilayer surfaces, we
calculated the distance of the center of mass of the PSI to the
central plane of the lipid bilayer and the angle between the
6 J. Biol. Chem. (2022) 298(1) 101430
principal vector of PSI with the XY-plane against time. As
shown in Figure 9A, the curves are separated in distinct two
groups. The PSI is quite stable in the PS-containing systems,
whereas the PSI in the PS-free systems undergoes large
fluctuations, indicating poor binding of the PSI in this system.
This is also consistent with the aforementioned electron
density profiles (Fig. 6), in which the PSI preferred to interact
with a membrane containing PS. The principal vector of the
PSI is defined as the vector from the Cα atom of the residue
V2 to the Cα atom of the residue P66 to represent the
principal direction (shown in red arrows in Fig. 10B). The
angle between the principal vector of the PSI with the
XY-plane also shows overall larger changes in the PSI’s
orientation in the PS-free system, suggesting that PSI often
rotates during the simulation (Fig. 9B). Taken together, the
dynamics of PSI are quite different in the membrane with or
without the PS component, with more dynamics being
observed in the PS-free system. These observations are
consistent with our above solution NMR study of HSQC
spectra (Fig. 4), which showed that the narrow signals of the



Figure 6. Electron density profiles of PC/PE/PS and PC/PE membranes and associated PSI along the normal z-axis. The center of the membrane was
set as the coordinate origin. The last 300 ns trajectory data of all 15 simulations were used for calculation. PC, phosphatidylcholine; PE, phosphatidyl-
ethanolamine; PS, phosphatidylserine; PSI, plant-specific interests.
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PSI on PS-free liposomes, indicating large dynamic motions
when associated with them.

To further characterize the typical states the PSI adopts in
the interactions with the membrane, we plotted the
normalized frequency histogram of the angle between the
principal vector of PSI and the XY-plane using Freedman-
Diaconis’ binning rule (34) for bin width determination. As
shown in Figure 10A, PSI predominantly adopts a flat
orientation with the overall principal vector tilt angle ranging
from −31� to 30� in the PS-containing system, whereas
adopting diverse dominant angles with the overall angle
spanning widely from −89� to 55� in the PS-free system. The
snapshots of typical angles in those two systems are shown in
Figure 10B. This demonstrates that the lipid compositions
regulate not only the dynamics of the PSI on bilayer surfaces
but also the dominant states which the PSI prefers to adopt in
the interactions.
Discussion

Some plants use membrane fusion induced by membrane
fusion proteins as a way to resist pathogen attack (35). Anti-
microbial proteins have an important role in distinguishing
host cells from pathogens, thus allowing for selective cyto-
toxicity (36). For antimicrobial proteins linked to membrane
binding and disruption, the target is often negatively charged
phospholipids as the content of negatively charged phospho-
lipids varies widely between different organisms or different
cell types in the same organisms (37). The plasma membranes
of prokaryote or fungal pathogens contain 20 to 25% anionic
phospholipids (38), whereas in eukaryotic cell membranes,
they only compose 5 to 10% of total lipids. Furthermore, the
distribution of phospholipids in mammalian cells is asym-
metric. The outer leaflet is composed mainly of neutral lipids
(39) and anionic phospholipids, such as PS lipids, are found in
the inner leaflet of the plasma membrane, which only trans-
locate to the outer leaflet during apoptosis (40). Thus, many
antimicrobial proteins have evolved to preferentially bind and
disrupt negatively charged phospholipids to selectively attack
pathogen(s) (41).

The PSI targets fungal and prokaryotic pathogens and
shows lipid composition-dependent activity (15). The pre-
sent study combines multiple biophysical techniques to
identify the mechanism of PSI-membrane interactions as a
function of PS content in the membrane fusion process. Each
technique provides a unique aspect to determine the
mechanism, whereby the combined techniques provide a
more complete description. The results of the cryo-EM and
DLS demonstrate, for the first time, that the PSI passes
through a hemi-fusion intermediate state during the mem-
brane fusion process. Although the PSI is capable of fusing
both the PS-free and the PS-containing vesicle, FRET data
showed that both the fusion rate and the fusion efficiency of
PSI-induced membrane fusion are much higher for PS-
containing liposomes. Lastly, NMR and MD experiments
revealed the PS-dependent dynamics of the PSI when
interacting with liposomes. In PS-containing liposomes, the
PSI binds the phospholipid bilayer resulting in limited mo-
lecular motion. Conversely, in PS-free liposomes, PSI has a
higher degree of motion at physiological temperature. Given
that PSI-induced membrane fusion progresses through the
hemi-fusion state, the rigid angle of the PSI when interacting
with PS-containing liposomes (because of stronger binding)
would be more effective in bringing two liposomes together
J. Biol. Chem. (2022) 298(1) 101430 7



Figure 7. Contact map of PSI residues with the lipid head groups PC, PE, and/or PS in PS-containing and PS-free membrane systems. The contact
fraction was summed over the PSI residue and the lipid head groups and was averaged overall 15 MD simulations. Only the top residues interacting with the
three lipid head groups with at least one fraction larger than 20 are present for clarity. The x-axis consists of the residues of chains A and B of PSI. PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; PSI, plant-specific interests.
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in close proximity, yielding higher fusion efficiency and a
faster fusion rate (Fig. 11).

Our results provide insights into its physiological function.
In plants, the PSI localizes to the central vacuole, which plays
a role in the defense against pathogen attack (5). Upon
pathogen invasion-induced plant stress, two mechanisms of
action involving the vacuole have been suggested; (i) fusing
the vacuole’s membrane with the plasma membrane of
infected plant cells to induce apoptosis to prevent further
infection and (ii) the release of toxic cargoes to attack the
invading pathogens (17). For both mechanisms, the presence
of the pathogen’s cell membrane would result in an increase
in the amount of negatively charged phospholipids. There-
fore, the PSI may responded to the increase of the PS
membrane, leading to reduced motion and faster disruption
on membrane. The PSI may also be an important factor in the
attack of pathogen membranes, that is, inducing leakage of
the pathogen cells and leading to their lysis. The results ob-
tained here also explained the organism-dependent activity
(6, 7, 9, 18, 20–22). As an independent protein, the PSI has
been shown to be cytotoxic toward yeast and prokaryotic
plant pathogens, but not to the host plant cells. The main
8 J. Biol. Chem. (2022) 298(1) 101430
difference between two types of cell membranes is the lipid
composition. Thus, the PSI may anchor on a prokaryotic
membrane with limited motion and thereby induce faster
disruption. Finally, SAPLIPs have potential medical applica-
tions; the results obtained here could facilitate the design of
the SAPLIPs to fulfill the latter.

Experimental procedures

Isotope-labeled compounds (15NH4Cl) were obtained from
Cambridge Isotopes Laboratories. The lipids were purchased
from Avanti Polar Lipids.

PSI expression and purification

Uniformly 15N-labeled PSI was expressed and purified, as
previously described (10).

Liposome preparations

The liposomes used for lipids mixing experiments were
prepared, as reported previously (42). Fluorescent and
nonfluorescent liposomes were prepared. The nonfluorescent
liposomes were composed of egg-PE, egg-PC and brain-PS at



Figure 8. Snapshots of PSI with close contact with the membrane bilayer and the zoom-in details of interactions between PSI residues E100 and
E85 and the phospholipid PS in the PC/PE/PS membrane. PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; PSI, plant-
specific interests.
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a molar ratio of 1:1:X (X was either 0.5 or 1) or egg-PE and
egg-PC at a molar ratio of 1:1. The PC/PE/PS fluorescent
liposomes were comprised of PE, PC, PS, Rho-PE (N-(liss-
amine rhodamine B sulfonyl)-PE) and NBD-PE (N-(7-nitro-
2,1,3-benzoxadiazol- 4-yl)-PE) at a molar ratio of
1:1:X:0.018:0.018 (X was 0.5 or 1). The PC/PE fluorescent
liposomes were comprised of PE, PC, Rho-PE (N-(lissamine
rhodamine B sulfonyl)-PE), and NBD-PE (N-(7-nitro- 2,1,3-
benzoxadiazol-4-yl)-PE) at a molar ratio of 1:1:0.018: 0.018.
After 10 freeze-thaw cycles, the liposomes were extruded
20 times through two stacked polycarbonate membranes with
a pore of 100 nm.
Cryo-electron microscopy

The PSI was dissolved in a pH 4.5 buffer (27 mM Na-H3PO4

and 140 mM NaCl). A 3-μL aliquot of 100 μM PSI solution
was mixed with a 500 μL of liposome solution (5 μM). The
liposomes used were 1:1:1 PC/PE/PS. After addition of the PSI,
the mixture was incubated for 5 min, followed by quick-
freezing in liquid nitrogen to quench the fusion process.
A 4-μl aliquot of the samples was placed on a freshly glow-
discharged lacey carbon EM grid. After 2.5 s of blotting with
filter paper, the grid was flash-plunged in liquid ethane using a
Vitrobot Mark IV (Thermo Fisher Scientific Inc.) at 20 �C and
100% humidity. The samples were imaged in low-dose con-
ditions using a Titan Krios (Thermo Fisher Scientific Inc.)
operating at 300 kV. The images of all conditions were
collected at a nominal magnification of ×47,000 and an under-
focus of 2.0 to 3.0 μm on a Falcon 3EC camera (4096
pixels × 4096 pixels).
FRET experiments

FRET experiments were conducted by mixing nonfluores-
cent and fluorescent liposomes at a molar ratio of 9:1 and
diluted to the final concentration of 300 μM. The experiments
were conducted at room temperature. The PSI was added to
the mixtures of liposome to a final concentration of 15 μM.
The molar ratio of protein to liposome is 1:20 to make the
reaction rates in a reasonable time scale to be observed. The
buffer condition was pH 4.5, 27 mM Na-H3PO4, and 140 mM
J. Biol. Chem. (2022) 298(1) 101430 9



Figure 9. Time evolutions of the distance of the center of mass (COM) of PSI to the central plane of membrane bilayer and the angle θ between the
principal vector of PSI and the XY-plane in PC/PE/PS and PC/PE systems. The curves of PS-containing systems are colored in red and PS-free systems in
green. The last 300 ns trajectory data of all 15 simulations were used for calculation. PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phos-
phatidylserine; PSI, plant-specific interests.
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NaCl. The excitation wavelength was set to 465 nm and
emission was detected at 535 nm. The fluorescence intensity of
the liposomes without PSI was set as the baseline (0 fluores-
cence value, f0), and the fluorescence intensity that induced by
a solution of Triton X-100 with a final concentration after
mixing of 0.2% was set as 100 fluorescence value (f100). The
fusion efficiency, ft, was calculated according to the equation:
% ft = (ft − f0)/(f100 − f0) × 100.

DLS assay

DLS was used to determine the size distribution of fused
liposomes using a BI-200SM goniometer. The liposomes used
for the DLS measurements were PS-free or PS-containing li-
posomes. The liposome solution was diluted to a final phos-
pholipid concentration of 4 μM and mixed with the PSI at a
molar ratio of 30:1. The liposomes before and after PSI addi-
tion were subjected to DLS measurement. The scattering angle
(90�) and temperature (25 �C) were kept constant. The results
were processed in the WinContin software, and the distribu-
tion of size was calculated with the regularization algorithm
provided by the software.

Solution NMR spectroscopy

All solution NMR experiments were carried on a 500 MHz
or 600 MHz Bruker Avance III spectrometer. The 1H-15N
10 J. Biol. Chem. (2022) 298(1) 101430
HSQC spectra of 15N-labeled PSI were collected at pH 3.4 and
at a temperature of 298 K. The titration experiments between
liposome and PSI were carried at 0.1 mM 15N-PSI at pH 3.4
(27 mM Na-H3PO4, 140 mM NaCl).
Solid-state NMR spectroscopy

The samples used for studying PSI-liposome interaction by
ssNMR used 0.3 mM 15N-PSI at pH 3.4 in buffer (27 mM
Na-H3PO4 and 140 mM NaCl). The 15N-PSI was mixed with
liposomes at a molar ratio of 1:30 with gentle agitation at room
temperature for 1 h followed by ultracentrifugation at
900,000 g at 4 �C for 3 h to collect the 15N-PSI-liposome
complexes. The collected PSI-liposome complexes were
packed into a 4.0 mm rotor for ssNMR data collection.

All solid-state NMR spectra were collected on a 600 MHz
Bruker Avance III spectrometer equipped with a 4.0 mm
E-free 1H/13C/15N probe. All the ssNMR experiments were
conducted at a magic-angle spinning frequency of 10.0 kHz.
The temperature was calibrated externally by the T1 relaxation
time of 79Br in KBr powder (43). Typical π/2 pulses used were
2.5 μs for 1H, 4.0 μs for 13C, and 5.0 μs for 15N. All the
experiments used the SPINAL-64 decoupling scheme at
100 kHz for 1H decoupling during the acquisition. The pro-
gram TOPSPIN 3.2 was used to process NMR data. The 13C
chemical shifts were calibrated externally to DSS (3-



Figure 10. The range of the principle angles of PSI with the PS-free or PS-containing liposomes. A, probability density of the angle θ between the
principal vector of PSI and the XY-plane using Freedman-Diaconis’ binning rule (34) for bin width determination. The last 300 ns trajectory data of all 15
simulations were used for calculation. B, representative snapshots of typical angles for PSI in PC/PE/PS and PC/PE systems. PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PS, phosphatidylserine; PSI, plant-specific interests.
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(trimethylsilyl) propane-1-sulfonic acid) and analyze the data
using the program CARA.
Molecular dynamics simulation study

The PSI monomer structure was retrieved from the Protein
Data Bank (PDB ID: 3RFI) (10), and the dimer recreated using
the contained crystallographic symmetry information.
Missing residues were fixed using the MODELLER package
(44). The complete PSI dimer was then relaxed with a 40 ns
MD simulation using the AMBER 19 package (45) at 300 K.
Next, the relaxed PSI structure was submitted to the H++
web server (46) to determine the protonation states to
approximate a simulation pH of 4.0. As a result, on the PSI,
the following amino acids were simulated as protonated: E5,
D19, D40, H44, E54, E56, E58, E64, E89, and E93. The resi-
dues E85 and E100 were simulated as deprotonated according
to a previous constant pH simulation (47), which reported
much lower pKa values for those two residues. Next, two
membrane systems, POPC: POPE: POPS (“PS-containing”)
and POPC: POPE (“PS-free”), with respective lipid ratios of
1:1:1 and 1:1 were generated using the CHARMM-GUI server
(48). The TIP3P water model (49) was used, and different
water thicknesses of 40 Å and 42 Å were specified to
construct two PSI conformations and to ensure that there was
sufficient space in the Z dimension for simulation. The X and
Y dimensions were set as 79 Å, which led to a membrane
bilayer patch of 34:34:34 or 50:50 for PC:PE:PS or PC:PE
J. Biol. Chem. (2022) 298(1) 101430 11



Figure 11. A schematic representation of PSI-induced fusion of liposomes. PSI, plant-specific interest.
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phospholipid components in one leaflet, respectively. The PSI
structure and the membrane were combined together with
the PSI positioned �6 Å above the surface of the membrane.
Two simulation conformations (PSI lying down (“lie-down”)
and PSI standing up (“stand-up”)) were constructed. The
overlapped water molecules were deleted using visual mo-
lecular dynamics (50) after a reported criterion that the
minimum distance of a water oxygen atom from any of the
solute atoms was 2.6 Å, and the minimum distance of a water
hydrogen atom was 2.0 Å (51).

The final system was neutralized with sodium or chloride
ions as needed, and extra NaCl was added to model the
experimental salt concentration of 0.14 M. All MD runs were
performed using the AMBER 19 package (45) with the ff14SB
protein force field (52) and the LIPID17 lipid force field (53).
The van de Walls cutoff was set to 10 Å, and explicit solvent
particle mesh Ewald was used for long-range electrostatic
energy calculation. Minimization, heating, and holding pro-
cesses were performed before production runs. All production
simulations were performed at 303 K under the NPT
ensemble with the integration step of 2 fs and an anisotropic
pressure coupling. The temperature of 303 K was set to be
higher enough than the phase transition temperatures of
lipids. Five independent runs for each membrane system (PS-
containing or PS-free) and conformation (lie-down/stand-up)
were carried out to improve sampling, which led to a total of
20 simulations. Production trajectories of 700 ns were
generated for all simulations. Two PS-containing trajectories
and two PS-free trajectories with the stand-up conformation
and one PS-free trajectory with the lie-down conformation
were dropped for analysis due to the PSI drifting under the
bottom of the membrane bilayer. Water molecules and ions of
all trajectories were removed first before analysis. All the
figures were prepared using gnuplot or visual molecular dy-
namics (50).

The equilibration of simulations was monitored by tracking
the z-depth of the PSI center of mass and the PSI principal
vector tilt angle and the rmsd of Cα atom (Cα-RMSD) of PSI
excluding the loop regions (residues 40–63) during the
simulation. As shown in Figures 9 and S1, the systems were
12 J. Biol. Chem. (2022) 298(1) 101430
equilibrated with some simulations of the PC/PE system un-
dergoing fluctuations considering the typical dynamic prop-
erties of the simulated systems. Based on the observation, the
last 300 ns trajectory data were used in the subsequent analysis
to ensure converged calculations.
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