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ABSTRACT: The cell plasma membrane is a two-dimensional,
fluid mosaic material composed of lipids and proteins that create a
semipermeable barrier defining the cell from its environment.
Compared with soluble proteins, the methodologies for the
structural and functional characterization of membrane proteins
are challenging. An emerging tool for studies of membrane proteins
in mammalian systems is a “plasma membrane on a chip,” also
known as a supported lipid bilayer. Here, we create the “plant-
membrane-on-a-chip,″ a supported bilayer made from the plant
plasma membranes of Arabidopsis thaliana, Nicotiana benthamiana, or Zea mays. Membrane vesicles from protoplasts containing
transgenic membrane proteins and their native lipids were incorporated into supported membranes in a defined orientation.
Membrane vesicles fuse and orient systematically, where the cytoplasmic side of the membrane proteins faces the chip surface and
constituents maintain mobility within the membrane plane. We use plant-membrane-on-a-chip to perform fluorescent imaging to
examine protein−protein interactions and determine the protein subunit stoichiometry of FLOTILLINs. We report here that like
the mammalian FLOTILLINs, FLOTILLINs expressed in Arabidopsis form a tetrameric complex in the plasma membrane. This
plant-membrane-on-a-chip approach opens avenues to studies of membrane properties of plants, transport phenomena, biophysical
processes, and protein−protein and protein−lipid interactions in a convenient, cell-free platform.
KEYWORDS: protoplast, plant cell membrane, supported lipid bilayer, bioelectronics, plant membrane

■ INTRODUCTION
The cell’s interior is separated from its environment by a
membrane, a fluid mosaic material that creates a semipermeable
selective barrier. Cellular membranes are complex biomaterials
composed of phospholipid bilayers with embedded and
associated proteins arranged in dynamic, nonhomogeneous
nanodomains, resulting in these multifaceted and diverse
functions. In plant cells, the plasma membrane (PM) is in
contact with the cell wall on the exterior and the cell’s
cytoskeleton on the interior, both of which can influence the
localization, mobility, and function of the proteins within the
membrane.1 These structures pose a big challenge for surface-
based characterization techniques aimed at studying and
analyzing the cell membrane and the biochemical and
biophysical processes that occur within it. Thus, biophysical
studies of plant membranes, proteins, and lipids lag behind those
of their mammalian counterparts.
A variety of in vitro approaches have been used to study the

fundamental properties of biological membranes in a simplified
and controlled microenvironment.2 An established and robust
system for studying mammalian plasma membrane phenomena
is supported lipid bilayers, formed as a contiguous single sheet
membrane bilayer supported on a solid surface, such as a glass

microscope slide.3 In recent years, alternative strategies have
evolved to create supported hybrid membranes, in which the
membrane is partially derived from the PM of mammalian
cells.4−7 These hybrid-supported lipid bilayers are better mimics
for the PM, as they directly incorporate native lipids and proteins
from the PM into proteoliposomes through membrane blebbing
and are subsequently used to create the supported bilayer. These
hybrid bilayers are a good compromise between the complexity
of a live cell and the simplistic reconstituted lipid systems for
many applications. Over the past several decades, supported
lipid bilayers have provided much insight into mammalian
membrane biophysics, fundamental membrane processes, and
membrane protein functions.8,9

Turning to plants, a recent paper highlights open questions in
deciphering the role of plant PM lipids in the immune response
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to invasion by pathogens and the challenges therein due to the
lack of complexity in model systems.10 Such studies could
benefit from the biophysical approaches that have benefitted
mammalian systems. Another recent review paper11 promotes
the application of biophysical approaches to plant membrane
studies, but notes that while traditional biological techniques are
suitable for studying complex systems, they are not easily
leveraged for obtaining molecular-level understanding in plants.
On the other hand, “bottom-up” model systems that currently
exist for plants are too simplistic to capture more extensive or
more complex system behavior, yet their easily controlled
chemical composition is an asset for deciphering molecular level
interactions. As such, it is apparent that a technology that meets
in the middle between living plant tissues and cells and
simplistic, reconstitutedmodel membrane systems would bridge
these worlds and fill a critical need.
In this paper, we adapt the supported lipid bilayer approach

that has benefitted mammalian membrane biophysics to plant
cells. We collected samples of the protoplast PM in the form of
blebs and self-assembled them into a planar geometry on a flat
glass microscope slide (Figure 1). This supported membrane
contains the materials of the bleb, which include transgenic
transmembrane proteins expressed in the protoplast PM,
without the need for purification or detergent reconstitution
of the proteins. In this planar format, the plant “membrane on a
chip” is amenable to many surface analysis techniques and
advanced microscopy tools that have benefitted mammalian cell
studies, and we demonstrate a few of them here in this system.
We show that this platform is amenable to several plant species
and, thus a general approach suitable for studying both
transmembrane and membrane-associated proteins, which can
readily be incorporated from protoplasts into the supported lipid
bilayer. As such, this advance opens the possibility for the plant
community to benefit from this technology for analogous
biophysical and biochemical studies of plant membranes.

■ RESULTS
Plant Membrane Protein Expression. To test if

supported lipid bilayers were a suitable system to characterize
plant intrinsic membrane proteins, we first examined different
fluorescent fusion proteins expressed in three different plant
species: Arabidopsis thaliana (dicot), Nicotiana benthamiana
(dicot), and Zea mays (monocot). In A. thaliana, we expressed
the ArabidopsisRare Cold Inducible 2A (RCI2A) protein tagged
with mCitrine; in N. benthamiana, we heterologously expressed
the Arabidopsis Plasmamembrane Intrinsic Protein 2A (PIP2;1)
tagged with mCherry, and in Z. mays, we expressed the maize
PIN1a (an auxin transporter) tagged with YFP (Figure 2A−C).
These proteins have disparate functions in plants. RCI2A is

expressed in response to low temperature, dehydration, salt

stress, and abscisic acid and is critical to driving compositional
changes in the plasma membrane necessary for the plant’s
adaptive response to cold adaptation.12 PIP2;1 is an aquaporin
that facilitates water transport across plasmamembranes and has
been recently shown to be gated by protons and divalent cations
as regulators of water flux, signal transduction, and nutrient
uptake through them.13,14 Both RCI2A and PIP2 fluorescent
fusion proteins are often used as PM markers when expressed
under ubiquitous promoters.15 PIN1 is a plant hormone
transporter critical for the efflux of auxin across the plasma
membrane necessary for plant development and growth.16 The
expression of all three fluorescent fusion proteins is abundant
and confined to the membranes (Figure 2A−C).

Protoplast Release from Cell Wall and Formation of
Bleb Vesicles.The plant cell wall was removed to gain access to
the intrinsic proteins expressed at the PM. For this purpose, we
isolated protoplasts following standard protocols (see Meth-
ods). The intact protoplasts assumed spherical shapes with
visible intact organelles inside, confirming their structural
integrity (Figure 2D−F). We adapted a protocol used to
generate blebs from mammalian cells and subjected the
protoplasts to a chemical blebbing process that induces the
shedding of “blebs” (vesicles) from the cell PM.6,7,17 These blebs
are small-scale “biopsies” of the plant PM and contain the
membrane proteins and local membrane components in the
native membrane vesicle.
These blebs are the raw material later used to self-assemble

planar, supported membranes on glass microscope slides,

Figure 1. Process of building a plant membrane-on-a-chip frommembrane vesicles derived from plant cell protoplasts. Here, Arabidopsis thaliana cells
are released from their cell wall by enzymatic digestion, freeing the protoplast. Small vesicles, called “blebs,” are released from the plasma membrane of
the protoplast by chemical induction. These vesicles are then self-assembled into supported planar membranes on glass surfaces for biophysical and
microscopy studies of the membrane proteins and lipids.

Figure 2.Micrographs of protein expression within intact leaf tissue and
released protoplast from these cells. (A−C) Confocal images of plant
cells expressing fluorescently tagged membrane proteins within intact
tissue: mCitrine-RCI2A in A. thaliana (A), PIP2;1-mCherry in N.
benthamiana (B), and PIN1a-YFP in Z. mays (C). (D−F) Bright-field
images of the corresponding released protoplasts, free of the cell wall.
Protoplasts assume a spherical shape bounded by a plasma membrane
surrounding a clear intact vacuole and green chloroplasts.
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thereby creating a protoplast “membrane-on-a-chip.″ Blebbed
vesicles across all plant species are on the order of several
hundred nanometers in diameter and only slightly negatively
charged in buffer (Figure S1). Bleb sizes in the submicron range
and low surface charge are parameters that are important for the
design and reproducibility of the supported membrane self-
assembly.
Formation of Supported Membranes from Bleb

Vesicles and Fusogenic Liposomes. To create self-
assembled supported membranes out of plant protoplast
blebs, we adapted a process successfully used with blebs from
mammalian cells6,7 or outer membrane vesicles from bacteria18

(Figure 3, left-hand side). To visualize the formation process,

the plant-derived bleb vesicles were labeled with membrane-
intercalating fluorophore Octadecyl Rhodamine B chloride
(R18). These membrane-labeled vesicles were then adsorbed to
the glass surface and observed as fluorescent puncta (Figure 3,
right-hand side). Next, pure liposomes (unlabeled) that readily
rupture to form planar bilayer patches on the glass surfaces were
added. When these liposomes rupture next to the adsorbed bleb
vesicles, they induce their rupture. Fusogenic liposomes were
formulated as 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) mixed with 0.5 mol % of polyethylene glycol
conjugated lipid (1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)-5000]). The inclusion
of polyethylene glycol conjugated lipids in the supported
membrane provides a spacer between the glass surface and the
proximal membrane leaflet (Figure 3).19 This space is important
for maintaining protein mobility in the membrane plane

(discussed below) as mobility is a key parameter for some
biophysical and biochemical processes in the membrane. The
rupturing, the formation of planar bilayer patches, and the
healing together of the patch edges as the process proceeds are
evident by the increasingly homogeneous distribution of the
fluorophores originally trapped in the plant vesicle membranes
(Supplemental Video 1). The process results in a uniform planar
membrane film supported by the glass surface after about 5 min
(Figure 3, right-hand side). We note that adding these fusogenic
liposomes changes the composition of the membrane formed by
diluting with phospholipids; however, further testing (see
below) revealed that the membrane maintains many features
similar to plant plasma membranes, including membrane
protein mobility.

Supported Membranes are Contiguous and Maintain
the Mobility of Constituents. A salient feature of cell
membranes is the lateral mobility of their constituents. Here, we
characterized the lipid mobility of the newly formed planar
protoplast membrane as a measure of supported membrane
quality: that is, being free of unruptured vesicles, disconnected
patches, or holes that would otherwise disrupt the diffusion of
constituents in the supported bilayer. We used the fluorescent
R18 label dispersed throughout the self-assembled membrane to
assess the 2D lateral mobility of the probe in the membrane.
To obtain the diffusion coefficient, we photobleached an ∼20

μm diameter circle with a laser beam and then monitored the
fluorescence recovery in this spot over time (Figure 4A). If the
membrane is planar and the lipids aremobile laterally within that

Figure 3. Scheme of plant protoplast planar bilayer formation and
monitoring of formation via fluorescence microscopy. (Left hand side,
1−4) Illustration of the self-assembly process of forming a planar
membrane from plant protoplast vesicles via the addition of fusogenic
liposomes. The red stars represent the intercalating membrane
fluorophores (R18) associated only with the plant vesicles. (Right
hand side) Time-lapse images monitoring bilayer formation over 300 s
of bleb vesicles from N. benthamiana. The fusogenic liposomes are not
labeled. Thus, the spreading of the fluorescence signature observed in
the images is indicative of plant vesicle rupture and planar membrane
formation. The black scratched area (marked by an arrow) is
intentionally made with a dissection tool to ensure that the focal
plane remains at a constant z-position throughout the formation
process. After 5 min, the plant membrane material has intermixed with
the liposome material, forming a uniform planar membrane. Scale bar:
100 μm.

Figure 4. Fluorescence recovery after photobleaching (FRAP) of N.
benthamiana demonstrates the formation of high-quality supported
lipid bilayers. (A) Images of a photobleached supported membrane
made from N. benthamiana blebs. 0 shows an image of the prebleach
fluorescence of the region, 1 (t = 0 s) imaged immediately following
bleaching, and 2 (t = 100 s) and 3 (t = 2036 s) are imaged during the
recovery time. (B) Profiles of the intensity were drawn across the
images. (C) Fluorescence recovery as a function of time (black circles).
The data were fitted to the 2D diffusion equation (red line); the
goodness of the fit indicates that a planar membrane has been formed.
Data for the other plant species are presented in Supplemental Figure
S2. The diffusion coefficient (D) and mobile percentage (MF) for the
three different plant species were derived as discussed in Materials and
Methods and are presented in Table 1.
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plane, then the fluorescence recovery will follow a simple 2D
diffusion curve because lipid exchange is only possible from the
perimeter of the bleached region (Figure 4B). The experimental
fluorescence recovery data followed an ideal 2D diffusionmodel,
indicating that a planar membrane was formed (Figure 4C).
The percent mobility is a measure of the lipids that are mobile

in the photobleached region. The vesicles are on the order of
several hundred nanometers, while the photobleached area is on
the order of tens of microns. Thus, unruptured plant vesicles or
disconnected patches that are not healed into the planar
membrane film will be unable to recover their fluorescence after
bleaching, reducing the absolute fluorescence value that is
recovered in the bleached area. The percent mobility of the
supported bilayer derived from N. benthamiana was ∼95%,
indicating that it was a high-quality supportedmembrane, free of
defects that would prevent full recovery (Figure 4C). The A.
thaliana and Z. mays bilayers also had high percent mobility,
confirming high-quality supported membranes (Supplemental
Figure S2). These results indicate that planar membranes
derived from each vesicle type are contiguous over micrometer-
scale dimensions, even though the diffusion coefficients vary
(Table 1). Variation in diffusion coefficient is expected for
vesicles from different plant species that have different
membrane chemistries and components.20

Transmembrane Proteins are Oriented with their
Cytosolic Face Adjacent to the Slide. Recapitulation of
the native protein orientation in the supported membrane is
crucial to the proper biological function and activity of the
protein in further assays. We followed an established protocol to
determine protein orientation in supported membranes.6,7,17

For this purpose, we took advantage of two protease cleavable
sites between the mCitrine and the rest of the protein in the
mCitrine-RCI2A chimera21 (see Supplemental Figure S3 for the
sequence). In A. thaliana leaf cells, mCitrine-RCI2A localizes to
the plasma membrane and expression is confirmed by the
presence of fluorescence there (Figure 5A−C). The predicted
orientation of the mCitrine-RCI2A protein in planta is with the
N-terminal mCitrine on the cytoplasmic side of the membrane,
followed by one transmembrane domain, a short extracellular
loop, and a second transmembrane domain with the C terminus
facing the cytoplasm (Figure 5D).
To conduct the orientation assay, we first created a supported

membrane with blebs from A. thaliana protoplasts expressing
mCitrine-RCI2A. Protein expression in the supported mem-
brane was observed by using total internal reflection
fluorescence microscopy (TIRFM). TIRFM is a convenient
microscopy technique because only a region within a few
hundred nanometers from the glass-buffer interface is
illuminated. Therefore, only fluorescently labeled proteins
within the supported membrane contribute to the fluorescence
image. We considered that the plant vesicles could rupture in
several ways, resulting in proteins having the same orientation as
in planta (with the extracellular side facing toward the buffer),
with the proteins facing the opposite direction, or some mixture

of both (Figure 5E,F). We determined the orientation by
assessing the fluorescence level after protease exposure. If the
mCitrine label were facing upward toward the buffer (the
protein upside-down relative to in planta), then mCitrine would
be cleaved off during protease exposure and float out of the
excitation field (Figure 5E). Alternatively, if the mCitrine label
was inaccessible to the protease because it was oriented beneath
the supported membrane, no significant fluorescence change
would occur (Figure 5F). Before protease exposure, the
mCitrine-RCI2A protein appeared as spots in the supported
lipid bilayer (Figure 5G). After 20 min of protease exposure, the
signal did not change, indicating the cleavage site was not
accessible (Figure 5G, t = 20min). It follows that the protein was
oriented as in planta, with the outward-facing domains toward
the buffer and the mCitrine toward the glass slide on the chip
(Figure 5F). Therefore, the buffer side is equivalent to the
extracellular space, and the glass side represents the cytoplasmic
side. As a control, no background signal was observed in a
supported membrane that had no mCitrine-RCI2A protein
either before or after protease exposure (Figure 5H). As an
additional control, we verified that the mCitrine-RCI2A protein
is cleavable by first sonicating the vesicles to flip the membrane
vesicle’s orientation around, purposely ensuring some fraction of
proteins will be oriented upside down where the cleavage site
becomes accessible to proteases after planar membrane
formation. In this set of experiments, we observe a loss of
fluorescence signal due to enzymatic cleaving within 20 min
(Supplemental Figure S4).

Table 1. Lipid Diffusion and Mobility Characteristics in the
Supported Bilayer

plant species A. thaliana
N.

benthamiana Z. mays

diffusion coefficient (μm2/s) 0.48 ± 0.14 0.15 ± 0.16 0.35 ± 0.15
mobile percent (%) 95 ± 2.1 94 ± 2.2 95 ± 2.8

Figure 5. Cytosolic side of the supported bilayer faces the glass slide.
(A) Yellow fluorescence signal in intact plant cells from A. thaliana
expressing mCitrine-RCI2A. (B) Magnified view of (A). (C)
Nonexpressing, wild type plant membrane control (no expression of
mCitrine-RCI2A) does not show any autofluorescence. (D)Diagram of
the native protein orientation of mCitrine-RCI2A in the protoplast. (E)
and (F) are possible orientations of the proteins and have cleavage site
access. In (E), the cleavage site is exposed when proteins are oriented
with the cytoplasmic domains toward the buffer containing the protein,
and the protease (purple) can cleave off the fluorophore. In (F), the
proteins are oriented with the extracellular domains toward the buffer,
and the cleavage site is inaccessible to the protease. (G) Images before
(t = 0; 129 particles) and after (t = 20 min; 135 particles) protease
exposure of the supported plant membrane expressing mCitrine-
RCI2A. (H) Nonexpressing, wild type plant membrane (blank), same
as in (C), before and after protease exposure, shows there is no
background fluorescence from other membrane components or the
protease during this assay.
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Single-Particle Tracking of Transmembrane Proteins
Demonstrates their Lateral Mobility in the Membrane
Plane. In planta, some transmembrane proteins can diffuse
laterally within the membrane, which can be critical for their
interactions with other proteins and function; therefore, as a
measure of supported lipid bilayer function, we tested the
diffusibility of proteins in the membrane. Diffusion can be
modulated by lipid domains or by interactions with the
cytoskeleton or the cell wall. In this platform, however, the
cell wall and cytoskeleton are absent, but it is possible that there
are lipid domains and some interaction with the support that can
limit protein mobility.
To minimize interactions with the support, we included a

small amount of pegylated lipid to provide some additional
space to accommodate the cytosolic portion of the protein that
would be facing toward the glass slide (as mentioned above).
Pegylated lipids have an inert poly(ethylene glycol) polymer
attached to the headgroup of the lipid. Pegylated lipids have
previously been used in supported bilayer platforms of synthetic
mixtures, where it has been shown that the pegylated lipids are
themselves mobile.22 For our formulation, the approximate
globular size of the polymer should be ∼5 nm,23,24 providing
about 4 nm more space than the typical supported lipid bilayer
on glass. This cushioning effect is apparent because, without the
addition of these lipids, we observed little to no protein mobility,
presumably because the cytosolic portions that extend beyond 1
nm stick to the glass support.6,25

To form the bilayers examined here, we adsorbed blebs from
N. benthamiana expressing PIP2;1-mCherry and ruptured them

with a nonfluorescent pegylated liposome formulation. In
Supplemental Video 2, the rupture, bilayer formation, and
subsequent protein diffusion in 2D are readily apparent. Initially,
the adsorbed blebs are immobile punctate spots. These puncta
are visible due to the fluorophore-tagged protein that is
expressed in the blebs. When the fusogenic liposomes rupture
on the glass, they induce the rupture of the neighboring blebs
and the healing of the newly formed bilayer patches to create a
contiguous bilayer. After this bilayer is created, the fluorescent
puncta begin to move in a random fashion around the site of the
initial adsorption, presumably because they are now free to
diffuse within the bilayer plane.
We characterized the mobility of the overexpressed trans-

membrane proteins in the supported protoplast membranes.
Supplemental Video 3 shows a fully formed bilayer with PIP2;1-
mCherry diffusing and colored trajectories of the protein
pathways superimposed on the images with each time step. Since
all of the proteins used here have fluorescent tags, we used
single-particle tracking techniques to obtain the mean square
displacements (MSD) as a function of time to acquire both the
homogeneous “local” diffusion coefficient and classify the
protein confinement over long times after sampling a wider
membrane area. Using TIRFM on PIP2;1-mCherry in
supported membranes made from N. benthamiana, we tracked
the movement of approximately 150 individual fluorescent
particles over time (Figure 6A−D). The tracks of the single
particles were plotted with time, and the tangent of the slope
over the first three-time steps (interval ∼130 ms) was used to
obtain the diffusion coefficient in the local membrane milieu

Figure 6. Single-protein tracking of PIP2;1-mCherry shows the lateral mobility in the supported N. benthamiana membranes. (A) PIP2;1-mCherry
expressed in an intact plant cell, marking the plasma membrane. This image is adapted from Figure 2B. (B) Diagram of the TIRF microscopy set up
with a supported membrane expressing the mCherry-tagged protein excited by the evanescent light field. (C) TIRFM snapshot: the bright spots are
protein particles. (D) Mean square displacements (MSD) for individual proteins taken over several time steps (at least 20 frames). The path of each
protein particle is tracked in a different color. (E) An example graph of theMSD versus time from one particle in (D). The tangent line of the first three
points was used to determine the diffusion coefficient before confinement occurs. (F) Distribution of diffusion coefficients obtained from MSD plots
like (E). (G) The β parameter, which gives a measure of confinement.

Table 2. Protein Diffusion and Mobility Characteristics in a Supported Bilayer

plant species A. thaliana N. benthamiana Z. mays A. thaliana

protein mCitrine-RCI2A PIP2;1-mCherry PIN1a-YFP PIN1-GFP
diffusion coefficient (μm2/s) 0.73 ± 0.35 0.63 ± 0.32 0.48 ± 0.13 0.50 ± 0.21
mobile percent (%) 85.1 72.7 57.3 84.2
confinement (%) 60.8 71.1 46.5 56.5
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(Figure 6E). The initial diffusion coefficients of the PIP2;1-
mcherry proteins tracked in this sample were distributed from
0.1 to 1.3 μm2/s (Figure 6F and Table 2). At shorter time scales,
the MSDs were within the “Brownian” regime, which is
characteristic of a protein sampling its immediate lipid
environment that is presumably relatively homogeneous (Figure
6E,G).6,26,27

At longer times, the increase in MSD values with time tapers
off, characteristic of the restriction of a protein’s motion as it
samples more of its wider surrounding (heterogeneous)
membrane environment. If the wider membrane environment
were homogeneous and the same as the immediate surrounding
environment, the data trend would remain a straight line with
the first three points, with a slope of twice the diffusion
coefficient (a constant value). In the case in which the protein
sees a more heterogeneous environment as it samples a larger
area, the slope changes as time proceeds (as does the diffusion
coefficient), which is what we observe in most of the tracks here,
indicating that the planar membranes likely have heterogeneity
in composition or domains.
Over long times, when the protein has had more time to

explore a more extensive area, we measured an additional
parameter, β, from the moment scaling spectrum (MSS)
analysis. The moments of displacement are first determined
for each protein. Then, the slope of moment scaling factor versus
moment order is β.6,28,29 This slope, β, reports the particular
protein’s diffusion mode in this larger membrane region. β

values between 0.4 and 0.6 are typically considered Brownian
(unhindered) diffusion, where the protein undergoes a random
walk as it diffuses (and the MSD plot stays linear with a constant
slope). β values greater than 0.6 are considered active transport
(convective motion), where the protein is purposely biased in its
diffusive motion, usually by a gradient or external force; and β
values less than 0.4 are considered restricted diffusion, or
diffusion that is confined in some way, perhaps by physical
barriers or compositional variations in the membrane.6,28,29 We
find that about 70% of PIP2;1-mCherry particles in this platform
show some confinement behavior, and nearly all of the rest show
Brownian motion (Figure 6G). It is plausible that the confined
behavior is derived from the proteins that reside within a more
“native-like” membrane domain, while those exhibiting
Brownian motion may be diffusing in the regions that are
dominated by the lipids derived from the fusogenic liposomes.
We carried out similar analyses for the mCitrine-RCI2A in A.

thaliana, and PIN1a-YFP in Z. mays supported membranes
(Supplemental Figure S5 and Table 2). The average diffusion
coefficients we detected in the supported lipid bilayer were one
to two orders of magnitude higher than the diffusion coefficients
of these proteins reported in planta (∼10−1 μm2/s in the
supported lipid bilayer rather than ∼10−2 or ∼10−3 μm2/s in
planta).30−32In planta, interactions of transmembrane proteins
with the cell wall and cytoskeleton limit diffusion,1,30,31 so it is
not surprising that the diffusion rates in the supported lipid
bilayer platformwould exceed those in planta, especially because

Figure 7. Subunit photobleaching experiment for the A. thaliana AtFLOT1 AtFLOT2 or 1:1 mix of the two FLOTILLINs GFP chimeras. Top row:
Representative intensity−time trace of the photobleaching steps observed for the individual or mixed FLOTILLINs. The data are presented without
subtracting the background fluorescence. Single photobleaching events in the example traces shown in each graph are indicated by horizontal arrows.
Bottom row: percentage of the number of photobleaching steps recorded in a spot from the intensity−time traces (n = 217, 174, and 121 individual
spots were measured for FLOT1, FLOT2, and FLOT1−2-mix, respectively). Individual measurements were obtained from at least five different
membrane patches and repeated on three independent plant transformations and protoplast preparations.
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we purposefully added a cushion to limit the protein interaction
with the glass support. Thus, the in vitro environment of the
supported lipid bilayer platform enables the analysis of
diffusibility relative to membrane composition and micro-
domains without these other influences; it also allows a
comparative analysis based on protein size. Overall, we observe
that the relative order of the diffusion coefficient is RCI2A >
PIP2;1 > PIN1a (Table 2). RCI2A (also known as LTi6a,
AT3G05880) is a two-pass transmembrane protein, which
consistently exhibits higher diffusibility than PIP2;1 in vivo and
is known as a fast diffusible membrane protein.30,31 The PIP2;1
subunit has six membrane-spanning α-helices with the native
functional transporter arranged as homo- or heterotetramers,
and PIN1a has ten transmembrane passes and a large
intracellular loop. Thus, the relative order we observed for the
diffusion coefficient in this platform is aligned with protein
size.33

We next compared two orthologous proteins, PIN1a-YFP
frommaize and PIN1-GFP from Arabidopsis, stably expressed in
their respective plant species. Interestingly these proteins
exhibited similar diffusion and mobility characteristics, except
PIN1-GFP from Arabidopsis had a higher mobile fraction (Table
2). In studies of PIN2 (a paralog of PIN1) diffusion in the native
plasma membrane confined by the cell wall, the mobile fraction
is reported as ∼17%.34−36 This low percentage is attributed to
the presence of the cell wall, which confines the protein to a
specific region of the plasma membrane in planta to ensure the
directional transport of auxin. In this work, we achieve a higher
mobile fraction (∼57% for PIN1a-YFP in maize and ∼82% for
PIN1-GFP in Arabidopsis), presumably because this platform
lacks the cell wall interaction and because the PEG cushion
minimizes the interaction of the protein with the glass support,
allowing an increased fraction of proteins to remain mobile.
FLOTILLIN1(FLOT1) and FLOTILLIN 2 (FLOT2) Form an

Oligomeric Complex in the Plasma Membrane. An
advantage of this planar platform is that it is compatible with
fluorescence microscopy analysis methods. In this next set of
experiments, we test whether membrane-associated proteins
were also incorporated into the supported lipid bilayer via blebs
from the protoplasts and determine the oligomeric state of those
proteins. In planta, FLOTILLINs are localized to microdomains
within the membrane and are involved in endocytosis as well as
signaling.37−41 In A. thaliana, FLOTILLINs lack a trans-
membrane domain but are still membrane-associated.37,42,43 In
vivo, AtFLOT1 and AtFLOT2 are mainly immobile in the
membrane, and the cell wall contributes to the lack of lateral
mobility of the nanodomains.42 We found that AtFLOT1 and 2-
GFP transiently expressed in N. benthamiana were incorporated
into the supported lipid bilayer, indicating that membrane-
associated proteins can also be assayed with this platform. While
it is well-established that mammalian FLOTILLINs form stable
homotetramers and heterotetramers in membrane micro-
domains,44 the oligomeric state of AtFLOT1 and 2 has not yet
been evaluated.
We tested the multimeric nature of these proteins with our

platform by single-molecule subunit counting using supported
lipid bilayers containing GFP-tagged AtFLOT1 or 2. We first
established the stoichiometry of AtFLOT1 or 2 independently
by imaging the GFP-tagged FLOTILLINs under TIRF
microscopy. The basic principle of single-molecule subunit
counting relies on counting the discrete photobleaching steps of
GFP tagged to the protein-of-interest.45 Thus, the number of
photobleaching steps would be equal to the number of GFP-

tagged subunits in a single protein complex. Both GFP-tagged
AtFLOT1 and AtFLOT2 photobleached as two discrete steps
under TIRF conditions (Figure 7), indicating that AtFLOT1
and 2 oligomerize as dimers when imaged independently. To
determine the oligomeric state of both FLOTILLINs, each bleb
sample was mixed in 1:1 ratio before forming supported bilayers.
We report that themixed samples photobleached predominantly
in four steps (Figure 7), indicating the formation of tetramers.
Given the use of a single fluorescent label (GFP) in this study,
we cannot discern the ratio of AtFLOT1 and AtFLOT2 in the
tetrameric complex. However, these results demonstrate that,
like the mammalian FLOTILLINs, the Arabidopsis ones form a
tetrameric complex in the plasma membrane. The determi-
nation of the oligomeric state demonstrated here illustrates the
potential application of this platform for investigating many
types of protein−protein interactions and its potential
application to a variety of other detailed molecular studies that
will advance our understanding of plant proteins.

■ DISCUSSION
While this cell-free, in vitro supported lipid bilayer platform
captures key properties of the plasma membrane, there are
several aspects that do not faithfully replicate the cell’s in planta
state. First, the absence of the cell wall and the cytoskeleton
relieves two major constraints found in planta that limit the
diffusibility of some membrane proteins.1,42,46 However, the
absence of these structures in this platform allows one to focus
exclusively on the protein−protein and protein−lipid inter-
actions within the membrane. While that can be an advantage to
this simplified system for some studies, it also results in the
diffusion coefficients of transmembrane proteins in these
systems being 10 to 100 times higher than those observed in
planta. Second, the introduction of fusogenic liposomes affects
the composition of the membrane. At this stage, it is difficult to
quantify the exact percentage of lipids in the bilayer that come
from the liposomes versus those from the protoplast membrane.
However, it is possible to experimentally alter the lipid
composition and the relative amounts surrounding the integral
proteins, adding a level of experimental flexibility, as one could,
for example, examine the effect of the lipid environment on a
transporter functionality or oligomerization state.47−49 Third,
the space between the cover glass and the membrane impacts
protein diffusion. Interactions between the cytoplasmic side of
the protein and the glass slide can artificially anchor the protein,
limiting diffusion; on the other hand, it may be advantageous to
immobilize proteins for some applications. Depending on the
application of the plant membrane on a chip, it is important to
keep these three aspects in mind when interpreting results and
extrapolating in vivo vs in vitro observations.

■ CONCLUSION
This cell-free platform is the first biomimetic supported bilayer
of the plant plasma membrane made from native materials from
plant protoplasts, including transgenic proteins in the plant PM.
Importantly, there is no need to isolate thesemembrane proteins
from the protoplast membrane, bypassing purification, and
reconstitution steps. Such extraction techniques often use
detergents to solubilize membrane proteins and risk disrupting
protein function and the native lipid−protein association.50 This
can have consequences, as many proteins are regulated by a
complex cascade of protein−protein and lipid−protein inter-
actions in various ways.51,52 Using the blebbing protocol,
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proteins in plant vesicles that bounded from the protoplast PM
can be incorporated directly onto the chip with their associated
lipid components; for transmembrane proteins that are
notoriously hard to handle, these are significant advantages.
We demonstrate that three different plant transmembrane

proteins (i.e., a water transporter, a hormone transporter, and a
protein produced in the membrane in response to stress) and
peripheral membrane proteins (FLOTILLINs) expressed in
three different plant species could be successfully integrated into
this platform, making it a general approach. Furthermore, we
show that proteins in the resultant supported planar membranes
are oriented as they are in planta, with the cytosolic side facing
toward the glass surface and the extracellular side facing toward
the buffer accessible to interact with any ligand, ion, or pathogen
of interest. Diffusion behavior generally mirrors that observed in
planta, including Brownian motion and confinement. One
limitation of this platform is the lack of cellular traffic by the
cellular machinery (e.g., microtubule, or actin networks), which
our cell-free platform lacks. We also demonstrate this platform’s
usefulness in characterizing the oligomeric state of membrane-
bound proteins. As a proof of concept, we showed that
AtFLOT1-GFP and AtFLOT2-GFP independently associate
as dimers in the membrane, but when AtFLOT1-GFP and
AtFLOT2-GFP are both present in the membrane, they
assemble predominantly as tetramers. Our result parallels the
finding in mammalian cells that FLOTILLINs associate to form
tetramers.44 This experiment further demonstrates that this
platform can be used to analyze the interactions of proteins that
were initially expressed in different plants and were mixed in the
formation of the supported lipid bilayer, enabling the possibility
of unique experimental designs for future biophysical studies.
This cell-free approach opens up these biomembranes for

many fundamental studies that would be difficult or impossible
in planta or with live protoplasts in vitro. The main advantage of
this platform is its compatibility with state-of-the-art microscopy
and biophysical characterization tools, including surface
plasmon resonance, quartz crystal microbalance, and atomic
force microscopy, to name a few, that enables the application of
these tools to the plant membrane biology field to answer
outstanding questions.10,11 This biomimetic platform opens up
the possibility for many different kinds of future experiments, for
example, extensions to the direct interaction between a
pathogen and membrane proteins and lipids can be inves-
tigated.11,53 Given recent advances by us and others in merging
supported lipid bilayers with conducting polymer surfaces,54,55

we anticipate that it will be possible to extend this approach to
directly measure the electrogenic transport as ionic species are
translocated across plant membranes,56 which will open up new
ways to conduct fundamental studies of transporter function in a
convenient and controlled manner. As such, the platform we
present here is a useful stepping stone toward being able to
screen many mutants of a protein transporter and generate a
functional profile that maps to those mutations.

■ METHODS
Plant Materials, Growth Conditions, and Protoplast Iso-

lation. Three plant species expressing a variety of integral membrane
proteins were used in this study:
Arabidopsis thaliana. The Rare Cold-Inducible 2a (RCI2A) Protein.

pLH13 is a stably transformed line expressing 35S::mCitrine-RCI2A, a
monomeric yellow fluorescent protein (mCitrine) and AtRCI2A fusion
protein constitutively expressed under the control of the 35S promoter.
pLH13 plants were grown in a Percival growth chamber at 22 °C with
24-h light regimen ∼100 μmol fluorescent light intensity. Protoplasts

expressing 35S::mCitrine-RCI2A were isolated from leaf mesophyll
tissue from rosette leaves of 3−5 week-old plants. Leaf strips of 1 mm
width were cut from 0.5 g of leaf tissue, excluding the midrib region and
the petiole. The leaf tissue strips were vacuum infiltrated for 3 min until
reaching 80 kPa in an enzyme solution consisting of 500 mMMannitol,
20 mM MES, 5 mM CaCl2, 2 mM 2-Mercaptoethanol, 25% v/v
Cellulase R10 (Yakult Pharmaceutical), 5% v/v Maceroenzyme R10
(Yakult Pharmaceutical), and 0.001% Bovine Serum Albumin (BSA),
pH 5.6. The air bubbles emerging at the plant material surface could be
detached by gently bumping the vacuum chamber on the bench andwas
followed by slowly releasing the vacuum inside the chamber. The
vacuum was once again established, repeating the latter process two to
three times until the submerged material was of homogeneous dark
color. At this point, the vacuum was kept constant at 80 kPa for 3 h at
room temperature (23 °C). Released protoplasts were then pelleted by
centrifugation at 250 rcf for 3 min and gently resuspended in 20 mL
filtered GPMVM solution consisting of 500 mM Mannitol, 150 mM
NaCl, 10mMHEPES, 2mMCaCl2 at pH 5.6). Cells were washed twice
in GPMVM, with the final pellet being resuspended in GPMVM at the
desired cell density.

Arabidopsis thaliana PIN-FORMED1 Auxin Efflux Carrier (PIN1).
We used a stably transformed line expressing a PIN1::GFP fusion
protein expressed under the control of its native promoter.57 Therefore,
PIN1 is not expressed in leaves but in the root meristem and the
vasculature. Seedlings were grown for 5 days on 1/2x MS plates (with
2% sucrose and 0.5 mg/mL MES pH 5.7) oriented vertically and
overlain with a sterile cellophane disk. Protoplast isolation from PIN1-
GFP Arabidopsis roots was performed as described by Birnbaum et al.
with minor modifications.58 On day 5, the cellophane disk was used to
remove seedlings from the plate, and roots were excised from the
seedlings with a razor blade. Roots from about 20 plates were
transferred into a 70 μm cell strainer placed in a small Petri dish (60 ×
15 mm2) containing 10 mL of an enzyme solution consisting of 10 mM
KCl, 2 mM MgCl2, 2 mM CaCl2, 1 mg/mL BSA, 0.39 mg/mL MES,
600 mM Mannitol, 15 mg/mL Cellulase R10 (PhytoTechnology
C224), 1 mg/mL Pectolyase (Sigma), pH 5.5. The protoplasting roots
were incubated at 26 °C on an orbital shaker at 100 rpm for 1 h and
gently pressed against the strainer every 20 min. The cell strainer
containing root debris was removed, and the protoplasting solution was
again strained through a new 70 μm mesh cell strainer into a 50 mL
tube. Released protoplasts were then pelleted by centrifuging at 500g at
4 °C for 6 mi, and gently resuspended in 10 mL of the protoplasting
buffer without enzymes. Cells were washed twice with the final pellet
being resuspended in the buffer at the desired cell density.

Nicotiana Benthamiana. Transiently transformed plants were
created via Agrobacterium tumefaciens (strain GV3101) mediated
transformation.

The Plasma Membrane Intrinsic Protein (The PIP2;1 Aquaporin).
The expression of the PIP2;1:: mCherry chimera, in which the
monomeric red fluorescent protein is C-terminally fused to PIP2;1, was
driven by the constitutive AtUBQ10 promoter.59

The Plasma Membrane-Associated Flotillins (FLOT1 and FLOT2).
The expression of theArabidopsis FLOT1 and FLOT2, GFP chimeras
was driven by a 35S promoter.42 Transiently expressing plants were
generated usingA. tumefaciens-mediated transformation. Briefly,
cultures were grown in LB medium (1% w/w tryptone, 1% w/w
NaCl, 0.5% w/w yeast extract) overnight at 30 °C. These were mixed in
ratios of 1 part of the desired expression vector to 3 parts p19 vector
(common suppressor of post-transcriptional gene silencing). This
mixture was spun down, the supernatant removed, and the pellet was
mixed with the activation buffer (200 mM MES at pH 5.6, 150 mM
MgCl2, and 150 mM acetosyringone) and incubated at room
temperature for at least 2 h to prime for the transformation. The
Agrobacterium solution was infiltrated into the abaxial side of N.
benthamiana leaves of 4-week-old plants, cultivated at 23 °C, 50%
relative humidity and 12 h light/dark cycles. Protoplasts of leaf
mesophyll tissue were obtained 3−5 days post infiltration.60 One cm2

squares of leaf tissue cut from transformed leaves were sliced in the
lower epidermis and placed in 1mL of 500mMmannitol with the lower
epidermis facing down for 1 h. Themannitol solution was then removed
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and replaced by 500 μL of protoplasting solution consisting of 10 mM
CaCl2, 5 mM MES, 50 mM mannitol, 3% cellulase, and 0.75%
macerozyme, pH 5.6. The tissue was incubated at 26 °C on an orbital
shaker at 100 rpm for 4 h. 0.5 volume of 200mMCaCl2 was then added,
and the released protoplasts were pelleted by centrifugation. The
protoplast pellet was resuspended inW5 solution consisting of 125 mM
CaCl2, 5 mM glucose, 5 mM KCl, and 1.5 mM NaCl, pH 5.6.
Zea Mays. The stable transformed line expressing pZmPIN1a::Zm-

PIN1a-YFP in the inbred line B73 background was created by D.
Jackson (Cold Spring Harbor Laboratory).61 The yellow fluorescent
protein YFP was inserted between the 218 and 219th amino acids of the
PIN1a protein and stably expressed under its native PIN1a promoter.
This line was cultured in a soil mix [0.16 m3 Metro-Mix 360 (Scotts,
Marysville, OH, USA); 0.45 kg finely ground lime; 0.45 kg Peters Uni-
Mix (JR Peters, Allentown, PA, USA); 68 kg Turface MVP (Profile
Products, Buffalo Grove, IL, USA); 23 kg coarse quartz sand, and 0.018
m3 pasteurized field soil] at 16/8 h light/dark cycles. Protoplasts
expressing pZmPIN1a::ZmPIN1a-YFP were isolated leaf tissue
harvested after 2−4 weeks as described elsewhere.62 The upper and
lower 1/3 of the second youngest leaf was removed, and only the
middle part was cut into 1 mm strips which were transferred to an
enzyme solution (20 mL/0.5 g fresh weight tissue) consisting of 600
mM mannitol, 20 mM MES, pH 5.7, 20 mM KCl, 0.4% macerozyme
R10 [Yakult Pharmaceuticals], 1.5% cellulase [Yakult Pharmaceut-
icals], 10 mMCaCl2, and 0.1% BSA. The digestion was continued for 3
h in the dark under an 80 kPa vacuum. The protoplasts were filtered
through a nylon mesh (100 μM; Merck Millipore) and centrifuged for
1.5 min at 150g at 4 °C. The pellet was washed twice with 5 mL wash
solution (600 mMmannitol, 4 mMMES, pH 5.7, and 20 mMKCl) and
resuspended in MMG buffer (600 mM mannitol, 4 mM MES, pH 5.7,
and 15 mM MgCl2).
Validation of Protein Expression in Intact Plant Leaves and

Protoplasts. Confocal imaging was performed using a Leica TCS SP5
or a Zeiss 710 confocal laser scanning microscope at excitation/
emission wavelengths of 514/519−621 nm (for mCitrine and YFP),
488/493−698 nM for GFP, and 561/578−650 nm for mCherry to
check the expression levels for the various stably and transiently
expressed chimeras in the different plant species.
Formation of Vesicles from Plant Protoplasts. Protoplasts

expressing a given chimera were pelleted at 250 rcf for 3 min, and cell
bleb formation was induced by resuspending them in 4 mL of a
blebbing buffer consisting of 500 mMMannitol, 150mMNaCl, 10 mM
HEPES, 2 mM, CaCl2, 25 mM formaldehyde (37% solution in water)
(9 μL/4 mL), 2 mM dithiothreitol (8 μL/4 mL), pH 5.6, and
incubating for 2 h at room temperature. The solution containing the
protoplasts and blebbed vesicles was then centrifuged for 2 min at 200
rcf to pellet the protoplasts without rupturing them. The supernatant
was collected, followed by another centrifugation of 5 min at 2000 rcf to
clear cell debris from the supernatant. Membrane vesicles were
collected from the top of the supernatant and stored at 4 °C in the dark
before use. While the formaldehyde used in our blebbing buffer can
have drawbacks at high concentrations, like cross-linking, the
concentration used in the blebbing buffer is considerably less than
that needed for fixing a cell. In mammalian systems, we have previously
studied the effects of formaldehyde in the blebbing buffer and have
concluded that we operate at a concentration with minimal impact on
the protein’s function.7 Other types of blebbing buffers can be used if
this blebbing buffer is chemically incompatible with the system.63

Plant Membrane Vesicle Labeling. Plant membrane vesicles
were labeled with octadecyl rhodamine B chloride (R18, Molecular
Probes), a lipophilic membrane dye that partitions into the bilayer and
renders it fluorescent. R18 was added at a concentration of 4 μL (0.36
mM) per 1 mL of plant vesicle solution and sonicated for 10 min. The
excess free dye was then removed by size exclusion chromatography
using a GE Healthcare Illustra MicroSpin G-25 Column at 250 rcf for 3
min. R18 fluorescence allowed the visualization of the supported
membrane formation and confirmation of the 2D mobility of the
resulting supported membrane by fluorescence recovery after photo-
bleaching (FRAP), as described below.

Lipids and Liposome Preparation. Unilamellar liposomes were
prepared via extrusion using the following synthetic lipids: 1-oleoyl-2-
palmitoyl-sn-glycero-3-phosphocholine (POPC) and 1-oleoyl-2-palmi-
toyl-sn-glycero-3-phosphocholine-polyethylene glycol (POPC−PEG-
5000) (Avanti Polar Lipids). The liposomes were prepared by mixing
the individual components in chloroform in a molar ratio of 99.5:0.5 in
a 50 mL glass vial, prerinsed with ethanol and deionized water, and
afterward dried for 30 min to remove residual water. The mixtures were
combined from chloroform stock solutions, and the chloroform was
gently evaporated using a stream of nitrogen, followed by a vacuum
drying process under a deep vacuum for 3 h to remove residual
chloroform. Liposomes were formed by adding GPMVM buffer to the
dried lipid films to reach a concentration of 2 mg/mL concentration.
Single unilamellar liposomes were subsequently prepared by extrusion
through a 100 nm nanopore membrane (Whatman) with at least 10
passes using a Northern Lipids (Northbrook Court, Burnaby, BC,
Canada) extruder. The liposomes were used without labeling.

Preparation and Formation of Planar Protoplast Supported
Membranes. Microscope cover glass (25 × 25 mm2 No.1.5, VWR)
was used to create supported membranes. The surfaces were treated
with a piranha solution [70% (v/v) H2SO4 (BDH) and 30% (v/v)
H2O2 (Sigma 50 wt %)] for 10 min and rinsed with abundant amounts
of deionized water. The polydimethylsiloxane (PDMS) wells holding
the samples were made by mixing a 10:1 elastomer:cross-linker mixture
of Sylgard 184 (Robert McKeown Company) and baked for 2 h at 80
°C. PDMS sheets were cut to fit over the coverslips completely and
punched with a ∼ 1 cm diameter hole, and the PDMS wells were affixed
to the clean coverglass slides. 200 μL of labeled plant vesicle solution at
approximately 8 × 106 vesicles/mL were added into the well and
incubated for 20 min at room temperature. After incubation, the wells
were rinsed gently with GPMV buffer (150 mMNaCl, 10 mMHEPES,
2 mM, CaCl2, pH = 5.6) to remove all unattached vesicles. 50 μL of
liposome solution at a concentration of 2 mg/mL was added to the well
and incubated for 30 min up to 3 h to form the supported plant
membrane. After incubation, the sample was rinsed again with the
GPMV buffer. Prior to supported membrane formation, the glass slides
were scratched with a dissection tool and rinsed again with GPMV
buffer to remove any released vesicles. The scratched-out area of the
sample does not form a planar membrane and, therefore, allows the
microscope to be focused at the right focal plane of the supported
membrane.

Protoplast Vesicle Concentration, Size Distribution, and
Charge. Nanoparticle tracking analysis (Nanosight NS300, Malvern)
was used to determine the vesicle concentration and size distribution of
the supernatant. Dynamic light scattering and electrophoretic light
scattering (Zetasizer Nano ZS, Malvern) were used to measure the
plant vesicles’ size distribution and charge. All measurements were
performed in GPMVM buffer (pH 5.6) at room temperature. All Light
scattering and nanoparticle tracking measurements were performed in
GPMVM buffer at pH 5.6 at room temperature as well. Five individual
measurements, 60 s in duration, and 3 replicates were taken for each
bleb type.

Transmission Electron Microscopy (TEM) of Blebs. Negative
Stain TEM was used to determine the size and for microscopic
examination of cellular blebs. The samples were imaged within 1 week
of bleb production. To image the samples, 10 μL of the bleb-containing
buffer solution was deposited onto glow-discharged carbon-coated film
400 Mesh copper grids (Electron Microscopy Services, Hatfield, PA)
and incubated for 5 min at room temperature. The grids were washed
by first wicking away the sample solution using filter paper, then
depositing 10 μL of water and incubating for 2 min. The grid was
subsequently stained with centrifuged 1% (v/v) uranyl acetate solution
(Electron Microscopy Services, Hatfield, PA) and incubated for 2 min
at room temperature. The uranyl acetate was wicked away, and the grid
was dried prior to imaging. Talos F200C TEM was used for imaging at
an accelerating voltage of 120 kV.

Verification of Supported Protoplast Membrane Formation
by Fluorescence Microscopy. Formation of the protoplast
membrane was visualized in real-time via fluorescence microscopy
using an inverted Zeiss Axiovert Observer Z1 fluorescence microscope
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[α Plan-Apochromat 40× objective, X-Cite 120 light source (Lumen
Dynamics Group, Inc., Canada), coupled with a CCD camera
(Hamamatsu ImageEM, model C9100-13, Bridgewater, NJ)]. Proto-
plast blebs were first labeled with R18 and incubated in a PDMS well, as
described above. Vesicles adsorbed to the glass coverslip were observed
as bright spots. When liposomes are added, they rupture on the glass
and induce rupturing of neighboring plant vesicles, which can be
observed as the R18 dye in the membranes of the vesicles diffuses in the
plane of the newly formed planar bilayer (Supplemental Video 1).
Supported membrane formation was further confirmed by FRAP and
single protein tracking, as discussed in the following sections.
Fluorescence Recovery After Photobleaching. FRAPmeasure-

ments were used to examine the diffusivity of the lipids within the
protoplast membrane. The laser beam was used to bleach a ∼ 10 μm
radius spot under a 40× objective, thereby photobleaching any R18
fluorophores within that zone. The fluorescence intensity was recorded
for 15 min, as the bleached spot recovered with time. The fluorescence
intensity of the spot was determined after background subtraction and
normalization to minimize artifacts resulting from background
photobleaching. The diffusivity (D) was calculated by fitting the
recovery data toD =w2/4t1/2, wherew is the full width at half-maximum
of the Gaussian profile of the focused laser beam and t1/2 is the
characteristic diffusion time, as described by Soumpasis.64 The fraction
of fluorescence recovery provided a measure of the bilayer contiguity
and completion of the rupture of the vesicles, as described in the main
text.
Protein Orientation in the Supported Protoplast Membrane.

An enzymatic cleavage assay was used to characterize protein
orientation in the membrane following standard protocols. Proteinase
K (Ambion) was used to examine the orientation of mCitrine-RCI2A in
the bilayer, as the conjugated fluorophore has a cleavage site (serine) for
Proteinase K built into it between the label and the protein
(Supplemental Figure 3). Protein expression was confirmed by imaging
using a Total internal reflection fluorescence (TIRF) microscope
(described next). Next, 100 μL of Proteinase K at 100 μg/mL was
added on top of the protoplast-supported bilayer containing the
protein. Images were acquired for an additional 10 min. If the cleavage
site is accessible to the protease in the buffer, it will cleave off the
fluorescent domain of the protein, allowing it to float out of the imaging
range and resulting in a decrease in the fluorescence signal. On the
contrary, if the protein is oriented the opposite way, the protease cannot
access the cleavage site, and the fluorescence signal will not be lost.
Single-Molecule Tracking of Fluorescent Proteins in

Supported Protoplast Membranes. Several single-particle tracking
(SPT) methods have been reported in the literature.28,65−67 Here, all
the trajectories were found and calculated using the single-particle
tracking method we previously published.6 Briefly, the location of the
proteins was identified by their intensity, change of intensity from the
previous frame, and displacement from the previous frame to find the
match for every trajectory.68 Only trajectories that lasted for at least 20
frames (at the rate of 8 frames/s) were used to quantify the protein
motion. Proteins that were confined to an area smaller than the
maximum observed displacement for the fluorescent beads in the
system were considered immobile.67 The single-particle tracking
algorithm uses the initial slope of the mean squared displacement
(MSD) from the first three time-steps to determine the local
homogeneous diffusion coefficient before confinement influences
diffusion, thereby excluding the factor of bilayer heterogeneity and
resultant changes in diffusion mode.26,27,29 The moment scaling
spectrum (MSS) analysis was used to access and quantify the bilayer
heterogeneity and resultant changes in diffusion mode, objectively
quantifying the mobility of a particle by a parameter denoted as β.28,29
Here, β described the type of motion for each particle: β < 0.4 was
confined diffusion; 0.4 ≤ β ≤ 0.6 was quasi-free diffusion; β > 0.6 was
convective diffusion. Total internal reflection microscopy (TIRF) was
performed using an inverted Zeiss Axio Observer Z1 microscope with
an α Plan-Apochromat 100× objective. The 488 nm wavelength from
the solid-state lasers was used to excite the mCitrine-RCI2A and
PIN1a-YFP within the membrane; the PIP2;1-mCherry within the
membrane was exited with the 561 nm. A Laser TIRF 3 slider (Carl

Zeiss, Inc.) was used to control the angle of the incident beam. The
excitation light was filtered by a Semrock LF488-B-ZHE filter cube and
sent to an electron-multiplying CCD camera (ImageEM C9100−13,
Hamamatsu). All the images were analyzed using Matlab (Mathworks)
and ImageJ (NIH) with in-house scripts.6

Protein Subunit Counting. TIRF analysis of GFP quenching was
performed as described previously using a custom-built azimuthal
scanning objective-TIRF microscope based on an inverted microscope
body (IX-81, Olympus) with a Flat-Top XYZ automated stage (Applied
Scientific Instrumentation).69 Single-molecule imaging was performed
on the GFP-tagged AtFLOT1 and 2, exciting it using a 488 nm laser
(Spectra-Physics) directed to the sample through an acoustic-optical-
tunable filter (AA Optoelectronics) to enable precise excitation
intensity modulation. The detection pathway consisted of a TuCam
adapter (Andor Technologies) equipped with a band-pass filter
(ET525/41) to isolate and direct the GFP signal onto an EMCCD
(iXon 887, Andor Technologies). Stepwise photobleaching data were
analyzed using a custom lab software package (ImageC.exe, written in
C/C++ under Microsoft Visual Studio 2017), which identified
fluorescent puncta and recorded the intensity vs time trace. Briefly,
ImageC.exe automatically locates fluorescent puncta above a threshold
that meets a specified Gaussian fit criterion by successive processing of
the summed image stack. For each molecule, a region of interest (ROI)
(typically 5 × 5) centered on the pixel containing the centroid was
created, and the ROI mean values vs time (frame) were extracted from
the stack. Traces without discernible bleach steps were discarded.70 The
data are presented without subtracting the background fluorescence.
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(66) Sonnleitner, A.; Schütz, G.; Schmidt, T. Free Brownian Motion
of Individual Lipid Molecules in Biomembranes. Biophys. J. 1999, 77
(5), 2638−2642.
(67) Poudel, K. R.; Jones, J. P.; Brozik, J. A. AGuide to Tracking Single
Transmembrane Proteins in Supported Lipid Bilayers. In Lipid-Protein
Interactions; Springer, 2013. pp. 233252.
(68) Smith, M. B.; Karatekin, E.; Gohlke, A.; Mizuno, H.; Watanabe,
N.; Vavylonis, D. Interactive, Computer-Assisted Tracking of Speckle
Trajectories in Fluorescence Microscopy: Application to Actin
Polymerization and Membrane Fusion. Biophys. J. 2011, 101 (7),
1794−1804.
(69) Manzer, Z. A.; Ghosh, S.; Jacobs, M. L.; Krishnan, S.; Zipfel, W.
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