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PIP2;1 is an integral membrane protein that facilitates water transport across plasma membranes. To address the dynamics
of Arabidopsis thaliana PIP2;1 at the single-molecule level as well as their role in PIP2;1 regulation, we tracked green
fluorescent protein-PIP2;1 molecules by variable-angle evanescent wave microscopy and fluorescence correlation spec-
troscopy (FCS). Single-particle tracking analysis revealed that PIP2;1 presented four diffusion modes with large dispersion
of diffusion coefficients, suggesting that partitioning and dynamics of PIP2;1 are heterogeneous and, more importantly, that
PIP2;1 can move into or out of membrane microdomains. In response to salt stress, the diffusion coefficients and percentage
of restricted diffusion increased, implying that PIP2;1 internalization was enhanced. This was further supported by the de-
crease in PIP2;1 density on plasma membranes by FCS. We additionally demonstrated that PIP2;1 internalization involves a
combination of two pathways: a tyrphostin A23-sensitive clathrin-dependent pathway and a methyl-B-cyclodextrin-sensitive,
membrane raft-associated pathway. The latter was efficiently stimulated under NaCl conditions. Taken together, our findings
demonstrate that PIP2;1 molecules are heterogeneously distributed on the plasma membrane and that clathrin and membrane
raft pathways cooperate to mediate the subcellular trafficking of PIP2;1, suggesting that the dynamic partitioning and
recycling pathways might be involved in the multiple modes of regulating water permeability.

INTRODUCTION indicated that PIP1s and PIP2s can assemble to form hetero-
tetramers (Zelazny et al., 2007; Otto et al., 2010). The function of
PIPs in plants has attracted extensive research. Certain PIP1s
enhanced osmotic water transport upon expression in Xenopus
laevis oocytes (Biela et al., 1999), and Nicotiana tabacum and
Arabidopsis plants deficient in these or close PIP1 homologs
showed reduced hydraulic conductivity in roots and shoots
(Martre et al., 2002; Siefritz et al., 2002; Postaire et al., 2010).
Yet, the water transport activity of other PIP1 homologs is still
unclear (Fetter et al., 2004; Sommer et al., 2008), whereas all PIP2s
examined so far have been shown to have high water channel
activity (Fetter et al., 2004; Verdoucq et al., 2008), indicating that
PIP2s play an important role in plant-water relations.

Aquaporins, which facilitate the diffusion of water across bio-
logical membranes, are key molecules in the regulation of water
transport at the cell and organ levels, and plasma membrane
intrinsic proteins (PIPs) are the most abundant aquaporins in the
plant plasma membrane (Katsuhara et al., 2008; Maurel et al.,
2008). Plants have multiple PIP isoforms (13 in Arabidopsis
thaliana), and on the basis of sequence similarity, PIPs can be
divided into two groups, PIP1 and PIP2. PIPs are thought to
occur as tetramers, with each subunit forming an individual
aqueous pore, but recent work from several laboratories has
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Many studies have also noted that the regulation properties of
plant aquaporins can provide useful indications about their
integrated function (Vera-Estrella et al., 2004; Chaumont et al.,
2005; Boursiac et al., 2008; Maurel et al., 2008). In addition to
regulated opening and closing (gating), plant aquaporins were
shown to undergo highly controlled subcellular trafficking as a
critical point for regulating their expression and function. In these
respects, Arabidopsis PIP2;1 has emerged as a prototypic
isoform. This aquaporin shows calcium- and proton-dependent
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gating upon reconstitution in proteoliposomes (Verdoucq et al.,
2008). Its trafficking to the plasma membrane was shown to be
dependent on a diacidic motif and ubiquitination (Lee et al., 2009;
Sorieul et al., 2011). Studies on plant roots under salt stress also
revealed a reactive oxygen species—dependent internalization of
PIP2;1, which was linked to salt-induced changes in C-terminal
phosphorylation (Boursiac et al., 2008; Prak et al., 2008). Several
endocytic pathways for plasma membrane proteins have been
identified in animal and plant cells, including clathrin-dependent
and raft-associated pathways (Mayor and Pagano, 2007). The
former pathway is constitutive and has been established for
PIP2;1 and other plant membrane proteins (Dhonukshe et al.,
2007). The latter is by far less understood in plants and may be
triggered by specific signals (Mayor and Pagano, 2007). In this
context, a critical issue is to understand how PIP2;1 responds to
osmotic stress to regulate root hydraulic conductivity (Lpr),
particularly the initial events that determine PIP2;1 subcellular
movements immediately after cell stimulation.

Although earlier studies focused on the structure and regula-
tion mechanisms (Tornroth-Horsefield et al., 2006; Maurel et al.,
2009), few have examined the diffusion dynamics and partition-
ing of membrane proteins in living cells, which is important for
bridging data collected at the level of individual molecules to the
physical and physiological processes (Joo et al., 2008). Bulk
approaches have been unable to unambiguously determine the
oligomeric state and mobility of molecules within living cells.
Recent progress in single-molecule measurements has enabled
observation of the dynamic behavior of membrane proteins
and their elementary molecular processes (Dahan et al., 2003;
Douglass and Vale, 2005; Zhang et al., 2009c; Hern et al., 2010).
The aim of this study was to investigate the motion of PIP2;1 at a
high spatiotemporal resolution in Arabidopsis cell membranes
using variable-angle evanescent wave microscopy (EWM), also
known as variable-angle epifluorescence microscopy, and fluo-
rescence correlation spectroscopy (FCS) and to reveal hetero-
geneities or physical effects usually hidden in the ensemble
average. Specifically, we focused on partitioning on the mem-
brane and recycling pathways of PIP2;1 under resting and salt
stress conditions.

RESULTS

The Assembly State of PIP2;1 in Arabidopsis
Plasma Membranes

To monitor PIP2;1 molecules in plant plasma membranes and
study their assembly state, it was necessary to label them
specifically with a fluorescent species having suitable biophys-
ical characteristics in terms of absorption wavelength and resis-
tance to photobleaching. We performed fluorescence targeting
experiments in Arabidopsis using green fluorescent protein
(GFP) fusions. Although some fluorescent signals in transgenic
lines driven by the native promoter could be detected by the
electron-multiplying charge-coupled device (EMCCD) (see Sup-
plemental Figure 1A and Supplemental Movie 1 online), the
signals were weak and fluorescent spots could not be used for
single-molecule analysis. Thus, we stably expressed the fusion

Figure 1. Confocal Microscopy Images of GFP-PIP2;1 Fusion Proteins
Expressed in Arabidopsis Roots.

(A) to (C) Fluorescence, bright-field, and merged images showing that
the GFP-PIP2;1 fusion protein could be efficiently expressed in Arabi-
dopsis root cells, from the root apical meristem to the maturation zone.
(D) and (E) Higher magnification of the area highlighted in (A), showing
extensive plasma membrane-restricted GFP fluorescence in the epidermis.
Bars = 40 um in (A) to (C) and 20 pm in (D) and (E).



protein under control of the constitutive 35S promoter. Cells
expressing GFP-labeled PIP2;1 (GFP-PIP2;1) were observed to
ensure that the GFP insertion did not interfere with PIP2;1 plasma
membrane targeting. Figure 1 shows that GFP-PIP2;1 was
efficiently targeted to the plasma membrane of Arabidopsis
root epidermal cells. Furthermore, the water transport activity of
fluorescently tagged PIP2;1 was investigated after functional
expression in Xenopus oocytes. Osmotic swelling assays
showed that the osmotic water permeability (P;) of oocytes
injected with the GFP-PIP2;1 cRNAs was significantly higher
(more than fivefold) than that of control oocytes expressing GFP
alone.

When the plasma membrane of living root epidermal cells was
viewed under EWM, numerous fluorescent spots were observed,
most of which appeared as well-dispersed diffraction-limited
fluorescent spots. Figure 2A shows a single video frame taken
from a 45-s recording of the epidermal cell plasma membrane.
To determine the number of GFP-PIP2;1 molecules contained in
these diffraction-limited fluorescent spots, we performed cali-
bration experiments using purified monomeric GFP, which was
immobilized on cover glasses and visualized with EWM illu-
mination. The brightness of a single GFP molecule could be
detected in our measurement apparatus, and the fluorescence
intensity distribution of diffraction-limited spots was analyzed.
The background-corrected, area-integrated fluorescence inten-
sities of individual spots produced a unimodal distribution with a
peak intensity around 70 counts (see Supplemental Figure 1B
online).

To investigate the oligomerization state of GFP-PIP2;1 in the
plasma membrane of living cells, we analyzed the fluorescence
intensity distribution of the GFP-PIP2;1 spots. A histogram of the
intensity showed an asymmetric distribution skewed to intensi-
ties lower than that expected for four fluorophores (Figure 2B).
The majority of spots had intensities ranging from 120 to 250
counts, which were approximately two- or threefold that of
purified GFP, suggesting that these spots included two or three
GFP-PIP2;1 molecules. To circumvent signal fluctuation due to
the diffusion of GFP-PIP2;1 in living cell membranes, the photo-
bleaching of individual spots was further analyzed in fixed cells.
For each of the chosen fluorescent spots, we determined, as
described previously (Ulbrich and Isacoff, 2007), the number of
fluorescing GFP molecules by counting the number of bleaching
steps. As shown in Figure 2C, the number of bleaching steps
ranged from one to four for the analyzed puncta.

Molecular Behavior of GFP-PIP2;1 in the Plasma Membrane

We then studied the dynamic properties of PIP2;1 in more de-
tail using single-particle tracking (SPT) in continuous images
(Figures 3A and 3B; see Supplemental Movie 2 online). Some
molecules covered relatively long distances (up to 0.767 pm
within 100 ms), whereas others were less mobile (0.053 pum
within 100 ms). The diffusion type was evaluated by analysis of
mean square displacement (MSD) versus time plots of the
trajectories of individual molecules (Figure 3C). The curve-fitting
relationship between MSD and time showed that GFP-PIP2;1
diffusion could be classified into four categories: pure Brownian
diffusion (33.75% = 3.3% of the total trajectories; Figure 4A);
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directed diffusion (27.5% = 2.4% of the total trajectories; Figure
4A); pure restricted or confined diffusion (17.5% = 2.1% of the
total trajectories; Figure 4A), with an average confinement range
of 87.76% = 9.4 nm; or diffusion with combinations of Brownian
and restricted modes referred to as a mixed trajectory. The
proportion of the last category was 21.25% = 3.1% (Figure 4A),
with the mean value of the confinement range (116.83 = 10.7 nm)
generally larger than that of pure restricted trajectories. Although
one-third of the PIP2;1 spots had a pure Brownian diffusion,
most PIP2;1 molecules were restricted in confinement zones,
which were emphasized by the mixed trajectory regime.

The diffusion coefficient of the GFP-PIP2;1 particles was
calculated by linear fit to MSD versus time (MSD-t) plots. The
distribution of the diffusion coefficients was plotted in a histo-
gram having logarithmically spaced bins (Figure 4B). The data
were fitted using Gaussians, the position of the peak (noted as G)
being considered the characteristic diffusion coefficient. Fig-
ure 4B shows that G was around 2.46 X 10~3 pm2/s (SE 2.19 to
2.75 X 1078 um?/s), with a large dispersion of diffusion coeffi-
cients, most of which were between 10~4 um?/s and 3 X 102
pm?/s, indicating that the movement of PIP2;1 was heteroge-
neous. When the diffusion coefficients and the percentage of
different diffusion modes were plotted against the fluorescence
intensity (a parameter that tends to reflect the level of GFP-
PIP2;1 oligomerization) (see Supplemental Figures 2A and 2B
online), we found that the diffusion characters were not directly
associated with the fluorescence intensity.

We were curious as to whether the dynamic characteristics of
GFP-PIP2;1 were general because no such analysis of mem-
brane proteins has been reported in plant cells. Therefore, we
compared the behavior of GFP-PIP2;1 and GFP-LTi6a, a small
plasma membrane marker protein (see Supplemental Figures 3A
and 3B online). As illustrated in Supplemental Figure 3C online,
the diffusion coefficient of GFP-LTi6a ranged from 5.62 X 10~3to
3.16 X 10~1 um?/s, with a G value of 2.37 X 102 um?/s (SE 2.06
t0 2.73 X 1072 um?/s), which is 10-fold that of GFP-PIP2;1. To
extract more information about the behavior of individual GFP-
LTi6a fluorescent particles, we further analyzed the diffusion
mode according to the initial selection criteria described
above. Over 50% (51.27% = 4.4%; see Supplemental Figure 3D
online) of the GFP-LTi6a molecules exhibited Brownian diffu-
sion, whereas other GFP-LTi6a molecules underwent directed
diffusion and restricted diffusion (25.91% =+ 3.9% and 21.53% =
6.0%, respectively; see Supplemental Figure 3D online). However,
almost no mixed trajectory was detected (only one among 77
trajectories). These results show that our analysis was sensitive
enough to distinguish the dynamics of two different proteins. Thus,
GFP-PIP2;1 exhibited specific dynamic properties.

Partitioning of PIP2;1 Is Associated with Membrane Rafts

To understand better the molecular mechanisms underlying
PIP2;1 partitioning into plasma membrane domains, we treated
seedlings with methyl-B-cyclodextrin (MBCD), a sterol disrupting
reagent. The subsequent reduction in sterol levels was moni-
tored by cell staining with filipin, a fluorescent polyene antibiotic
that binds to sterols. Treatment with 10 mM MBCD resulted in
the effective depletion of sterol in root cells by ~30% (see
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Figure 2. GFP-PIP2;1 Molecules on the Plasma Membrane of Root Epidermal Cells Imaged with EWM and Oligomeric State Analysis.

(A) A typical single-molecule image of GFP-PIP2;1 on the plasma membrane of living epidermal cells. The image is a section of the first frame of a stack
of images with the background subtracted. The diffraction-limited spots (3 X 3 pixel regions) enclosed within white circles represent the signals from

individual GFP-PIP2;1 fluorescent spots and were chosen for the fluorescence intensity analysis. Bar = 5 um.
(B) Distribution of the fluorescence intensity of diffraction-limited GFP-PIP2;1 spots from the living cell imaging (n = 523 spots).

(C) Time courses of GFP emission after background correction showing one-step, two-step, three-step, and four-step bleaching. The amplitude of each

step was close to that of single purified GFP molecules observed on cover slips (see Supplemental Figure 1 online).

[See online article for color version of this figure.]
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Figure 3. Automated Tracking and Statistical Analysis of GFP-PIP2;1
Spots on the Plasma Membrane.

(A) EWM image of GFP-PIP2;1 on the plasma membrane of epidermal
cells. Bar = 10 pm.

(B) Trajectories of GFP-PIP2;1 molecules in the area indicated by the
white box in (A). The indicated trajectories result from automated
tracking of individual puncta in a series of stacks.

(C) Analysis by MSD of various trajectories and classification into
different diffusion modes. The resulting MSD-t curves (black squares)
were fitted with pure Brownian, restricted, directed, and those exhibiting
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Supplemental Figure 4 online). Under confocal laser scanning
microscopy and EWM, we found that actin filaments became
slightly shorter after treatment with MBCD, whereas the elonga-
tion rate and the rate of convolution frequency did not signifi-
cantly change (see Supplemental Figure 5, Supplemental Movies
3 and 4, and Supplemental Table 1 online), suggesting that
MBCD treatment did not significantly affect the organization of
the actin cytoskeleton. As shown in Figure 5B, treatment with
MBCD induced dramatic changes in the partitioning of GFP-
PIP2;1 in the plasma membrane compared with that in control
cells (Figure 5A). More specifically, the well dispersed patterns of
diffraction-limited spots disappeared. Instead, some particles
accumulated into small clusters, which were brighter than dif-
fraction-limited spots (purple circles in Figure 5B). Disappear-
ance of PIP2;1 molecules in certain areas was also observed. We
further followed the impacts of fenpropimorph (Fen), a sterol
synthesis inhibitor, and DL-threo-1-phenyl-2-palmitoylamino-3-
morpholino-1-propanol (PPMP), a sphingolipid biosynthesis in-
hibitor, on the localization of GFP-PIP2;1. Both inhibitors resulted
in GFP-PIP2;1 coalescing into larger particles with an increased
fluorescence intensity (see Supplemental Figure 6 online), similar
to the effect of MBCD treatment. These results suggest that the
partitioning of PIP2;1 in the plasma membrane depends on
membrane lipids and on the sterol content.

Because of its multiple diffusion modes and dependency on
sterol, we suspected that PIP2;1 localized at least partially to
sphingolipid-rich microdomains referred to as membrane rafts
(Bhat and Panstruga, 2005). To validate this assumption, cells
coexpressing GFP-PIP2;1 and mCherry-Flotillin1 (At-Flot1, a
marker protein of membrane rafts) were imaged by dual-color
EWM. Excitation was switched between two lasers so that the
cells were alternatively illuminated with blue (473 nm) and green
(561 nm) light, and sequential video frames were obtained. When
two consecutive frames representing green and red fluores-
cence were overlaid, we detected some yellow regions caused
by the high intensity in both the green and red channels, sug-
gesting an overlap of the GFP-PIP2;1 and mCherry-Flot1 fluo-
rescent foci. An example of colocalization is shown in Figures 5C
to 5E, and the lateral diffusion trajectories of the overlapped
fluorescent spots are shown in Figures 5F and 5G. To test the
possibility that the colocalization was due to random overlap of
the highly dense foci on the cell membrane, the red channel
image from four different cells was rotated 180° with respect to
the green channel, as reported in a previous investigation
(Konopka et al., 2008). The average peak distance for the original
image (4.27 = 1.38 pixels; n = 211 from four cells) was signifi-
cantly smaller from that of the rotated images (6.82 = 2.18 pixels;

a combination of Brownian and restricted modes were regarded as
mixed trajectories. A representative sample of the various diffusion
modes of GFP-PIP2;1 on the plasma membrane is shown with the
corresponding trajectories. Note that classification into various diffusion
modes could not have been accurately performed using simple visual
inspection of the trajectories.

[See online article for color version of this figure.]
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Figure 4. Statistical Analyses of GFP-PIP2;1 Lateral Dynamics on the
Plasma Membrane.

(A) Relative percentage of the different diffusion modes of GFP-PIP2;1
derived from three separate analysis of a total n = 80 individual trajec-
tories. Values given are mean * sD.

(B) Distribution of diffusion coefficients (D) for GFP-PIP2;1 on the plasma
membrane of epidermal cells (n = 261 spots).

[See online article for color version of this figure.]

n = 213 from four cells, P < 0.0001), indicating that the
colocalization was significant.

Tracking the fluorescent spots of GFP-PIP2;1 from their
colocalization with mCherry-Flot1 clearly showed that the move-
ments of these GFP-PIP2;1 spots were mainly confined within a
specific area, the average displacement of the confined GFP-
PIP2;1 being 88.87 = 8.2 nm (mean = SE; n = 21). These spots
also exhibited restricted or mixed trajectory diffusion (Figures 5F
and 5G). Within the mixed trajectories, GFP-PIP2;1 exhibited
restricted diffusion when it was confined in mCherry-Flot1-rich
structures. These results imply that the partitioning of PIP2;1 on
membranes is closely related to membrane rafts.

Salt Exposure Triggers Relocalization and
Dynamic Changes

The effects of treating roots with 100 mM NaCl on GFP-PIP2;1
cellular dynamics were first investigated using confocal laser
scanning microscopy. Whereas homogenous labeling of the
plasma membrane by GFP-PIP2;1 was observed under normal
conditions (Figure 1D), salt exposure resulted in a discontinuous
labeling pattern after 10 min (Figures 6A and 6B); a similar
phenomenon was also detected using 200 mM sorbitol as a
comparable osmotic stress (see Supplemental Figure 7A online).
After staining with FM4-64, a plasma membrane marker, the
plasma membrane areas with discontinuous GFP labeling were
found to be intact and unperturbed by the salt treatment (Figure
6C). Furthermore, we observed the appearance of intracellular
structures containing GFP-PIP2;1 in a restricted number of cells
(Figure 6D). Parallel experiments with seedlings expressing GFP-
LTi6a, an independent marker of the plasma membrane, showed
much less pronounced relocalization of GFP-LTi6a after NaCl
and sorbitol treatments (see Supplemental Figures 7B to 7D
online).

When observed by EWM, salt-treated epidermal cells dis-
played highly mobile puncta dispersed on the membrane (Figure
6E; see Supplemental Movie 5 online). The dynamic character-
istics of GFP-PIP2;1 after treatment with 100 mM NaCl were also
investigated using SPT analysis. As illustrated in the histogram of
Figure 6F, the diffusion coefficients of GFP-PIP2;1 in NaCl-
treated cells ranged mainly from 10=3to 10~' um?/s (1 X 10~%to
3 X 1072 um?/s in control cells); the highest value of 1.94 X 10~
wm?2/s was 2 times higher than in control cells (9.8 X 1072 um?/s).
More specifically, G increased to 5.62 X 10~3 um?2/s (SE 4.57 to
6.92 X 1073 um2/s), more than twofold that of the diffusion
coefficient of PIP2;1 in control cells (2.5 X 1073 um?/s). To
investigate further the behavior of PIP2;1 in living cells exposed
to salt, the percentage of different diffusion modes was also
analyzed. As shown in Figure 6G, and with respect to normal
conditions, Brownian diffusion, directed diffusion, and mixed
trajectory decreased to 83.33, 91, and 88% of the control values,
respectively, while restricted diffusion increased significantly to
160% compared with control cells (Figure 6G). These changes
indicate that in relation to the modified surface and intracellular
GFP-PIP2;1 labeling observed under NaCl treatment conditions,
diffusion coefficients were skewed toward higher values and
more GFP-PIP2;1 molecules underwent restricted diffusion.

Membrane Rafts and Clathrin Contribute to the
Internalization of PIP2;1

Endocytosis is a basic cellular process used by cells to internal-
ize a variety of molecules (Robinson et al., 2008). The discovery
of clathrin-dependent endocytosis has provided a fundamental
paradigm for analyzing membrane trafficking in cells (Dhonukshe
et al., 2007; Pérez-Goémez and Moore, 2007; Foresti et al., 2010).
Moreover, a sterol-dependent pathway has also been reported
to play an important role in Arabidopsis (Men et al., 2008). To
investigate the pathways that are involved in PIP2;1 trafficking
under normal conditions and in its relocalization upon stimula-
tion, we compared the localization of PIP2;1 to that of clathrin
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Figure 5. The Partitioning of GFP-PIP2;1 on the Plasma Membrane Is Associated with Membrane Rafts.

(A) The partitioning of GFP-PIP2;1 on the plasma membrane of epidermal cells bathed in half-strength MS medium.

(B) Effects of sterol depletion induced by a MBCD treatment on the plasma membrane partitioning of GFP-PIP2;1. Some GFP-PIP2;1 molecules
assembled into small clusters (indicated in purple circles) to yield dots that were larger and brighter than diffraction-limited spots. Disappearance of
PIP2;1 molecules in certain areas was also observed, as highlighted with asterisks.

(C) to (E) The first frame from a dual-color EWM movie of GFP-PIP2;1 (C)/mCherry-Flot1 (D)/merged images (E) of the same epidermal cells bathed in
half-strength MS medium. Arrowheads indicate the colocalization fluorescent foci.

(F) Higher magnification of the boxed area in (E).

(G) Lateral diffusion trajectories of the corresponding GFP-PIP2;1 signal in (F). Movements of spots 1 to 3 colocalized with mCherry-Flot1 and were
confined to certain areas, while spot 4 covered a larger range after a transient trapping. Nonoverlapped spots 5 and 6 covered a longer range compared
with spots 1 and 2.

Bars =5 pm in (A) and (B), 10 um in (C) to (E), and 2 pm in (F).
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Figure 6. Confocal Images and EWM Analysis of GFP-PIP2;1 after NaCl Treatment.

(A) The plasma membrane of an epidermal cell from GFP-PIP2;1 seedlings stained with FM4-64 after treatment with NaCl.
(B) Detail of the plasma membrane indicated discontinuous labeling by GFP-PIP2;1, as highlighted by the white box in (A).
(C) Corresponding FM4-64 staining of the plasma membrane to (B) indicates that the membrane was intact and unperturbed.

(D) Labeling of intracellular structures by GFP-PIP2;1.
(E) EWM image of NaCl-treated epidermal cells.

(F) Histogram showing the distribution of diffusion coefficients of GFP-PIP2;1 in NaCl-treated epidermal cells (n = 171 spots).
(G) Percentage of different diffusion modes in NaCl-treated cell (n = 80 individual trajectories) compared with those in control cells bathed in half-strength
MS medium. Values given are mean = sD. **Significantly different from the control at P < 0.01; *significantly different from the control at P < 0.05, t test.

Bars = 20 pm in (A) to (D) and 5 pm in (E).

light chain (CLC) and Flot1, two commonly used endocytic
markers for the clathrin-dependent pathway and membrane
raft-associated pathway, respectively. Cells coexpressing GFP-
PIP2;1/mCherry-Flot1 or GFP-PIP2;1/mCherry-CLC were imaged
using dual-color EWM. Instead of diffraction-limited fluorescent
foci with lateral diffusion on the membranes, we detected green
and red particles or clusters that were localized in the cytoplasm
region proximal to the plasma membrane and that exhibited
movements of departing from membranes. For quantification, two
particles were arbitrarily considered as codiffusing when at least
one pixel of their fluorescence signals overlapped during at least
five consecutive frames acquired within a 200-ms interval. As
illustrated in Figure 7, GFP-PIP2;1 was found to colocalize with
mCherry-CLC and gradually codiffused away from the focus,
indicating that the internalization of PIP2;1 was associated with the

clathrin-dependent pathway. As shown in Figure 8, partial colo-
calization and codiffusion of GFP-PIP2;1 and mCherry-Flot1 were
also detected, suggesting that, under normal conditions, the in-
ternalization of PIP2;1 was also associated with membrane rafts
but to a lesser extent than with clathrin.

To understand at a quantitative level how both recycling
pathways contribute to GFP-PIP2;1 internalization, we examined
the temporal interactions using live-cell fluorescence cross-
correlation spectroscopy (FCCS). The fluorescence fluctuation
of GFP and mCherry gave rise to cross-correlation signals in both
seedlings expressing GFP-PIP2;1/mCherry-CLC or GFP-PIP2;1/
mCherry-Flot. The relative cross-correlation amplitude was
0.53 = 0.11 for GFP-PIP2;1/mCherry-CLC, while the value was
0.42 = 0.13 for GFP-PIP2;1/mCherry-Flot1, suggesting that
the interaction between GFP-PIP2;1 and mCherry-CLC was
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Figure 7. Colocalization and Codiffusion Analysis of PIP2;1 and CLC.

(A) EWM image of GFP-PIP2;1 clusters proximal to the plasma membrane.

(B) EWM image of mCherry-CLC clusters proximal to the plasma membrane.
(C) Merged image of (A) and (B); the yellow dots indicate the colocalization particles.
(D) Time lapse showing an example of one overlapped GFP-PIP2;1 and mCherry-CLC spot codiffusion away from the focus.

(E) Three-dimensional luminance plots of the corresponding spots in (D).

Bars =5 pm in (A) to (C) and 1 um in (D).

stronger than that between GFP-PIP2;1 and mCherry-Flot1,
consistent with the results obtained by EWM. When the seed-
lings were exposed to 100 mM NaCl, the interactions between
GFP-PIP2;1/mCherry-CLC and GFP-PIP2;1/mCherry-Flot1 sig-
nificantly increased. The relative cross-correlation amplitude
was 0.59 + 0.14 (P < 0.01) and 0.52 = 0.08 (P < 0.05), revealing
that the correlation between GFP-PIP2;1 and endocytic path-
ways became much stronger under hypertonic stress. Note that
the increase in cross-correlation amplitude of GFP-PIP2;1/
mCherry-Flot1 (23.8%) was higher compared with that of GFP-
PIP2;1/mCherry-CLC (11.3%).

We then investigated the effects on GFP-PIP2;1 movement of
tyrphostin A23 (TyrA23), a well-characterized inhibitor of the
clathrin-mediated endocytic pathway (Dhonukshe et al., 2007).
TyrA23 is thought to block specifically the interaction of endo-
cytic cargo motifs with the clathrin medium chain. This interac-

tion is crucial for establishing a link between the cytosolic
domains of membrane proteins to the clathrin coat involved in
vesicle formation (Banbury et al., 2003). Exposure of seedlings to
TyrA23 led to an overall decrease in GFP-PIP2;1 diffusion coef-
ficients, with G reduced to 1.59 x 10-3 wm2/s (SE 1.41t0 1.78 X
10~3 um?2/s) (Figure 9A; see Supplemental Movie 6 online). The
percentage of mixed trajectory after treatment with TyrA23
increased notably to twofold that of untreated control cells at
the expense of Brownian and restricted diffusion, which de-
creased to 46 and 71%, respectively, of those in untreated
control cells (Figure 9C). No obvious change in directed diffusion
was detected (102% that of untreated control cells). Also, the
effects of TyrA23 were found to be reversible; at 20 min after
washout, the G value had increased to 2.20 X 10-3 um?/s (SE
1.88 10 2.58 X 1073 um?/s) (see Supplemental Figure 8A online),
comparable to that of the control cells. When tyrphostin A51, an
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Figure 8. Colocalization and Codiffusion Analysis of PIP2;1 and Flot1.

(A) EWM image of GFP-PIP2;1 clusters proximal to the plasma membrane.

(B) EWM image of mCherry-Flot1 clusters proximal to the plasma membrane.

(C) Merged image of (A) and (B); the yellow dots indicate the colocalization particles.

(D) An example of real-time dynamic observation of the GFP-PIP2;1 and mCherry-Flot1 molecule codiffusion.
(E) Three-dimensional luminance plots from the merged fluorescence of the corresponding spots in (D).

Bars =5 pum in (A) to (C) and 1 um in (D).

analog of TyrA23 that does not interfere with the clathrin-cargo
interaction, was used (Banbury et al., 2003; Konopka et al.,
2008), the diffusion coefficient of GFP-PIP2;1 did not change
(see Supplemental Figure 8B online). The recovery experiment
and noneffective analog treatment clearly suggested that the
concentrations of TyrA23 used in this study were within the
physiological range and its effect is rather specific.

Unlike in the presence of TyrA23, the histogram of diffusion
coefficients after MBCD treatment showed a broad, bimodal
distribution (Figure 9B; see Supplemental Movie 7 online),
suggesting the existence of two subpopulations of diffusing
GFP-PIP2;1 molecules. One subpopulation would correspond
to molecules with a modal diffusion coefficient (G = 2.51 x 10-3
wm2/s, Se 2.32 to 2.73 X 1072 um?/s) comparable to that
observed under normal conditions. By contrast, most other
GFP-PIP2;1 molecules diffused slowly with G =126 x 104
wm2/s (S 1.01 to 1.57 X 10~4 um?/s), which was ~20 times
lower. Among the GFP-PIP2;1 molecules analyzed after MBCD
treatment, the percentage of Brownian diffusion declined to 67 %
of the untreated control cell value, and no obvious changes in the
directed diffusion and mixed trajectory were detected (91 and
112% that of untreated control cells, respectively). In contrast
with treatment with TyrA23, MBCD treatment increased the
restricted diffusion to 164% that of untreated control cells (Figure
9C). These results demonstrate that treatment with TyrA23 and
MBCD induced qualitatively different changes in GFP-PIP2;1 dy-
namic characteristics, suggesting that clathrin-dependent endo-
cytosis and membrane rafts exerted different effects on PIP2;1
membrane movements under normal conditions.

The effects of TyrA23 and MBCD were also investigated in
cells exposed to the salt treatment. When the roots were
pretreated with TyrA23, the G of GFP-PIP2;1 decreased to
2.95 X 1078 um?/s (SE 2.62 to 3.33 X 1073 um?/s) (Figure 9D;
see Supplemental Movie 8 online) (G = 5.62 X 10-3 um?/s in
the presence of salt alone). Brownian diffusion and restricted
diffusion decreased to 78 and 67 %, respectively, of the control
treatment with salt alone; by contrast, the mixed trajectory
increased to 183% of the control treatment with salt alone. No
obvious change in directed diffusion was observed (Figure 9F).
The tendencies for dynamic changes after treatment with
TyrA23 under NaCl exposure were comparable to those after
treatment with TyrA23 under normal conditions (cf. Figures 9C
and 9F). When the roots were pretreated with MBCD, the
bimodal repartition of the diffusion coefficient disappeared
and G decreased t0 2.63 x 10~3 um?/s (SE2.34 t02.96 X 103
wm?2/s) (Figure 9E; see Supplemental Movie 9 online). In addi-
tion, Brownian diffusion and restricted diffusion decreased to
88 and 78% of the control treatment with salt alone, respec-
tively. While the mixed trajectory increased to 150% of the
control treatment with salt alone (Figure 9F), the percentage of
directed diffusion was equal to the control treatment with salt
alone. The tendencies in dynamic changes after treatment with
MBCD under NaCl exposure were different from those after
treatment with MBCD under normal conditions. However, they
were similar to those after TyrA23 treatment under NaCl expo-
sure, implying that inhibition of clathrin-dependent and mem-
brane raft-associated endocytosis induced similar changes in
PIP2;1 movement.
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Figure 9. Histograms Showing the Dynamic Characteristics of GFP-PIP2;1 Molecules.

(A) Distribution of diffusion coefficients after treatment with TyrA23 (n = 180 spots).
(B) Distribution of diffusion coefficients after treatment with MBCD (n = 193 spots); the two peaks (dashed lines, Gaussian fit) indicate that the

distribution of diffusion coefficients bifurcated.

(C) Percentage of different diffusion modes under TyrA23 (n = 96 individual trajectories) or MBCD treatment (n = 80 individual trajectories) compared
with the percentage of control cells bathed in half-strength MS medium. Values given are mean =+ SD.

(D) Distribution of diffusion coefficients after treatment with TyrA23 prior to exposure to 100 mM NaCl (n = 210 spots).

(E) Histogram showing the distribution of diffusion coefficients after treatment with MBCD coupled with 100 mM NaCl stimulus (n = 162 spots).

(F) Percentage of different diffusion modes of GFP-PIP2;1 in cells treated with TyrA23/MBCD prior to 100 mM NaCl exposure (n = 80 individual
trajectories, respectively) compared with control cells bathed in 100 mM NaCl alone. **Significantly different from the control at P < 0.01; *significantly

different from the control at P < 0.05, t test.
[See online article for color version of this figure.]

Disturbing the Endocytic Pathway Induces Accumulation
of PIP2;1 on Plasma Membranes

To reveal the partitioning of PIP2;1 between the plasma mem-
brane and its recycling pathways, FCS was used to measure the
density of GFP-PIP2;1 in the plasma membrane under different
conditions. FCS measurement was established by focusing an
excitation laser beam onto the membrane and then monitoring
fluorescence fluctuations within the focal volume of the laser beam
(Figure 10A). Applying the parameters of Equation 4 gave an
average density for GFP-PIP2;1 of 30.3 = 5.1 molecules pm=2
(Figure 10B), indicating that an average of 11.5 GFP-PIP2;1
molecules occupied the 0.38-pm? area covered in the confocal
volume. A higher GFP-PIP2;1 density (40.1 = 7.2 molecules pm=2;
32% increase with respect to control cells; P < 0.05, t test) was
detected after treatment with TyrA23 (Figure 10B), indicating that
more GFP-PIP2;1 molecules dwell on the membrane after the
inhibition of clathrin-dependent endocytosis. By contrast, the
density of PIP2;1 did not significantly change after treatment
with MBCD (32.2 + 5.4 molecules pm~=2; P > 0.05), Fen (30.2 +
7.1 molecules um=2; P > 0.05), or PPMP (33.8 = 8.2 molecules

wm=2; P > 0.1) (Figure 10B), suggesting that under normal
conditions, disturbance of membrane rafts did not alter the
amount of GFP-PIP2;1 molecules on the membrane. When the
roots were exposed to 100 mM NaCl, the GFP-PIP2;1 density
dropped to 14.0 + 3.2 molecules um= (P < 0.001; Figure 10B),
implying that salt exposure induced internalization of PIP2;1. We
also measured GFP-PIP2;1 molecular density after disturbing
the endocytic pathways prior to exposure to 100 mM NaCl.
Under TyrA23 pretreatment, and with respect to 100 mM NaCl
alone, the density of GFP-PIP2;1 on plasma membranes signif-
icantly increased by ~50% to 21.1 = 4.4 molecules pm=2 (P <
0.01; Figure 10B). After disrupting the membrane raft-associated
endocytic pathway by a MBCD pretreatment, the density also
significantly increased to 18.4 + 3.0 molecules pm= (P < 0.01;
Figure 10B), >30% higher than that of cells with salt alone.
Pretreatments with Fen and PPMP also increased the density of
GFP-PIP2;1to 18.7 = 7.0 molecules um=2 (P < 0.01; Figure 10B)
and 25.2 = 6.2 molecules um2 (P < 0.0001; Figure 10B). These
data indicate that both the clathrin-dependent and raft-associ-
ated endocytic pathways influenced endocytosis under 100 mM
NaCl exposure conditions.
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Figure 10. The Density of GFP-PIP2;1 Molecules under Different Con-
ditions as Acquired with FCS.

(A) A confocal image detected by FCS; points 1 and 2 show the location
where the laser beam was focused to monitor the fluorescence fluctu-
ations. Bar = 10 um.

(B) Density of GFP-PIP2;1 on the plasma membrane of epidermal cells
under different conditions. Values given are mean =+ SD.

[See online article for color version of this figure.]

DISCUSSION

Considering the complex and dynamic architecture of cell
plasma membranes, the spatial and temporal dynamics of
membrane proteins are definitely closely linked to many funda-
mental cellular processes (Shinozaki et al., 2009; Zhang et al.,
2009b). In this respect, tracking protein dynamics using a single-
molecule approach can be advantageous in deciphering the

respective influence of protein interaction or microdomains on
the lateral mobility of biomolecules, rather than submerging them
into an assembly of characteristics. In this study, we used a high
numerical aperture objective and varied the incident angle of the
laser beam to obtain an exponentially decaying wave, exciting only
fluorophores within 70 to 400 nm proximal to a glass cover slip. In
terms of the signal-to-noise ratio, an evanescent wave micro-
scope is up to 10-fold better than a confocal microscope (Wang
et al., 2006). Equipped with a high-resolution EMCCD camera,
which has extremely high temporal resolution, EWM could obtain
near real-time images. Thus, EWM or variable-angle epifluores-
cence microscopy is an ideal tool for tracking the two-dimensional
motion of cell membrane proteins in intact multicellular organisms
(Konopka and Bednarek, 2008). This approach has provided
valuable and complementary information about spot trafficking,
especially in living cells, over lengthy observation periods
(Konopka and Bednarek, 2008; Hern et al., 2010). In this inves-
tigation, we examined the dynamics and motion of GFP-labeled
PIP2;1 molecules in living root cells of Arabidopsis. Thus, we
achieved visualization of channel proteins at a single-molecule
level in living plant cell membranes using EWM.

Since the discovery of aquaporins in plants, the study of these
proteins has provided a unique perspective into multiple aspects
of plant biology. Integrative (Ehlert et al., 2009) and cellular
aspects (Van Wilder et al., 2008; Maurel et al., 2009; Gattolin
et al., 2009) of plant-water relations and nutrition have been
extensively investigated. However, the characteristics of plant
aquaporins at the single-molecular level have remained unclear.
Although the structure of aquaporins has been clarified using
x-ray crystallography and cryoelectron microscopy (Jap and Li,
1995; Fotiadis et al., 2001; Tornroth-Horsefield et al., 2006), no
studies had reported on the oligomeric state of PIPs in the
plasma membrane of living plant cells. Here, we imaged GFP-
labeled PIP2;1 in the plasma membrane of root cells to determine
its oligomeric state. Since the fluorescence signals after expres-
sion using a native promoter were too weak to be detected for
single-molecule analysis, overexpression of a fluorescently
tagged construct was mandatory for this work. The genetic at-
tachment of GFP to PIP2;1 obviated nonspecific labeling that
might occur with antibodies and guaranteed that each PIP2;1
polypeptide was labeled with one, and only one, fluorophore. To
interpret the oligomeric state of PIP2;1, we counted the photo-
bleaching steps for each of the chosen fluorescent spots. In
other channels or receptors (Ulbrich and Isacoff, 2007; Ji et al.,
2008; Zhang et al., 2009c), the subunit number and stoichiometry
of membrane-bound proteins can be determined from the sta-
tistical analysis of bleaching steps of GFP fused to the proteins.
As shown in Figure 2, the number of elemental GFP photo-
bleaching steps in an individual punctum was not uniform and
ranged from one to four. Since the maximum number was four, a
reasonable and conservative conclusion is that PIP2;1 exists on
the membrane as a tetramer, in agreement with previous crys-
tallographic studies (Térnroth-Horsefield et al., 2006). Moreover,
as the fluorescence intensity distribution was skewed to inten-
sities lower than four fluorophores, it may stem from endogenous
unlabeled PIPs or some GFP-PIP2;1 with immature GFP being
part of the oligomer. However, another possibility that cannot be
excluded is that besides as a tetramer on the plasma membrane,



PIP2;1 exists in various multimeric forms, such as monomers,
dimers, or trimers.

The lateral mobility of a molecule is of particular importance as
it can be correlated with the molecular state as well as with
environmental conditions (Pinaud et al., 2009). Although lateral
diffusive mobility on the membrane of living cells has been
measured by several means, such as fluorescent recovery after
photobleaching, these methods provide only ensemble aver-
aged information regarding the subpopulations, and determin-
ing the transition kinetics of diffusion mobility is impossible
(Matsuoka et al., 2009). By applying EWM and SPT analysis, we
found that the diffusion regime of PIP2;1 in plant cells could be
classified into four categories: pure Brownian diffusion, re-
stricted diffusion, directed diffusion, and mixed trajectory. The
large dispersion of the diffusion coefficient distribution further
confirmed that the diffusion of PIP2;1 on the membrane of root
cells was highly heterogeneous. We also found that most of the
fluorescent spots with low fluorescence intensity did not have a
high diffusion coefficient, and there was no close correlation
between the diffusion modes and the fluorescence intensity.
However, this does not exclude the possibility that the oligomeric
state exerts some effects on the protein motility. Considering that
the separation of the membrane in distinct phases has significant
effects on the lateral diffusion of a molecule (Korlach et al., 1999;
Marguet et al., 2006), we can deduce that PIP2;1 is not uniformly
localized in different plasma membrane microdomains. More
importantly, PIP2;1 could move into or out of these micro-
domains, suggesting that the partitioning of PIP2;1 was dynamic.
By tracking the motion of GFP-LTi6a, a small integral plasma
membrane protein, we found that the diffusion coefficients of
GFP-PIP2;1 and GFP-LTi6a were well within the range of various
membrane intrinsic proteins reported previously (Cho et al.,
1999), confirming that EWM and SPT analyses initially developed
in mammalian cells (Loerke et al., 2009) can be similarly applied
to plant cells. Comparison of diffusion coefficients of both pro-
teins also revealed that GFP-LTi6a displayed strikingly faster
lateral diffusion than GFP-PIP2;1. Whereas the diffusion mode of
both proteins shares some common features, PIP2;1 exhibits
some unique factors, which require further examination.

Current models of the plasma membrane predict the existence
of a patchwork of specialized and dynamic microdomains coor-
dinating a variety of cellular functions (Raffaele et al., 2009).
Among the well-characterized plasma membrane microdomains
are the membrane rafts formed by the preferential association of
certain lipids and proteins into sterol- and glycosphingolipid-rich
liquid ordered phases (also called detergent-resistant mem-
branes) (Pinaud et al., 2009). Previous proteomic studies re-
vealed a tendency of PIPs to partition in detergent-resistant
membranes (membrane rafts) (Mongrand et al., 2004; Borner
et al., 2005); however, whether this corresponds to an enrich-
ment in true plasma membrane microdomains in living plant cells
remained to be determined. To acquire a more detailed under-
standing of PIP2;1 partitioning in native membranes, we used the
sterol-depleting drug, MBCD, and more specific inhibitors, Fen
and PPMP, which affect the biosynthesis of sterol and sphingo-
lipids. After treatment with these compounds, we observed a
remarkable clustering effect of fluorescent foci and the disap-
pearance of PIP2;1 molecules in certain areas, indicating that
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the partitioning of GFP-PIP2;1 is closely related to sterols and
sphingolipids. Considering that sterols and sphingolipids pro-
mote the formation of membrane rafts and affect lipid dynamics
on membranes, we speculated that the partitioning of PIP2;1 in
the plasma membrane was associated with membrane rafts. To
determine further if PIP2;1 was involved in membrane rafts, we
adopted a general method called dynamic single-molecule
colocalization, which was used to quantify the associations of
single-cell surface molecules labeled with distinct fluorescent
proteins, namely, GFP-PIP2;1 and mCherry-Flot1 (taken here as
a raft marker). The chief advantages of the new quantitative
approach were that in addition to stable interactions, it was
capable of measuring nonconstitutive associations and was
applicable to situations with low numbers of molecules. In cells
that coexpressed GFP-PIP2;1 and mCherry-Flot1, we observed
that some PIP2;1 fluorescent foci were colocalizing with Flot1
foci and that the joint movement of these molecules was mainly
confined to specific areas, suggesting that it was correlated with
entry into or interaction with quasistationary membrane rafts.
The results provide strong evidence that lipid microdomains are
involved in confining PIP2;1 in the plasma membrane.

Recent studies have pointed to protein trafficking as a critical
point in regulating plant aquaporin function. This process contrib-
utes to diverse responses, such as nutritional adjustments and
modification of the number of active proteins at the plasma
membrane (Takano et al., 2005). PIP molecules are subject to
constitutive cycling between the plasma membrane and cyto-
plasm through processes of endo- and exocytosis (reviewed in
Maurel et al., 2009). In addition, the alteration of PIP abundance at
the plasma membrane through stimulus-induced trafficking of
PIPs is a significant mechanism to regulate root water transport
(Boursiac et al., 2005, 2008; Maurel et al., 2009). We observed a
salt-induced intracellular accumulation of GFP-PIP2;1 and a re-
duced membrane density. Given that the intracellular accumula-
tion of GFP-LTi6a was much less pronounced, we propose that
the enhanced internalization was a specific response of GFP-
PIP2;1 under hypertonic stress, acting as a regulator to protect
cells or the plant against water-deficit stress. SPT analysis further
revealed that under these conditions, the diffusion coefficient and
the percentage of restricted diffusion dramatically increased.
From these results, we conclude that PIP2;1 undergoing en-
hanced endocytosis is characterized by an increased diffusion
coefficient and that spatially restricted diffusion is an important
feature of the endocytic process. In agreement with this, restricted
diffusion was reported to be a predominant diffusion mode in
internalized QD-NGF complexes (Rajan et al., 2008).

In this work, we also dissected the endocytic pathway(s) of
PIP2;1 by analyzing the effects of specific inhibitors. TyrA23 can
specifically prevent the interaction between cargo motifs destined
for endocytosis and the p2 subunit of the clathrin binding AP-2
adaptor complex (Banbury et al., 2003). A recent report showed
that TyrA23 efficiently inhibited interaction between the human
transferrin receptor and a p-adaptin subunit and then blocked the
internalization of the human transferrin receptor in Arabidopsis
protoplasts (Ortiz-Zapater et al., 2006). Thus, it is widely used to
inhibit clathrin-dependent endocytosis without causing discern-
ible morphological changes (Dhonukshe et al., 2007; Robinson
et al,, 2008). Previous investigations demonstrated that the
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accumulation of PIP2;1 in the Brefeldin A compartment was
inhibited by TyrA23, suggesting that clathrin might be involved in
PIP2;1 endocytic mechanisms (Dhonukshe et al., 2007). The
colocalization of GFP-PIP2;1 with mCherry-CLC and an increase
in PIP2;1 density in the plasma membrane after TyrA23 treatment
reported in this study further support this conclusion. SPT analysis
of diffraction-limited fluorescent spots also showed that the
repartitioning of diffusion modes and changes in diffusion coeffi-
cients induced by TyrA23 were counteracted in the presence of
NaCl. Given the link between NaCl treatment and enhanced
internalization of PIP2;1, we inferred that the changes after
TyrA23 treatment resulted mainly from the inhibition of endocyto-
sis and that the internalization of PIP2;1 under both normal and salt
stress conditions was predominantly associated with the clathrin-
dependent pathway.

Besides clathrin-dependent endocytosis, other entry path-
ways are considered to operate in plant cells, among which
membrane raft-associated endocytosis is an important form
(Murphy et al., 2005). The raft-associated pathway, defined
as a sterol-sensitive and clathrin-independent internalization of
cargoes from the plasma membrane, is considered to be a new
route of endocytosis (Lajoie and Nabi, 2007). Sterol-dependent
endocytosis has been reported to mediate postcytokinetic ac-
quisition of PIN2 auxin efflux carrier polarity in Arabidopsis (Men
et al., 2008). Since we found that the partitioning of PIP2;1 on the
plasma membrane was closely associated with membrane rafts,
we were also curious as to whether the uptake mechanism of
PIP2;1 from the plasma membrane was related to these mem-
brane domains. SPT analysis showed that in seedlings with
MBCD under normal conditions, diffusion coefficients of PIP2;1
became bifurcated, suggesting that two different pools of PIP2;1
were segregated into different membrane domains. Considering
that sterol depletion induces different changes in the continuous
nonraft phase and stationary microdomains, respectively, the
bifurcated diffusion coefficients confirmed the aforementioned
conclusion that the partitioning of PIP2;1 was associated with a
type of membrane rafts. FCS also indicated that under normal
conditions, MBCD treatment did not change PIP2;1 density at the
plasma membranes. Thus, in contrast with their important role in

PIP2;1 partitioning, membrane rafts made a low contribution to
internalization under normal conditions.

When seedlings were treated with MBCD together with 100
mM NaCl, SPT analysis showed that the repartitioning of differ-
ent diffusion modes and changes in diffusion coefficients were
similar to those observed after a TyrA23 plus NaCl treatment.
TyrA23 was somewhat able to counteract the effects of NaCl
exposure; similarly, MBCD pretreatment significantly increased
the plasma membrane density of PIP2;1 in NaCl-treated cells.
Thus, we can reasonably conclude that under salt stress, the
membrane raft-associated pathway was stimulated and contrib-
uted to the enhanced internalization of PIP2;1. The FCCS quan-
titative analysis presented in this work also suggested that the
contribution of raft-associated components to PIP2;1 cell dynam-
ics is greater under salt stress than under control conditions. In
fact, the combined effects of two endocytic pathways have
already been observed in animals (Schneider et al., 2008). Our
data suggest along these lines that the stimulated endocytosis of
PIP2;1 under salt stress depends on the action of clathrin-
dependent and membrane raft-associated pathways simulta-
neously.

In conclusion, this work shows that EWM detection and SPT
analysis can substantially enhance our understanding of plant
plasma membrane protein dynamics. The study also revealed
previously undiscovered associations between membrane dy-
namics and the regulation properties of PIP2;1, a major plant
aquaporin. The behavior of PIP2;1 in the plasma membrane of
living cells was highly heterogeneous and could be described using
four diffusion categories; moreover, membrane rafts were found to
play an important role in the membrane partitioning of PIP2;1.
Whereas clathrin-dependent endocytosis of PIP2;1 was predom-
inant under normal conditions, a membrane raft-associated path-
way was also involved under NaCl stress. Thus, stress-induced
changes in PIP2;1 density at the plant plasma membrane do not
rely on a unimodal endocytosis as the mechanism of uptake, as
summarized in Figure 11. Taken together, these findings provide
new insights into the regulation mechanisms of PIP2;1 through
dynamic partitioning on the membrane and alternate recycling
pathways.

Normal Conditions
Clathrin-coated pit  Clathrin-coated pit Membrane raft

T 20 B - L R R R

Plasma Membrane & . H =]
[} : )
L4 » 3 &
*hus® e
......Membrane  ¥4ii» Membrane Raft

AtPIP2;1  ® Clathrin ® Sterols

: W
Plasma Membrane [

Hypertonic Conditions

Clathrin-coated pit Membrane raft

WA 2 & ORIUS0U T o A
W i WA, ey : i

RO

.: <
X N
wulie? & “
Tl P
7 '

Figure 11. Hypothetical Model Summarizing the Endocytic Pathway of PIP2;1 under Normal and Hypertonic Conditions.

Under normal conditions, the constitutive cycling of PIP2;1 is mediated mainly by clathrin-coated pits. Under hypertonic conditions, however, the
enhanced cycling of PIP2;1 depends on simultaneous internalization through clathrin-dependent and membrane raft-associated pathways.



METHODS

Plant Culture and Transformation

A GFP-PIP2;1 plant expression vector was constructed as follows. The
coding sequence for At-PIP2;1 was PCR amplified using the primers
5'-TCTAGAATGGCAAAGGATGTGGAAGCCGTTC-3" and 5'-GTCGAC-
TTAGACGTTGGCAGCACTTCTGAAT-3’ and was subcloned as a Xbal-
Sall fragment into a modified pPCAMBIA2300 vector (Hajdukiewicz et al.,
1994). The mCherry-AtFlot1 and mCherry-CLC (At2g40060) plant ex-
pression vectors were constructed with the coding sequences for Flot1
and CLC, which were PCR amplified using specific primer pairs (Flot1,
5'-GGATCCATGTTCAAAGTTGCAAG-3' and 5'-GAATTCTTAGCTGC-
GAGTCACTT-3’; CLC, 5-GGATCCATGTCTGCCTTTGAAGACGATT-
CCT-3' and 5-GAATTCTTAAGCAGCAGTAACTGCCTCAGTG-3') and
subcloned as BamHI-EcoRI fragments into a modified pCAMBIA1200
vector (Hajdukiewicz et al., 1994).

Arabidopsis thaliana ecotype Columbia wild type was transformed with
the GFP-PIP2;1, mCherry-Flot1, and mCherry-CLC constructs using the
Agrobacterium tumefaciens—-mediated floral dip method (Clough and
Bent, 1998). The preparation of plants expressing a GFP-LTi6a is de-
scribed elsewhere (Cutler et al., 2000). Transgenic plants were selected
on solid medium (1% agar), half-strength Murashige and Skoog (MS) salts
medium containing 50 wg/mL kanamycin for GFP-PIP2;1, and 70 pg/mL
hygromycin for mCherry-Flot1 and mCherry-CLC.

Seeds were surface sterilized for 2 min in 70% ethanol, transferred to 5%
(w/v) NaClO for 15 min, and then washed five times with sterilized distilled
water. Subsequently, they were transferred to a thin layer of solid medium
containing half-strength MS salts with 0.7% plant agar. Plants were
cultured at 22°C under long-day conditions (16 h light, 8 h dark) for 4 d.

Drug Treatment

The stock solution of MBCD (Sigma-Aldrich) was prepared in deionized
water. TyrA23 (Sigma-Aldrich) was dissolved in 100% DMSO to yield a
50 mM stock solution. The inhibitors were diluted in half-strength MS
medium, and the final DMSO concentration was =0.1% (v/v) in all EWM
analyses. Vertically grown 4-d-old seedlings were incubated in half-
strength liquid MS medium containing 50 uM TyrA23 or 10 mM MBCD for
30 min. For the TyrA23 washout experiment, the seedlings were first
incubated in half-strength liquid MS medium containing 50 .M TyrA23 for
30 min, transferred to media without TyrA23 for 20 min, then observed
under EWM. For the treatment with Fen, seedlings were grown vertically
on half-strength MS, 0.7% agar plates with 10 wg/mL Fen for 4 d prior to
imaging in half-strength MS media. For treatment with PPMP, the
seedlings first grew on half-strength MS agar medium for 2 d and then
the 2-d-old seedlings were transferred to MS agar medium with 10 pM
PPMP to grow for another 2 d.

The effects of NaCl were studied by supplementing the half-strength
MS medium with 100 mM NaCl. Parallel experiments with sorbitol were
performed by supplementing the half-strength MS medium with 200 mM
sorbitol. The effects of TyrA23 and MBCD under 100 mM NaCl exposure
were studied by pretreatment with 50 uM TyrA23 or 10 mM MBCD for
30 min followed by incubation in the same solution but supplemented
with 100 mM NaCl. After the indicated times, seedlings were transferred
to a glass slide with 150 pL of inhibitor solution and covered with a
cover slip.

Confocal Laser Scanning Microscopy Observations

For FM4-64 staining, 4-d-old vertically grown seedlings were transferred
to 2.5 M FM4-64 diluted in half-strength MS medium for 3 min after
being exposed to 100 mM NaCl for 10 min. Then these seedlings were
observed under confocal laser scanning microscopy.
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Single-Molecule Fluorescence Imaging

An objective-type evanescent wave microscope, which was based on an
inverted microscope (IX-71; Olympus) with a total internal reflective
fluorescence illuminator and a X100 oil-immersion objective (Olympus;
numerical aperture = 1.45), was used for single-molecule fluorescence
imaging. The 473-nm/561-nm laser line from a diode laser (Changchun
New Industries Optoelectronics Technology) was used to excite GFP and
mCherry. Fluorescence signals were collected by the objective and
passed through two filters, a BA 510IF long-pass filter (Chroma) and an
HQ525/50 band-pass filter (Chroma), before being directed using a back-
illuminated, EMCCD camera (ANDOR iXon DV8897D-CS0-VP; Andor
Technology) and high-quality filters (band-pass 525/45 and 609/54 nm).
We set the gain of our EMCCD camera at 300 throughout all single-
molecule imaging experiments; the setting was in the linear dynamic
range of the EMCCD camera. Images were acquired with 100-ms ex-
posure time and analyzed with Image J software (NIH).

Image Analysis and Tracking of Single Molecules

Time-lapse series of single particles of GFP-PIP2;1 images were taken at
up to 200 images per sequence. For the analysis of single-molecule
fluorescence intensity in a movie acquired from living cells, the back-
ground fluorescence was first subtracted from each frame using the
rolling ball method in Image J software. Then, the first frame of each movie
was used for fluorescent spot (region of interest) selection. After the
image processing, the brightest pixel in each fluorescent spot within the
diffraction-limited size (3 X 3 pixels) was determined as the central
position, and a square of 3 X 3 pixels was enclosed as a region of interest
to calculate the integrated fluorescence intensity with Image J.

To analyze dynamic properties, GFP-PIP2;1 foci were tracked using
spatially and temporally global particle assignment, described in detail
elsewhere (Jagaman et al., 2008). We analyzed the MSD of fluorescence-
labeled PIP2;1 spots using the following equation:

MSD = (x —xo)° + (¥ — ¥o)? Q)]
where xo and yg are the initial coordinates, and x and y are the coordinates
at any given time (Haggie and Verkman, 2008).

For calculating the diffusion coefficient, we plotted MSD from each
trajectory against time. For each molecule, the slope of the first four time
points in the MSD-t plot was used to calculate the diffusion coefficient (D)
according to the following equation (Xiao et al., 2008):

MSD;-¢ = 4Dt (2)

In the text, the diffusion coefficients correspond to single (or multiple)
Gaussian fit(s) of the D-histograms. The SE values of the position of the peak
(noted as &) were determined using Origin software (OriginLab) and are
given in the form of an upper and lower diffusion coefficient. Determination
of the motional modes (Brownian, restricted, directed diffusion, or mixed
trajectory) and parameters was performed according to Espenel et al.
(2008). For each trajectory, we first linearly fit the MSD. If the MSD-t plot was
a straight line with a slope of 4D, it was a typical trajectory for spots
undergoing Brownian diffusion. If the MSD-t plot showed a positive or
negative deviation from a straight line with a slope of 4D, the motion was
determined as directed or restricted diffusion. For the mixed trajectory
exhibiting a combination of Brownian and apparent restricted diffusion
mode, the trajectory was split, and the MSD of each segment was adjusted
with a linear or an exponential curve. In a few cases, no convincing MSD-t
fits could be obtained, and the trajectories were rejected.

The range of an individual fluorescent spot movement during the time
interval (Tn) can be estimated from the following equation:

Range(n) = \/&n —Xin— 112 + Yn — Y12 3

The colocalization algorithm was obtained using the Image J plugins
Colocalization Test and Colocalization Threshold of T. Collins and
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W. Rasband, and BG Subtraction from ROI from M. Cammer and T.
Collins (www.uhnresearch.ca/facilities/wcif/imagej). Colocalization was
performed as previously described (Zhang et al., 2009a).

FCS Analyses

FCS was performed on a Leica TCS SP5 FCS microscope, equipped with a
488-nm argon laser, in-house coupled correlator, and Avalanche photodi-
ode. After acquiring a scan image of cells in transmitted light mode, FCS
was performed in the point-scanning mode. The laser focus was placed at
the plasma membrane of a cell. The diffusion of fluorophores into and out of
the focal volume alters the local concentration of fluorophores and thus
leads to spontaneous fluorescence intensity fluctuations.

The autocorrelation function G(t) was calculated with the hardware
correlator as [5F(t) SF(t + 7)]/[F(t)]2, where F(t) is the fluorescence fluctu-
ation caused by a particle entering the confocal volume and F(t + 7) is the
fluorescence fluctuation by the same particle at time (t + 7). IgorPro
software was used to fit the data to the two-dimensional one particle,
one-triplet (2D1P1t) models as follows:

1 1 Fip
il (A + /D) Hi (= Fup)

G(r) = xe w41 (4)
where N is the number of particles in the observation volume, Fy;, is the
fraction of particles in the triplet state, and t,,i is the triplet relaxation time.

When the volume element was projected onto a single cell, GFP-
labeled PIP2;1 localized in the cell membrane was observed. Thus, the
parameter N, which could be obtained by fitting the autocorrelation
function, characterized the total number of GFP-PIP2;1 proteins in the cell
membrane inside the confocal volume. The dimensions of the observa-
tion volume element were defined by the half-axes for length (»,) and
width (wy,). The waist of the confocal volume ellipsoid was assumed to be
situated on the cell membrane such that the highest fluorescence
intensity was given. In this case, the surface area on the membrane
covered by the focus would be a circular area with a radius equal to w,y.
The circular area covered by the focus volume could be estimated as w
(wyy)? = 7 X (0.35 pm)? = 0.38 um?2. Therefore, the GFP-PIP2;1 density
estimated in the confocal volume could be expressed as the total number
of GFP-PIP2;1 divided by the area covered as follows:

Density = N/ [17(exy)?] (5)

The GFP-PIP2;1 density was obtained from each individual cell membrane.
Two random positions were selected once, and an autocorrelation measure-
ment was performed for 20 s each for every single measurement point. Up to
six random points were selected in one cell, three cells were chosen in a root,
and at least five representative roots were studied for each measurement.

For quantitatively evaluating the interaction of GFP-PIP2;1/mCherry-
Flot1 and GFP-PIP2;1/mCherry-CLC, FCCS was performed. The ampli-
tude of the cross-correlation function was normalized to the amplitude of
the autocorrelation function of GFP to calculate the relative cross-
correlation ([Gc(0))/[Gg(0)]), as described in a previous investigation
(Noda et al., 2008). Up to six random points were selected in one cell,
five cells were chosen in a root, and at least three representative roots
were studied for each measurement.

Accession Numbers

Sequence data from this article can be found in The Arabidopsis Infor-
mation Resource database under the following accession numbers:
PIP2;1 (At3g53420), Flot1 (At5g25250), and CLC (At2g40060).
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