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Robust agricultural yields depend on the plant’s ability to fix carbon amid variable environmental conditions.
Over seasonal and diurnal cycles, the plant must constantly adjust its metabolism according to available re-
sources or external stressors. The metabolic changes that a plant undergoes in response to stress are well un-
derstood, but the long-distance signaling mechanisms that facilitate communication throughout the plant are less
studied. The phloem is considered the predominant conduit for the bidirectional transport of these signals in the
form of metabolites, nucleic acids, proteins, and lipids. Lipid trafficking through the phloem in particular
attracted our attention due to its reliance on soluble lipid-binding proteins (LBP) that generate and solubilize
otherwise membrane-associated lipids. The Phloem Lipid-Associated Family Protein (PLAFP) from Arabidopsis
thaliana is generated in response to abiotic stress as is its lipid-ligand phosphatidic acid (PA). PLAFP is proposed
to transport PA through the phloem in response to drought stress. To understand the interactions between PLAFP
and PA, nearly 100 independent systems comprised of the protein and one PA, or a plasma membrane containing
varying amounts of PA, were simulated using atomistic classical molecular dynamics methods. In these simu-
lations, PLAFP is found to bind to plant plasma membrane models independent of the PA concentration. When
bound to the membrane, PLAFP adopts a binding pose where W41 and R82 penetrate the membrane surface and
anchor PLAFP. This triggers a separation of the two loop regions containing W41 and R82. Subsequent simu-
lations indicate that PA insert into the g-sandwich of PLAFP, driven by interactions with multiple amino acids
besides the W41 and R82 identified during the insertion process. Fine-tuning the protein-membrane and protein-
PA interface by mutating a selection of these amino acids may facilitate engineering plant signaling processes by
modulating the binding response.

1. Introduction

Based on current crop yield projections coupled to population
growth, food scarcity is projected to increase through 2050, Ray et al.
(2013) with uncertainty in the modeling around plant temperature re-
sponses playing a major role Wang et al. (2017). Strategies to improve
crop production include approaches that enhance plant resilience to
abiotic stressors such as drought, salinity, flooding and extreme tem-
peratures Bailey-Serres et al. (2019). Understanding the underlying
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molecular mechanism is important to design improved response path-
ways (Lin et al., 2019; Mega et al., 2019; Munns et al., 2012; Liu et al.,
2021). The current concept involves a cascade of processes, including
sensing, signaling, transcription, translation and post-translational
protein modifications to improve crop robustness to a varying climate
Zhang et al. (2022).

Environmental changes trigger both intracellular local signaling and
long-distance/systemic signaling. It is essential to understand the
signaling processes that coordinate responses between local tissues,
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which are perceiving the stress, and the distal tissue throughout the
whole plant (Lucas et al., 2013; Notaguchi and Okamoto, 2015). Lacking
a nervous system, plants have developed sophisticated translocation
networks through the phloem, which transport various mobile mole-
cules, such as metabolites, secondary messengers, small proteins, and
RNAs, to connect and share information between tissues Takahashi and
Shinozaki (2019). In recent years, phospholipids have been proposed as
long distance signals, but their importance in plants is largely unex-
plored (Guelette et al., 2012; Benning et al., 2012; Barbaglia and
Hoffmann-Benning, 2016; Koenig et al., 2020). In the past, PA has been
shown to be a major intracellular signal in response to a variety of
abiotic and biotic stresses (Munnik, 2001; Wang, 2004; Testerink and
Munnik, 2005; Wang et al., 2007; Testerink and Munnik, 2011; Wang
and Chapman, 2013; Kim and Wang, 2020; Ali et al., 2022). Further-
more, the presence of PA in phloem exudates suggests a function for PA
in long-distance signaling as well Guelette et al. (2012). The hydro-
phobic nature of the lipids requires transport proteins to sequester the
acyl chains away from the aqueous environment in the phloem.

One candidate for lipid transport or as co-signal is the Phloem Lipid-
Associated Family Protein (PLAFP) that is hypothesized to transport PA
through the phloem in response to drought stress Benning et al. (2012).
PLAFP contains a PLAT/LH2 domain, formed by a p-sandwich of two
f-sheets with four g-strands each, and a C-terminal a-helix. PLAFP is
expressed in leaf and root vasculature in three week-old seedlings and in
mature plants (Barbaglia et al., 2016; Hyun et al., 2014), and more
specifically has been shown to be expressed in companion cells Mus-
troph et al. (2009). The abundance of PA McLoughlin and Testerink
(2013) and the expression of PLAFP (Barbaglia et al., 2016; Hyun et al.,
2014) are both upregulated in the presence of abscisic acid (ABA), a
drought stress signaling compound Ali et al. (2020). PLAFP expression is
also upregulated in the presence of the water-stress mimicking molecule
polyethylene glycol Barbaglia et al. (2016).

Cellular localization studies show that PLAFP is localized in a spotted
pattern around the periphery of the cell and not retained in the endo-
plasmic reticulum (ER) Barbaglia et al. (2016). Additionally, PLAFP
binds specifically to PA in lipid overlay and liposome-binding assays
(Benning et al., 2012; Barbaglia et al., 2016). Together, these findings
suggest that PLAFP and PA are both produced during drought stress and
localize at the plant plasma membrane, where PLAFP desorbs PA from
the membrane and transports the lipid through the phloem for signaling
(Fig. 1) (Barbaglia and Hoffmann-Benning, 2016; Koenig et al., 2020).
Target receptor proteins for the PLAFP-PA complex are currently
unresolved.

In this study, we leverage the spatial and temporal resolution of
molecular simulation to quantify the nanoscale mechanism behind
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hypothesized PLAFP function by tracking PLAFP binding to a plant
plasma membrane model, and subsequent insertion of anionic PA lipids
into the p-sandwich of PLAFP. We find that PLAFP binds to plasma
membranes independent of the membrane PA content in a consistent
stable binding pose by anchoring W41 and R82 into the hydrophobic
core of the membrane. After membrane association, PLAFP undergoes a
conformational change, where the separation distance between W41
and R82 increases, which we hypothesize triggers PA-binding. PA inserts
with the lipid tails into a hydrophobic pocket in PLAFP between the two
p-sheets, while the charged lipid head group remains exposed for po-
tential receptor interactions. The insertion of PA weakens the PLAFP-
membrane interactions leading to the dissociation of the PLAFP-PA
complex from the plasma membrane, which would then be trans-
ported by the phloem stream.

2. Methods
2.1. PLAFP subcellular localization using confocal microscopy

CaMV35S::PLAFP-eYFP (pPZP212) Barbaglia et al. (2016) was
transformed into Agrobacterium tumefaciens GV3101 by electroporation
and selected with 50 yg/mL kanamycin, 10 pg/mL gentamicin, and 10
ug/mL rifampicin. The plasma membrane marker (PM-RK) Nelson et al.
(2007) and PLAFP-eYFP in A. tumefaciens GV3101 were grown in 25 mL
cultures in Luria Broth (100 uM acetosyringone, 50 ug/mL kanamycin,
10 ug/mL gentamicin, and 10 ug/mL rifampicin) at 28°C to an OD600 of
0.6. The cells were harvested by centrifugation at 3000 xg for 10 min.
The cell pellets were resuspended in infiltration buffer (10 mM MES pH
5.7, 10 mM MgCl, 100 uM acetosyringone) to an OD600 of 0.6. Resus-
pended cells were incubated at room temperature for 1-3 h then indi-
vidually infiltrated into Nicotiana tabacum with a 1 mL needleless
syringe. The resuspended PLAFP-eYFP and PM-RK cells were combined
1:1 by volume, briefly vortexed, and co-infiltrated into another N.
tabacum leaf. Infiltrated tobacco was left in the Percival growth cham-
ber at 22°C on a 12-12 day/night cycle for 2 days. The spectral-based
Olympus FluoView 1000 confocal laser-scanning microscope was used
to image eYFP (PLAFP) and mCherry (PM-RK) in infiltrated tobacco
leaves. The eYFP and mCherry fluorescence was excited with the
515nm and 559 nm lasers, respectively. The eYFP emission was
captured between 530 and 560 nm and mCherry between 570 and
600 nm.

2.2. Protein model

No experimentally determined structure exists for PLAFP. Thus,
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Fig. 1. Schematic showing a proposed model for PLAFP-PA systemic signaling: A PLAFP (purple) extracts PA from the plasma membrane and inserts the lipid into a
hydrophobic pocket. B Afterwards, the protein-lipid complex travels through the phloem and C binds to an unknown receptor protein (red) in a distal tissue.



M. Kulke et al.

homology modeling to determine the 3D protein structure is required
prior to simulation. PLAFP has a signal peptide that is cleaved off after
import into the ER. The mature sequence (uniprot id: 065660) The
UniProt Consortium (2015) used for modeling spans residues 24-181,
which has a 24.6% sequence identity with the nearest structurally
resolved sequence of calcium-dependent 11R-lipoxygenase (pdb code:
3VF1) Renatus et al. (1997). Multiple homology models were con-
structed using the Robetta (Kallberg et al., 2012; Soding, 2005; Yang
et al., 2011; Ovchinnikov et al., 2017; Yang et al., 2020; Baek et al.,
2021; Song et al., 2013), Swiss (Bienert et al., 2017; Studer et al., 2020;
Bertoni et al., 2017; Waterhouse et al., 2018) and iTasser (Yang et al.,
2014; Roy et al., 2010; Zhang, 2008) modeling server (Fig. 2A,B). To
evaluate the structural stability for the homology models, each model
was solvated in explicit water including 0.15 mol L™! NaCl and simu-
lated at 298 K and 1 bar for 100 ns following a short 100 ps equilibra-
tion period. We selected one of the Robetta predictions as final model
based on: (i) structural stability during the molecular dynamics simu-
lation, (ii) a high content of structural elements and (iii) a high sequence
identity and homology modeling scoring factor (Fig. S2). Details to the
selection process are described in the Supporting Information.

2.3. Membrane-PLAFP interaction simulations

The membrane composition is obtained from Arabidopsis thaliana
plasma membrane lipidomics data from existing literature (Grison et al.,
2015; Uemura et al., 1995). Three different membranes with varying PA
content and 46% sterols, 7% ceramides, 47% phospholipids, and an
explicit water interphase were generated in a 10.2 x 10.2 x 8.5 nm®
rectangular box using the membrane builder interface within
CHARMM-GUI (Lee et al., 2016; Wu et al., 2014; Jo et al., 2008).
Membrane 1 lacks PA, membrane 2 has near-native PA content, and
membrane 3 is enriched with 3x the typical PA content (Table S1).

To assess binding in an unbiased manner, the PLAFP protein center of
mass was placed 4.7 nm above each of the three membranes along the z-
axis, the membrane surface normal, for six different orientations, each
orientation representing the face of a cube (Fig. 2B). Four of these ori-
entations were rotations around the x-axis at 0°, 90°, 180°, and 270° and
the other two were rotations around the y-axis at 90° and — 90°. In this
position, the protein was above the water interface generated by
CHARMM-GUI with a few orientations slightly touching into the water
phase. The z-axis of the simulation box was adjusted to approximately
14 nm to fit the additional space generated by the protein. After sol-
vating this space with the solvate command in VMD 1.9.4a55 Hum-
phrey etal. (1996), the membrane occupied ~ 4 nm and the water phase
~ 10 nm in the z-axis. The sodium chloride concentration was set to 0.15
mol L neutralizing the system by replacing water atoms with ions.
Because lateral lipid diffusion within the membrane is slow compared to
the simulation timescale and the membrane has 22 unique components,
simulations are biased by the initial lipid and sterol starting positions.
Therefore, sampling statistics were improved by replicating each
orientation five times with independently generated sterol and lipid
starting positions within the membranes, resulting in 90 total simula-
tions (3 membranes, 6 orientations, and 5 replicas). All systems were
simulated for 200 ns.

2.4. PA-PLAFP insertion simulations

The conformation with PLAFP in the most probable membrane
binding state, where W41 and R82 are separated and anchored in the
membrane, was taken from the membrane-PLAFP interaction simula-
tions. In a new simulation system, this conformation was then solvated
with explicit water and neutralized with 0.15mol L NaCl in a
10 x 10 x 10 nm® box and one PA lipid was placed in the proximity of
the R82 residue (Fig. 2C). Flat-bottom constraints between the lipid
head group phosphorus atom and five heavy atoms in the surrounding
location restricted the lipid conformation sampling space to below 15 A
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Fig. 2. A The secondary structure elements of PLAFP. The colorscale follows
the protein backbone from the blue N- to red C-terminus. Arrows on a teal
background indicate antiparallel f-sheets. Cylinders represent a-helices. B
Starting state of the PLAFP-membrane interaction simulations with the protein
floating right above the plasma membrane. Replica systems with six different
protein rotations around the x- and y-axis were simulated. Membranes were
modeled according to published plasma membrane compositions (Grison et al.,
2015; Uemura et al., 1995) (see Table S1). C PLAFP in cartoon representation
with one PA lipid in the proximity of the binding pocket shown as
van-der-Waals balls.
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around the R82 and W41 region with a force constant of 100 kcal/mol/
A2 The system was replicated 9 times and simulated for 1.8 ys each.

2.5. Membrane PA-PLAFP interaction simulations

PLAFP with inserted PA was taken from the final frame of the PA-
PLAFP insertion simulations first replica. The complex was placed
above the plasma membrane in different orientations with the prepa-
ration procedure described in the Membrane-PLAFP interaction simu-
lations section. The resulting 30 total simulations (6 orientations with 5
replica each) were simulated for 200 ns.

2.6. Molecular dynamics simulations

NAMD 3.0a9 Phillips et al. (2020) was used as the molecular dy-
namics engine to simulate the systems enumerated above using the
CHARMM36m force field for proteins Huang et al. (2016), lipids Klauda
et al. (2010), and ions Beglov and Roux (1994). Water was represented
with the TIP3P water model Jorgensen et al. (1983). The equation of
motion is evaluated by a verlet integrator every 2 fs applying periodic
boundary conditions to the simulation system. Short-range electrostatic
and van der Waals interactions are calculated for atom pairs within 12 A
with a switching function beginning at 10 A shifting the force to zero at
the cutoff using the vdwForceSwitching argument. Long range electro-
statics are calculated with PME in a 1.2 A spaced grid Essmann et al.
(1995). Atom pairs are tracked in interaction pair lists generated every
200 fs for pairs within 14 A distance. Temperature is controlled by a
Langevin thermostat to 300 K with damping coefficients of 1 ps~! for all
atoms Grest and Kremer (1986). Pressure is adjusted to 1 atm by a
Nosé -Hoover Langevin piston with a 200 fs oscillation period and a 100
fs damping time scale Feller et al. (1995). In membrane systems, the
different compressibilities for the membrane and water phase are
accounted for by semiisotropically adjusting the pressure along the
membrane surface plane and normal vector. Bonds in water molecules
are constrained with SETTLE Miyamoto and Kollman (1992), while all
other bonds that include a hydrogen atom are constrained with the
SHAKE algorithm Ruymgaart and Elber (2012).

2.7. Contact number and penetration depth

Each trajectory was analyzed in VMD 1.9.4a55 Humphrey et al.
(1996) visually, and its scripting capabilities were used to quantify
contacts between protein and membrane, and membrane penetration
depths. The data was further analyzed with python 3.8.5 Van Rossum
and Drake (2009) utilizing the numpy Harris et al. (2020) and mat-
plotlib Hunter (2007) libraries for analysis and data visualization.

Contact numbers are determined by the heavy atoms of a protein
residue and a membrane lipid coming within 6 A distance. To account
for differences in contact strengths C, a contact is scaled according to its
distance d using a sigmodial function derived from protein folding
studies (Sheinerman and Brooks, 1998), and previously used to quantify
membrane-protein contact (Vermaas and Tajkhorshid, 2017):

1

= m (€D)]
Average contact numbers are time averaged over the trajectory frames.
Since the starting position of the protein is near the membrane, the
initial diffusion period where the protein drifts to the membrane is short.
Nevertheless, the first 75 ns of each trajectory were omitted from the
analysis to promote an unbiased equilibrated structural ensemble of the
protein-membrane interactions (Fig. S3).

Membrane penetration depths of individual protein residues were
quantified by calculating the probability densities of the minimum z-
distance in relation to the membrane center for individual amino acids
and lipid phosphorus atoms. Since the composition of the membrane
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upper and lower leaflet are identical in our membrane construction, the
absolute values for the z-distances are considered to increase the
sampling.

3. Results
3.1. PLAFP interacts with the plant plasma membrane

Confocal microscopy shows that PLAFP is associated with the plant
plasma membrane, with PLAFP co-localized with plasma membrane
markers (Fig. 3), consistent with prior localization to the cell periphery
Barbaglia et al. (2016). The spotted pattern for localization in Fig. 3
suggests association near the plasmodesmata, based on similar patterns
observed in other plasmodesmata-associated proteins Ishikawa et al.
(2017). However, the mechanism and orientation of the interaction re-
mains unknown. To further investigate the binding orientation and ge-
ometry of PLAFP with the plasma membrane, the interactions between
PLAFP and the plasma membrane were simulated in 90 simulations.
Interactions were quantified by counting contacts between protein and
lipids over the trajectory frames, as well as monitoring insertion depth.
Each of the simulations was 200 ns long and independent, varying the
initial lipid starting positions, PA concentrations in the membrane based
on experimental lipidomics studies (Grison et al., 2015; Uemura et al.,
1995), and initial protein orientations with respect to the membrane
surface, as indicated in the methods. The average area per lipid and
average order parameter of the membranes equilibrated within the first
50 ns of each simulation (Figs. S4 and S5) to the liquid ordered phase
(Fig. $6), because of the high sterol content, which reduced lateral lipid
diffusion tenfold compared to liquid disordered membranes Kulke et al.
(2023) (Fig. S7).

We find that PLAFP interacts with the plasma membrane in most of
the replicate simulations, and does so for the overwhelming majority of
the simulation time (Fig. S3). In 17% of trajectories, the binding inter-
action was not durable, and PLAFP moved into solution during the
simulation overall resulting in 28-31% unbound frames for each
membrane composition. However, in all frames with bound PLAFP, the
protein was observed to bind primarily in one single overall orientation
(Fig. 4), with a consistent set of residues coming into close proximity to
the membrane (Figs. 5, S8). In this orientation, PLAFP presents the two
flexible loops pLa and pLc towards the membrane (Movie S1). Upon
binding, these loops are inserted inside the membrane with a penetra-
tion depth of 0.3-0.5 nm with respect to the membrane phosphate plane
(Fig. 6). The amino acids with the greatest membrane penetration are
W41 and R82, each at the tip of the respective flexible loops. W41 in
particular is observed to strongly interact with the hydrophobic mem-
brane core potentially driving membrane penetration for adjacent resi-
dues. After the penetration event occurred, PLAFP did not unbind from
the plasma membrane within the simulation time. Other residues with
significant lipid interactions are R36, S39, 140, K42, N84, and the amino
acids at the end of C-terminal a-helix (Fig. 5). Membrane interactions
are also observed for the surface of the j-sheet, as the protein sporadi-
cally lays flat onto the membrane surface with the pg-sheet surface in
contact.

Unlike for binding to PC or PIPs, there are no conserved binding-
domains known for interaction with PA. Instead the general require-
ment appears to be a series of basic amino acid side chains in the
proximity of a hydrophobic pocket. Basic residues such as R36, K42 and
R82 are conserved among multiple PLAFP homologues and are pre-
dicted to interact with PA (Awai et al., 2006; Testerink et al., 2007;
Wang et al., 2013; Li et al., 2013; Rice and Wereszczynski, 2017). During
the simulation, the membrane interacts preferably with R82, suggesting
that the R82 loop engages in more durable interactions with the mem-
brane compared to the loop containing W41. Given the short sequence
distance between W41, R36, and K42, we propose that W41 sterically
hinders other neighboring amino acids in its loop to deeply penetrate the
membrane and interact strongly with phosphate headgroups relative to
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Overlay

Fig. 3. Confocal microscopy images of PLAFP localizing with the plasma membrane. A PLAFP-eYFP in green is observed in the periphery of tobacco epidermal cells
and exhibits a punctuate pattern, which may indicate association to the plasmodesmata or another specific structure at the membrane surface. PLAFP co-localizes
with B the plasma membrane marker PM-RK Nelson et al. (2007) in magenta, as observed in white in the overlay C, which indicates overlap between the PLAFP and

plasma membrane marker signals. Scale bar represents 20 ym.
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Fig. 4. Conformational probability density of the tilt angle deviation relative to
the structure shown as inset, which is PLAFP’s preferred binding pose. In this
conformation PLAFP in cartoon representation anchors to the plasma mem-
brane shown as transparent lightblue surface. Tilt angles are measured with
respect to the membrane surface normal vector, and tilt angles of cosf =1
correspond to the structure shown in the inset, while protein conformations
perpendicular and anti-parallel to this structure have values around 0 and — 1,
respectively. Probability densities are calculated from the united replicate tra-
jectories for each membrane composition.

R82. Rather than lead to membrane association, R36 or K42 may have
other roles within the membrane-protein association process.
Although PLAFP was shown to interact with PA in vitro in previous
studies (Benning et al., 2012; Barbaglia et al., 2016), this interaction is
not required for the protein to associate to the plasma membrane. PLAFP
bound in similar orientations irrespective of the PA concentration in the
membrane, with similar insertion depths (Fig. 6). Quantifying contacts
per residue again show highly similar trends, regardless of the PA con-
centration present in the membrane (Fig. 5). Independent of the plasma
membrane having no PA, the natural amount, or three times the natural
amount, PLAFP did interact with the plasma membrane in the same
conformation (Fig. 6) and with equal strength (Fig. 5). Phospholipids
make up the overwhelming majority of interactions to the protein with
PC and PE having the highest interaction, but they are also the most
abundant phospholipids (Table S2). Charged lipid head groups PI, PS
and PA do not have significantly more interactions than what is expected

based on their molecule count. Thus, within the limits of our molecular
sampling, different phospholipids contribute equally to the total inter-
action count, suggesting that membrane association is non-specific to
the lipid headgroup. However, since so many protein-membrane in-
teractions are to the phospholipid headgroups, sterols are underrepre-
sented in the interaction with PLAFP. Sterols make up 46% of the plasma
membrane composition, but since they are largely hydrophobic with
only minimal hydroxyl headgroups, they do not make as many contacts
as the surrounding phospholipids do.

3.2. PA inserts into PLAFP

When visually analyzing the membrane-protein interaction trajec-
tories, we observed that the protein conformation is not static, but
instead undergoes a membrane-induced conformational change in the
two loop regions La and L that are in direct contact with the membrane
surface. While in solution, these loops demonstrate a tight distribution of
distances, indicating specific interactions or solvent effects that drive the
loops together (Fig. 7A,B). As the loops come into proximity with the
membrane, alternative interaction partners are available to the loops,
and the loops are observed to separate up to a distance of 2 nm, opening
a cavity within the protein (Fig. 7A,C).

Our initial hypothesis was that this cavity acts as an acceptor for lipid
acyl tails, lowering the barrier for desorbing PA acyl tails from the
membrane core. To test this hypothesis, a protein-lipid system with
PLAFP and one PA lipid placed near this binding cavity in aqueous so-
lution were simulated in nine replicas (Movie S2). The initial binding of
PA to PLAFP occurs in four states, whereby two of the states lead to
further insertion of PA into PLAFP, and two are traps that hinder
insertion for up to a few microseconds. Out of the nine replicas, in six PA
did bind initially into trap states a or b, in two replicas into state c and in
one replica into state e (Fig. 8). Trap state a is characterized by the PA
head group being immobilized between La and L¢ interacting with R82,
R36 and T37. Sporadically, the head group will interact with K42
instead of R82. The lipid tails are directed toward the f-sheets f; and S
interacting with 140, Y116, W141, and W41. The head group interacting
with R82 and the tails with W41 results in a stable separation of these
two amino acids. In trap state b, the lipid head group interacts with R82
or K42 from the opposite site, while the tails in this state wrap around Ly
towards Lg and L; interacting with H112, W141, T146, A143, 140 and
D145 (Fig. 8). The separation of W41 and R82 is not required in state b.

We did observe the transition between the two trap states a and b,
but in the simulations only trap state b did transition into state e to
initiate the insertion process. This happens by the lipid tails flipping
around to the opposite site into the space between Ly and L towards aa.
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area and the aqueous phase in white. The probability to find a residue at a certain distance away from the membrane center is colored in shades of red. Red colors
that overlap with blue regions indicate residues that penetrate the membrane surface.

During the process, the lipid head group keeps interacting with R82, and
is further stabilized by T45 and D46 at the end of the flip. The tails start
to interact with 148, N65, Q67, A68, Y77, Y79, and F80. Subsequently,
either the lipid head group partially inserts into the pocket between Ly
and L¢ driven by interactions with W115, R82, and D86 (Fig. 8f), or one
of the lipid tails slips into the same pocket. Either way, interactions
between the lipid tail ester group and W115 drives the deep insertion of
the first lipid tail, while simultaneously separating W41 and R82. During
the insertion process, the lipid phosphate group is slightly pushed out of

the pocket, and interacts solely with R82 while the remainder of the
lipid moves further towards aa (Fig. 8g). In some simulations, the lipid
head group was positioned between W41 and R82 to make more space
inside the binding pocket and allowing the lipid tail to insert correctly.
In state g, the lipid tail is located inside the hydrophobic protein core in
between the f-sandwich interacting with multiple hydrophobic amino
acids Y31, F33, 153, 159, 163, L66, W69, F88, L95, L104, W115, V120,
and I122. Between the f-sandwich is enough space for both lipid tails,
and the insertion of the second tail did take up to several 100 ns in the
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Fig. 7. A Histograms of the distance between the C, atoms of R82 (red) and W41 (blue) for PLAFP (light gray) in B aqueous solution and C membrane environment.

three replicas that completed this process within the simulation time
(Fig. 8h). In the final inserted state h, the PA head group still interacts
with R82, but also with the nearby polar residues T27 and N84. The
head group is not completely buried inside PLAFP and is accessible for
interactions from the outside. PA unbinding was not observed during the
simulations.

During the simulations, we did observe an alternative insertion
mechanism in two of the replicas. Here, the lipid does not insert between
La and Lc, but in the interface between L¢, fp and ap (Fig. 8c). The
insertion occurred in both cases with one of the tails first resulting in
state d, which is similar to state g, but the lipid ester group is not
interacting with W115, and the lipid head group sticks out. In one of the
two replicas, state d transitioned into state h after 200 ns. Overall, the
insertion process is varied, but the eventual bound pose shown in
(Fig. 8h) is highly consistent across bound poses.

3.3. PLAFP-PA complex does not bind to plasma membranes

To examine if the PLAFP-PA complex is soluble, we simulated its
behavior when placed adjacent to membranes, as in Fig. 2B. In the
simulations the PLAFP-PA complex is initially positioned directly above
the membrane surface, and during half of the 30 simulation replicas, the
protein immediately diffuses away and stays in the center of the water
phase between the two bilayers of the periodic box (Movie S3). In the
other half of the simulation trajectories, PLAFP-PA interacts with the C-
terminal a-helix positioning the helix surface in between the membrane
surface and the rest of the protein. The quantification of these in-
teractions in Fig. 5 shows that with the insertion of PA all interactions
between the membrane surface and the two amino acids W41 and R82
are lost. The interactions between the C-terminal helix and the mem-
brane increase significantly compared to the interaction between the
membrane and PLAFP alone, and the interactions are strong enough to
keep PLAFP associated to the membrane. In only one of the replica
simulations, we observe that PLAFP unbinds within the simulation time
after an initial binding with the C-terminal helix. Nevertheless, signifi-
cantly more replica simulations with PLAFP-PA did not bind to the
membrane compared to PLAFP suggesting that PLAFP-PA has a higher
dissociation constant. The PLAFP-PA complex would thus be the species
most likely to travel large distances through the phloem to an unknown
target elsewhere in the plant.

4. Discussion
Our goal was to understand the mechanism of the PLAFP-PA inter-

action in response to abiotic stress. Previous data had shown that the
signaling compound ABA is expressed during drought stress and

upregulates PLAFP expression as well as PA production (Ali et al., 2020;
McLoughlin and Testerink, 2013; Barbaglia et al., 2016). Phospholipids
are produced in the ER Schmid (2021) and transported to the plasma
membrane. Similarly, PLAFP is associated with PM and ER as well,
though it predominantly appears in a spotted pattern along the pe-
riphery of the cell (Fig. 3). This pattern could possibly indicate an as-
sociation with plasmodesmata, given a similar localization pattern in
live cells Ishikawa et al. (2017), but other alternatives such as lipid raft
association may also be possible. It was suggested that PLAFP binds to
PA generated in the plasma membrane by phospholipases, sequesters it
away from the aqueous environment and moves it systemically through
the phloem stream to its target tissue (Benning et al., 2012; Barbaglia
and Hoffmann-Benning, 2016; Barbaglia et al., 2016; Koenig et al.,
2020). However, the mechanism and biological possibility of such in-
teractions remained unclear. Our proposed mechanism for the binding,
association, and unbinding for PLAFP is outlined in Fig. 9.

In the simulations described here, PLAFP demonstrated a high af-
finity for and interaction with the phospholipids in the plasma mem-
brane (Figs. 6, 9A). However, this membrane association of PLAFP is not
specifically mediated by PA interaction (Fig. 5) Instead we propose that
PLAFP may encounter PA by either scooting along the membrane sur-
face until it finds PA, or undergoing multiple association and dissocia-
tion events until it binds in close proximity to PA by chance. Since PLAFP
did not unbind after penetrating the membrane surface in the simula-
tions, we propose that it is more likely that PLAFP drifts along the
membrane surface until the protein encounters PA.

Upon membrane contact, the amino acids W41 and R82 anchor in
the membrane, and separate their respective loops to expose a hydro-
phobic cavity (Figs. 7, 9B). Although we did not explicitly simulate the
lipid extraction process, instead using PLAFP in aqueous solution to
quantify insertion, we propose that the PA head group interacts with
R82, anchoring the lipid near PLAFP, and that the biggest energy barrier
for the PA extraction is to get at least one of the tails out of the mem-
brane core. Acyl tail desorption from the membrane may occur by the gy,
Pr-p-sheet surface of PLAFP turning towards the membrane, shielding
the hydrophobic acyl tail from solution. The j-sheet surface demon-
strated significant interaction in our simulations (Fig. 5). Afterwards,
the ester group of one lipid tail might coordinate to W41 allowing the
tail to be pulled upwards (Fig. 9C). We expect a much lower energy
barrier for the extraction of the second lipid tail after the first lipid tail is
outside the membrane surface. Another pathway leading to insertion
(Fig. 9D) might occur over states e-f-g-h, but further investigations are
required in future studies to quantify the relative contributions of
alternative binding pathways at the membrane-protein interface.

Based on experimental studies, the hypothesis is that PLAFP trans-
ports specifically PA Benning et al. (2012). While lipid ligand specificity
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is beyond the scope of this study, we want to discuss hypotheses for a
potential PLAFP selectivity from a thermodynamic and a kinetic
perspective based on the results of this study. In a thermodynamic
context, PA has the smallest head group, which may mitigate steric
hindrance with protein residues identified by our simulations as critical
for lipid binding; larger phospholipid headgroups are more likely to

clash with amino acids in the binding pocket of PLAFP and thereby
destabilize complex formation. Kinetically, the driving force for our
proposed main energy barrier, the extraction of one of the lipid tails, is
the coulomb interaction between the anionic lipid and the cationic R82.
This interaction is not unique to PA, as all negatively charged phos-
pholipids in the plasma membrane (PA, PI, PG and PS) could interact
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Fig. 9. Hypothesis for PLAFP’s PA insertion mechanism from the plasma membrane starting with A the membrane association of PLAFP. B PA interacts with R82
leading to C the lipid tail ester group interacting with W41. D PA partially inserted into PLAFP (binding state e, cf. Fig. 8). E Dissociation from the plasma membrane

after PA inserted.

with R82. Larger lipid head groups may weaken the interaction to R82
though, effectively increasing the energy barrier.

After PA is inserted into PLAFP’s -sandwich, the protein dissociates
from the plasma membrane (Fig. 9E). This may occur by the protein
directly separating from the membrane surface. Alternatively, the
membrane interactions with W41 and R82 might be too strong,
requiring the protein to fall to the side and slide the C-terminal a-helix
between the membrane surface and the rest of the protein (Fig. 9E). This
conformational change may facilitate dissociation of the PLAFP-PA
complex from the membrane, as the anionic lipid may reduce contacts
in the loops, leaving fewer contacts in the C-terminal helix to anchor the
complex to the membrane (Fig. 5).

Afterwards, the protein-PA complex moves through the phloem to a
currently unknown receptor protein. While it is not yet known whether
the protein alone is sufficient to interact with a receptor or if the protein-
lipid complex is required to transmit the systemic signal, the protein and
lipid together confer an additional layer of specificity for targeted
signaling. There is precedent for the participation of lipids during re-
ceptor interactions, for example, frizzled-Wnt in mammals Eubelen et al.
(2018). Wnt is a developmental regulator that is only active when
associated with palmitoleic acid. Crystallography has shown that both,
lipid and protein components interact directly with the receptor Janda
et al. (2012). Similarly, it is conceivable that in the case of PLAFP-PA,
part of the protein and the lipid headgroup need to interact with the
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receptor to trigger further signaling. Alternatively, the protein might
undergo yet another conformational change with the lipid flipping back
out of the hydrophobic pocket at the target site and thus participating in
complex-receptor interaction. A third option is that upon arrival at the
target tissue, the complex separates and only one component partici-
pates in signaling. Examples of protein-lipid complexes involved in
signaling have also been show in plants, including phospholipid in-
teractions with transcription factors to regulate gene expression during
seedling establishment as well as the transition to flowering (Nakamura
et al., 2019; Cai et al., 2020). Further experimentation is needed to
resolve the mechanics of PLAFP signaling.

5. Conclusion

Understanding systemic signaling mechanisms in plants is important
for genetic applications to increase yield in agricultural crops. In this
study, we demonstrated that the phloem-mobile protein PLAFP binds to
the plasma membrane and inserts the signaling lipid PA into its
p-sandwich. We also provided evidence that the PLAFP-PA complex is
less likely to bind to the plasma membrane indicating that the complex
might dissociate more easily from the membrane allowing long-distance
conductance through the phloem. PLAFP membrane-association is
driven by W41 and R82 that anchor the protein into the membrane. PA
insertion is initially triggered by interactions to R82, but D46, 148, N65,
Q67, A68, Y77, Y79, F80, and W115 do guide the insertion process. In
the inserted state, the lipids interact with Y31, F33, 153, 159, 163, L66,
W69, F88, 195, L104, W115, V120, and 1122 in the hydrophobic pocket.
Mutation studies investigating these amino acids can help further
elucidate the mechanism of PLAFP action. Future simulation studies
should address the PA specificity, receptor proteins for the signal, how
PLAFP finds PA in the plasma membrane and the mechanism for PA
extraction from the membrane. Ultimately, PLAFP is a potent target
protein that could be modulated to allow plant survival in marginal soils
and environments, as well as adapt to climatological stresses.
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