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Abstract

Cell polarization via asymmetrical distribution of structures or molecules is essential for diverse cellular functions and
development of organisms, but how polarity is developmentally controlled has been poorly understood. In plants, the
asymmetrical distribution of the PIN-FORMED (PIN) proteins involved in the cellular efflux of the quintessential
phytohormone auxin plays a central role in developmental patterning, morphogenesis, and differential growth. Recently we
showed that auxin promotes cell interdigitation by activating the Rho family ROP GTPases in leaf epidermal pavement cells.
Here we found that auxin activation of the ROP2 signaling pathway regulates the asymmetric distribution of PIN1 by
inhibiting its endocytosis. ROP2 inhibits PIN1 endocytosis via the accumulation of cortical actin microfilaments induced by
the ROP2 effector protein RIC4. Our findings suggest a link between the developmental auxin signal and polar PIN1
distribution via Rho-dependent cytoskeletal reorganization and reveal the conservation of a design principle for cell
polarization that is based on Rho GTPase-mediated inhibition of endocytosis.
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Introduction

Cell polarity is a conserved cellular property that is necessary for

the generation of diverse forms and types of cells in both uni- and

multicellular organisms [1,2]. The general design principles that

govern the formation of polarity and how they are used to generate

diverse forms of polarity is a fundamental issue of developmental

mechanisms. In the unicellular yeast, Rho family GTPase-mediated

activation of endocytosis is required for cell polarization [3–5]. In

contrast, emerging evidence suggests that Rho family GTPase-

mediated inhibition of endocytosis is essential for the polarization of

cells in some multicellular tissues as shown in cultured epithelial cells

from rat [6] and neuroectodermal epithelial cells from Drosophila [7].

It is unclear whether Rho-mediated inhibition of endocytosis is a

common design principle for polarity establishment in multicellular

systems and how the inhibition of endocytosis is regulated.

In multicellular plants, coordinated polarization of the proposed

auxin efflux carriers PIN-FORMED (PIN) proteins within a plant

tissue is required for polar auxin transport and formation of auxin

gradients, which regulate a wide range of morphogenetic and

growth patterns in plants [8–11]. Asymmetric endocytosis and

recycling of plasma membrane (PM)-localized PINs have been

shown to contribute to the polar PIN localization [12,13], and

auxin has been implicated as a self-organizing signal to polarize

PIN proteins through its inhibition of clathrin-dependent PIN

endocytosis in root cells, which is mediated by the auxin-binding

protein 1 (ABP1) putative cell surface auxin receptor [14,15]. We

studied auxin regulation of cell polarity formation and PIN1

polarization in Arabidopsis leaf epidermal pavement cells (PCs),

which display multipolarity by forming the puzzle-piece appear-

ance with interdigitated lobes and indentations [16–20]. Recently

we showed that ABP1-dependent auxin signaling promotes the

formation of multipolarity in PCs by activating Rho-like GTPases

from plants (ROPs) that are associated with the plasma membrane

[19,21]. ROPs also regulate other processes mediated by auxin

such as root hair development, lateral root formation, and root
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gravitropic responses [22–24]. In addition, auxin activation of

ROPs is associated with auxin regulation of gene expression in the

nucleus [25,26].

We found that polar PIN1 localization to the tip of lobes in

PCs is dependent upon ROP2, which is activated by auxin in the

same PM region where PIN1 is localized [19]. PIN1 is required

for ROP2 activation and lobe formation, supporting a role for

auxin in self-organizing PIN1 polarization in PCs [19]. How

auxin-activated ROP2 regulates PIN1 polarization is unknown.

One possible mechanism would be the inhibition of PIN1

endocytosis by activated ROP2, because inactivation of ROP2

leads to PIN1 internalization in PCs [19]. This finding is

consistent with the report showing that the expression of

constitutively active ROPs inhibited internalization of the

endocytosis tracer dye FM-64 in roots and guard cells [27–29].

ROP2 regulates the formation of the multipolarity in PCs by

activating RIC4 [17], a member of the ROP INTERACTIVE

CRIB MOTIF-CONTAINING proteins (RICs) family of ROP

effector proteins [30]. RIC4 promotes the local accumulation of

fine cortical actin microfilaments in the tip of PCs and pollen

tubes [17,31], and actin dynamics has been implicated in the

regulation of auxin transport and PIN endocytosis [32–34].

These observations raise an interesting possibility that the ROP2-

RIC4 pathway could regulate PIN1 polarization through

endocytic trafficking and the actin cytoskeleton.

In this report we show that PIN1 endocytosis is preferentially

inhibited in the PM region of lobes and that auxin activation of

ROP2 in this region inhibits clathrin-dependent PIN1 endocytosis,

allowing PIN1 to be polarized to the ROP2-active region. We

further demonstrate that ROP2 promotion of F-actin accumula-

tion via its effector protein RIC4 is responsible for its inhibition of

PIN1 endocytosis. Our results reveal the conservation of a new

design principle for cell polarization, which is based on localized

inhibition of endocytosis by Rho GTPase signaling in multicellular

plants and animals, and provide new insights into the mechanisms

by which Rho GTPases inhibit clathrin-dependent endocytosis of

polarity proteins. Our results establish an auxin signaling pathway

leading to the polarization of PIN proteins that is essential for

pattern formation and morphogenesis in multicellular plants.

Results

ROP2 Inhibits PIN1 Endocytosis in the Lobe Region of PCs
To test the auxin-mediated self-organizing PIN1 polarization,

we investigated how auxin-activated ROP2 signaling regulates

PIN1 localization to the lobe tip. We first utilized PIN1-green

fluorescent protein (GFP) transient expression in leaves of

Nicotiana benthamiana (tobacco) plants by the agrobacterium

infiltration method [35]. This system allows determining the

effect of mutant ROP2 on PIN1-GFP localization independent of

PC shape changes, which occur in Arabidopsis rop2 mutants

[16,17]. Within 3 d after infiltration, PIN1-GFP was detected in

PCs of tobacco leaves and localized to the PM with stronger

accumulation at the tips of lobes as in Arabidopsis PCs (Figure 1A,

arrow). PIN1-GFP signal was also observed in the cytoplasm as

endosome-like vesicles (Figure 1A, arrow). Time-lapse imaging

showed that PIN1-GFP appeared to be internalized preferentially

in the indentation region but not in the lobe region where

stronger PM accumulation of PIN1-GFP was observed

(Figures 1A, S1A, and S1B). Both PIN1-GFP and FM4-64 were

internalized simultaneously and became colocalized in the same

vesicles, confirming that GFP-PIN1 was internalized through

endocytosis (Figure S1C).

Because PIN1 internalization appears to occur preferentially in

the indentation region but not in the lobe region where ROP2 is

activated [17,19], we hypothesized that ROP2 activation may

inhibit endocytosis of PIN1, allowing PIN1 to be polarized in that

region. To visualize PIN1 internalization, we utilized PIN1 fused

with the dendra2 photo-convertible fluorescent protein (Figures

S2 and S3) [36]. Photo-conversion of PIN1-dendra2 transiently

expressed in tobacco or Arabidopsis leaves was conducted using

transient high dosage of irradiation with 405-nm laser (Figures

S2A and S3A). To confirm whether PIN1-dendra2 expressed in

leaves was internalized from the PM, PIN1-dendra2 cells were

treated with Brefeldin A (BFA), which inhibits ADP ribosylation

factor (ARF) GEF and arrests endosomal recycling, causing

internalized PIN1 to accumulate in an aggregate known as BFA

bodies in plant cells [14,32]. PIN1-dendra2 at the PM was photo-

converted from green to red emission. 30 min after photo-

conversion, converted PIN1-dendra2 was observed in BFA

bodies, which demonstrated the occurrence of PIN1-dendra2

endocytosis (Figure S2A). To test the effect of ROP2 on PIN1-

dendra2 endocytosis, we coexpressed a dominant-negative

mutant of ROP2 (DN-ROP2) with PIN1-dendra2 and observed

the internalization of the photo-converted signal at the PM. In

the lobe regions of PCs expressing PIN1-dendra2 only, PIN1-

dendra2 vesicles were rarely formed from the PM (Figure 1B). In

contrast, in cells expressing both PIN1-dendra2 and DN-ROP2,

numerous PIN1-dendra2 vesicles were formed and pinched off

from the PM (Figure 1B, arrowheads). Furthermore, time-lapse

imaging showed that DN-ROP2 expression greatly accelerated

the decrease in the photo-converted PM signal, which was

Author Summary

Formation of cell polarity is a process of distributing cellular
structures or molecules in an asymmetric manner. This
process plays an important role in the generation of diverse
cell forms and types. In plants, the quintessential hormone
auxin is important for diverse physiological functions,
including growth and development of cells and organs.
To perform these functions, auxin must be transported and
localized to specific regions within the plant. This is partially
mediated by polar distribution of the PIN-FORMED (PIN)
auxin efflux transporters, which transport auxin outside of
the cell and allow for the directional short- and long-
distance transport of auxin throughout plant tissues and
organs. Although auxin itself has been implicated as a signal
to regulate PIN polar distribution, how auxin does so
remains to be elucidated. We previously showed that auxin
promotes the generation of ‘‘puzzle-piece’’ polarity in leaf
epidermal pavement cells, which contain interdigitated
lobes and indentations, by activating the ROP (Rho-like
GTPases from plants) members of the conserved Rho family
of small GTPases. Here, we find that auxin-dependent local
activation of ROP2 in the lobe region inhibits PIN1
internalization into the endosomal compartments (or
endocytosis), leaving higher levels of PIN1 polar distribution
in the lobe region. PIN1 internalization is inhibited by
altering the actin cytoskeleton through the ROP2 effector
protein RIC4, a protein involved in cytoskeletal remodeling.
On the basis of our findings, we propose that the Rho
GTPase-mediated inhibition of endocytosis of PIN1 provides
a self-organizing mechanism for the polar PIN1 distribution.
Rho GTPase-based inhibition of endocytosis is also impor-
tant for the formation of cell polarity in animal cells. Thus,
we conclude that Rho GTPase signaling to inhibit endocy-
tosis is a common mechanism for cell polarization in
multicellular organisms.

Rho GTPase Inhibits PIN1 Endocytosis
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quantified by changes in the relative intensity (Figure 1C) or in the

absolute intensity (Figure S2B) of the converted signal. In cells

coexpressing DN-ROP2 and PIN1-dendra2, the PM PIN1-dendra2

signal was generally weaker compared to cells expressing PIN1-

dendra2 alone (Figure 1B). This finding was likely due to the DN-

ROP2–mediated induction of endocytosis, but not its general toxic

effect, because DN-ROP2 expression did not affect the expression

and localization patterns of several endosomal markers (Figure S4).

Thus, these results show that DN-ROP2 expression promoted PIN1-

dendra2 internalization.

To confirm that the effect of DN-ROP2 on PIN1 endocytosis in

tobacco cells reflected the function of ROP2 in Arabidopsis, we

transiently expressed PIN1-dendra2 in the PCs of wild type (WT)

or the rop4-1 rop2 RNAi line, in which ROP2 is down-regulated by

RNAi and the functionally redundant ROP4 is knocked out (rop4

R2i) [17]. As expected, photo-converted signal was found in

Figure 1. PIN1 endocytosis is inhibited in the lobe region by the ROP2 pathway in PCs. (A) Time-lapse imaging of PIN1-GFP transiently
expressed in tobacco PCs. PIN1-GFP signal was imaged using laser scanning confocal microscopy 3 d after the infiltration of tobacco leaves with
agrobacterium containing pPIN1-PIN1-GFP. Internalization of PIN1-GFP from the PM (arrowheads) occurred preferentially in the indention region but
not in the lobe region (arrow) where stronger PM accumulation of PIN1-GFP was observed. Note that only a cell at the left side of the image
expressed PIN1-GFP, and internalization events were only visualized in that cell but not in the cell at the right side of the images. (B) A time-course
analysis of PIN1-dendra2 internalization after photo-conversion in tobacco PCs. Signal in the red color represents photo-converted PIN1-dendra2.
PIN1-dendra2 was transiently expressed in tobacco PCs for 3 d before photo-conversion was achieved. Coexpression of DN-ROP2 promoted vesicle
formation (arrowheads) from the PM and accelerated decrease of PM signal. (C) Quantitative analysis of the PM signal representing photo-converted
PIN1-dendra2 shown in (B). Relative intensity was measured as absolute value of intensity divided by value of intensity in the first time point. Error
bars represent standard deviation (SD) (n = 5). (D) A time-course analysis of PIN1-dendra2 internalization after photo-conversion in Arabidopsis PCs.
PIN1-dendra2 (and CA-ROP2) was transiently expressed in WT or rop4 R2i Arabidopsis PCs for 24 h. Formation of vesicles (arrowheads) and decrease of
PM signal were accelerated in rop4 R2i cells. Coexpressing CA-ROP2 suppressed both vesicle formation and decrease of PM signal in rop4 R2i cells
(n = 5). (E) Quantitative analysis of PM signal shown in (D). Measurements of signal were done as in (C).
doi:10.1371/journal.pbio.1001299.g001

Rho GTPase Inhibits PIN1 Endocytosis
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vesicles budding from the PM and decreased rapidly from PM in

rop4 R2i cells but not in WT control cells (Figures 1D, 1E, and

S3B). Moreover, expressing the constitutive active form of ROP2

(CA-ROP2) in rop4 R2i cells suppressed PIN1-dendra2 internal-

ization (Figures 1E and S3B). These results indicate that ROP2/

ROP4 suppresses PIN1 internalization, which supports our

hypothesis that active ROP2 inhibits PIN1 endocytosis in the

lobe region.

We next tested the identity of the PIN1 vesicles induced by DN-

ROP2 expression by examining the colocalization with known

endocytic markers in plants. Coexpression of DN-ROP2 with

PIN1-GFP in tobacco leaves greatly increased the number of

PIN1-GFP vesicles in the cytoplasm (Figure 2A and 2B), similar to

the PIN1-dendra2 vesicles. Previous studies showed that endocytic

trafficking mediated by the Rab5 family of GTPases plays an

essential role in various developmental processes including PIN

polarization [13,37,38]. Ara7, a Rab5 homolog, resides in an

endosomal compartment from which various internalized proteins,

such as PIN1, are sorted for targeting to vacuoles or recycling to

the PM [39]. In cells coexpressing Venus-Ara7, PIN1-GFP, and

DN-ROP2, most PIN1-GFP vesicles overlapped with Venus-Ara7

(Figure S5). Thus, most PIN1 vesicles induced by DN-ROP2 were

localized to the endosomal compartment containing Ara7. Taken

together our results suggest that activated ROP2 in the lobe region

inhibits PIN1 endocytosis in that region.

ROP2 Inhibits Endocytosis through the Clathrin-
Dependent Pathway

Several types of endocytosis have been characterized in yeast or

animals [40]. We speculated that the clathrin-dependent endocytic

pathway contributed to the PIN1 internalization in PCs because this

pathway has been reported to modulate the internalization of PIN

proteins in other tissues [15,41,42]. To test this notion, we inhibited

clathrin-dependent endocytosis by coexpressing the C-terminal

region of AtAP180 protein (ANTH[C]) with PIN1-GFP. The

conserved AP180 protein contains both the PIP2-binding domain

and the clathrin-binding domain and is essential for the early stage of

clathrin-dependent endocytosis [43,44]. ANTH(C), which contains

the clathrin-binding domain (ANTH domain), has a dominant-

negative effect on the function of AP180 protein and inhibits the

clathrin-mediated endocytosis [43]. Overexpression of ANTH(C)

greatly reduced the number of PIN1-GFP–associated vesicles and

suppressed DN-ROP2 induction of the PIN1-GFP vesicles

(Figure 2A and 2B). ANTH(C) did not have a general toxic effect,

because its expression did not affect the expression and localization

of several other endosomal markers (Figure S4). Treatment with

Ikarugamycin (Ika), a specific inhibitor of clathrin-dependent

endocytosis [45], produced the same effect as ANTH(C) overex-

pression (Figure 2A and 2B). These results suggest that ROP2

activation suppressed clathrin-dependent endocytosis of PIN1.

ROP2 Mediates Auxin-Induced Inhibition of Endocytosis
Because we previously showed that auxin activates ROP2 in the

regulation of PC shape formation [19], we next sought to test

whether ROP2-mediated inhibition of endocytosis is also regulat-

ed by auxin. We first monitored the uptake of FM1-43 in the PCs

of WT or rop4 R2i plants. BFA treatment for 2 h resulted in the

accumulation of the FM dye in aggregated structures (BFA bodies)

in WT cells (Figure S6A). Treatments with 5–10 mM auxin inhibits

the internalization of FM dyes in root cells [14]. We found that

application of naphthalene acetic acid (NAA) as low as 100 nM

prevented the accumulation of FM1-43 in BFA bodies (Figure

S6A). In rop4R2i PCs, FM1-43 accumulated in BFA compartments

as in WT cells (Figure S6A). However, NAA did not prevent the

accumulation of FM1-43 in these structures in rop4 R2i cells

(Figure S6A). Furthermore, expression of CA-ROP2 suppressed

FM1-43 accumulation in BFA bodies in PCs treated with BFA

(Figure S6B). Thus, these results suggest that ROP2 is required for

the auxin-induced inhibition of endocytosis.

Auxin-induced inhibition of PIN1 internalization has been well

documented in roots [14,15,46]. We next asked whether PIN1

internalization in Arabidopsis PCs is also inhibited by auxin in a

ROP2-dependent manner by transiently expressing PIN1-GFP in

rop4 R2i cells (Figure 3) [19]. The BFA-induced PIN1-GFP

structures were similar to the BFA compartments containing FM1-

43 (Figures 3A and S6A). Treatments with NAA (100 nM)

inhibited PIN1-GFP accumulation in the BFA compartments

(Figure 3A and 3C). Thus, auxin suppresses PIN1 internalization

in PCs as in other tissues. However, NAA treatments did not

reverse PIN1-GFP accumulation to endosomal vesicles in rop4 R2i

cells (Figure 3A and 3C). When CA-ROP2 was coexpressed with

PIN1-GFP in rop4 R2i cells, the accumulation of PIN1-GFP

vesicles was suppressed (Figure 3B and 3C). Therefore, ROP2/4 is

required for the inhibitory effect of auxin on PIN1 endocytosis. In

contrast to WT cells treated with BFA, PIN1-GFP remained in the

endosomal vesicles in rop4 R2i cells upon BFA treatment (Figure 3A

and 3C), implying that ROP2 may also regulate the PIN1

trafficking from or the transition of these endosomosal vesicles into

recycling PIN1 vesicles, which BFA acts on.

RIC4-Mediated Accumulation of Cortical Actin
Microfilaments Is Downstream of ROP2 in the Inhibition
of Endocytosis

Actin microfilaments have been implicated in the regulation of

polar trafficking of PIN proteins [32,34,47,48], but the exact

nature of F-actin and the mechanism by which this F-actin

modulates PIN polarization remains elusive. Because ROP2/

ROP4 promotes the accumulation of fine cortical actin microfil-

aments through its downstream target protein RIC4 [17], we

assessed whether RIC4-dependent F-actin mediates ROP-depen-

dent PIN1 localization in PCs. We first analyzed the localization of

PIN1 in ric4-1 mutants. Reduction of RIC4 level in ric4-1 mutants

results in abnormalities in the PC shape that is less profound than

but similar to those in the loss-of-function ROP2/ROP4 mutants

[17]. In PCs of ric4-1, PIN1-GFP was internalized into endosomal

vesicles (Figure 3A and 3C) as in rop4 R2i cells [19], and NAA

treatment did not reverse PIN1-GFP accumulation in the

endosomal vesicles in ric4-1 PCs (Figure 3A and 3C). Unlike rop4

R2i cells, however, coexpression of CA-ROP2 did not suppress the

internalization of PIN1-GFP in ric4-1 cells (Figure 3A–3C). As

shown for rop4 R2i cells, NAA treatments did not suppress FM dye

accumulation in BFA compartments in ric4-1 PCs (Figure S6A).

Taken together, these results suggest RIC4 acts downstream of

ROP2/ROP4 in the suppression of PIN1 endocytosis in PCs.

Given a role for RIC4 in promoting the accumulation of cortical

F-actin in the lobe region, we hypothesize that RIC4 inhibits PIN1

endocytosis through the RIC4-dependent F-actin. We tested this

hypothesis by using a combination of F-actin–modifying chemicals

and genetically modified Arabidopsis plants with both loss of and gain

of RIC4 function. Stabilization of F-actin by treatments with

chemicals such as TIBA or Jasplakinolide is reported to inhibit PIN

endocytosis in roots of Arabidopsis [33]. Similarly, these chemicals

stabilized cortical fine F-actin and inhibited endocytosis in WT

Arabidopsis PCs, because treatment with TIBA or Jasplakinolide

induced accumulation of cortical fine F-actin (Figure S7) and

inhibited uptake of FM1-43 (Figure S8). Time-lapse imaging of

photo-converted PIN1-dendra2 showed that loss of RIC4 function

(ric4-1) greatly accelerated the internalization of photo-converted

Rho GTPase Inhibits PIN1 Endocytosis
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PIN1-dendra2 as expected (Figure 4A and 4B), whereas TIBA

treatments completely reversed the acceleration of PIN1-dendra2

induced by the ric4-1 mutation or DN-ROP2 expression

(Figures 4A, 4B, S9A, and S9B). In contrast, RIC4 overexpression

suppressed FM1-43 internalization, as did CA-ROP2 expression

(Figures 4C and S6B). In RIC4-overexpressing plants treated with

the actin-depolymerizing drug Latrunculin B (100 nM), the

accumulation of internalized vesicles was restored (Figure 4C and

Figure 2. ROP2 regulates clathrin-dependent PIN1 endocytosis in PCs. PIN1-GFP was transiently expressed or coexpressed with DN-ROP2
and/or ANTH(C) constructs in tobacco PCs for 3 d and visualized by confocal microscopy. DN-ROP2 and/or ANTH(C) expression was induced by DEX
treatment for 6 h before observation. Ika (5 mM) treatment was carried out by infiltration 2 h before observation. (A) Internalization of PIN1-GFP into
vesicles (arrowheads) was observed in control (upper left) and was greatly enhanced by DN-ROP2 expression (lower left). The formation of these
PIN1-GFP vesicles was inhibited by the expression of ANTH(C) (middle panels) or treatment with Ika (right panels) in both control (upper panels) and
DN-ROP2 cells (lower panels). (B) Quantitative analysis of vesicle numbers shown in (A). Medial sections of confocal scanning images were taken from
ten different leaves in at least three independent experiments, and the mean number of vesicles per area of cells was determined. Error bars
represent SD (n = 10). p-Values were determined by two-tailed Student’s t test assuming equal variances (***, p,0.001).
doi:10.1371/journal.pbio.1001299.g002

Rho GTPase Inhibits PIN1 Endocytosis
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Figure 3. The ROP2-RIC4 pathway mediates auxin-induced inhibition of PIN1 endocytosis. PIN1-GFP was transiently expressed for 24 h
alone (A) or coexpressed with CA-ROP2 construct (B) in Arabidopsis PCs of WT control (Ws-2), rop4 R2i, or ric4-1 leaves treated with DMSO (mock
control), BFA, or BFA plus NAA. Medial sections of confocal images were taken, and internalized PIN1-GFP structures (BFA body-like, larger than 30

Rho GTPase Inhibits PIN1 Endocytosis
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4D; arrows). The same concentration of Latrunculin B greatly

reduced the amount of the cortical fine F-actin, but not that of

cytoplasmic actin cables (Figure S7). These results suggest that the

accumulation of the cortical fine F-actin, which is activated by the

ROP2-RIC4 pathway in the lobing region, inhibits the endocytosis

of PIN1, and consequently promoting PIN1 polarization in the

lobing region of the PM in PCs (Figure 4E).

Discussion

Our findings here have established an auxin-activated ROP2-

signaling pathway that regulates PIN1 protein polarization to the

PC lobe through the localized inhibition of PIN protein

endocytosis. Given the requirement of PIN1 for the ROP2

activation at the lobe region of the PM [19], this signaling pathway

underscores a positive feedback loop leading to PIN1 polarization,

which provides strong support for the hypothesis that auxin acts as

a self-organizing signal in the control of PIN-dependent auxin

efflux [14,15]. Furthermore, we have demonstrated that auxin

signaling links the Rho GTPase-dependent accumulation of the

cortical fine F-actin to PIN polarization. This finding provides an

important insight into the mechanism for the modulation of F-

actin reorganization in its regulation of PIN endocytosis and

polarization [32,47,49]. Several recent studies implicate actin

dynamics in the regulation of PIN endocytic recycling. By using

transgenic rice plants that express different levels of mouse talin

protein, Nick et al. recently showed that dynamics of actin

organization and auxin transport efficiency are coupled [34].

Auxin transport inhibitors such as TIBA were shown to induce

bundling of actin filaments and inhibit endocytosis, and thus were

suggested to affect auxin transport through actin-mediated vesicle

trafficking of auxin transport-related proteins [13]. Our data show

that the ROP2/RIC4-dependent auxin signaling pathway induces

the accumulation of the cortical fine F-actin, which inhibits

clathrin-dependent PIN1 endocytosis that leads to PIN1 polariza-

tion. The mechanism by which the ROP2-dependent F-actin

accumulation inhibits endocytosis needs to be investigated in the

future. In yeast, clathrin-dependent endocytosis requires not only

Cdc42 GTPase-dependent polymerization of cortical actin patches

but also their dynamics. Similarly in pollen tubes both ROP1

GTPase-dependent polymerization and dynamics of tip F-actin

are critical for polarized pollen tube growth [50,51]. Thus it will be

interesting to know whether the polymerization of ROP2-

mediated F-actin is also important for clathrin-dependent PIN1

endocytosis.

Importantly our findings show that Rho GTPase inhibition of

endocytosis is a conserved design principle for the establishment of

cell polarity in plants and animal cells. Rac and Cdc42 inhibition

of endocytosis has also been shown to be required for cell

polarization in cultured epithelial cells from rat [6]. Rho-GTPase

mediates the developmental process of neuroectodermal epithelial

cells in Drosophila, in which endocytosis of apical proteins are

inhibited and their trafficking from early endosome to late

endosome is promoted by CDC42 [7]. In plants, auxin inhibition

of PIN endocytosis has been implicated in the regulation of PIN

polarization that is required for auxin gradient formation and

auxin flow and the formation of various developmental patterns

[13–15,52]. ROPs have been implicated in the regulation of

similar developmental processes [22,53]. ROP2 appears to

regulate PIN2 polarization required for gravitropic responses

[24]. ABP1 regulates auxin-induced inhibition of PIN1 endocy-

tosis in roots [15], and acts upstream of ROP2 in the activation of

the formation of the multipolarity of PCs in leaves [19]. It is

reasonable to speculate that the ABP1/ROP2-based auxin

signaling modulates PIN endocytosis in various developmental

processes in plants. Thus, Rho GTPase regulation of PIN

endocytic trafficking may provide a common mechanism for the

regulation of PIN protein polarization.

Apart from the localized inhibition of PIN endocytosis, PIN

polarization requires polar recycling of internalized PIN proteins

[12,54–56]. In addition to its activation of the RIC4-actin pathway

that inhibits PIN1 endocytosis, ROP2 signaling may also promote

polar recycling of PIN1. In support of this notion, we previously

found that rop4 R2i PCs show stronger defects in cell shape

formation and PIN1 distribution compared to ric4-1 PCs [17].

Interestingly, mutations in the ICR1 ROP effector protein induce

strong defect in PIN polarization in Arabidopsis roots and embryos

by affecting PIN recycling [55]. ICR1 is structurally unrelated to

RICs and was shown not to affect PIN endocytosis [55,57]. ICR1

interacts with the Arabidopsis homolog of SEC3, a component of

the conserved exocyst complex that regulates the docking of

exocytic vesicles to the PM site of exocytosis [28,57]. Loss of ICR1

function also induces a strong defect in PC shape formation.

Future work should determine whether ICR1 acts as a ROP2

effector to promote PIN1 recycling into the lobe region of the PM

in PCs.

Our data suggest that the ROP2-RIC4-actin pathway partic-

ipates in other aspects of endosomal trafficking in addition to its

inhibition of PIN1 endocytosis. In this work, we found that defects

in this pathway cause PIN1 to accumulate in an endosomal

compartment containing Ara7 but not in BFA bodies. This finding

implies that the ROP2-RIC4-actin pathway either is required for

PIN1 trafficking to recycling vesicles or inhibits PIN1 trafficking to

vacuolar compartments for degradation [54,58]. In pollen tubes,

the ROP1-RIC4-actin pathway regulates exocytosis required for

tip growth [51]. It is possible that RIC4 also contributes to

exocytic trafficking of PINs through actin-based targeting of

recycling vesicles. Further studies will be needed to determine

whether auxin activation of ROP signaling coordinates various

downstream pathways leading to PIN polarization, such as the

RIC4- and ICR1-dependent pathways.

Materials and Methods

Plant Materials and Growth Conditions
Seeds of Arabidopsis or N. benthamiana (tobacco) were surface

sterilized by 50% bleach with 0.1% triton X-100 and washed three

times with distilled water. Arabidopsis plants were grown at 22uC on

MS agar plates or in soil with 16-h light/8-h dark cycles. Tobacco

plants were grown in soil with the same light cycles. The double-

pixels; Ara7 vesicle-like, smaller than 30 pixels) were analyzed. (A) PIN1-GFP vesicles (Ara7 vesicle-like, see Figure S4) were rarely found in untreated
Ws-2 cells and were abundant in rop4 R2i or ric4-1 cells. BFA (50 mM) treatment induced large aggregation of PIN1-GFP structures into BFA bodies in
Ws-2 cells, but did not affect PIN1-GFP vesicles in rop4 R2i or ric4-1 cells. Application of 100 nM NAA (BFA+NAA) inhibited the accumulation of PIN1-
GFP in BFA bodies in Ws-2, but did not alter the formation of PIN1-GFP vesicles in rop4 R2i or ric4-1 cells. (B) CA-ROP2 expression prevented PIN1-GFP
accumulation in BFA bodies in Ws-2. CA-ROP2 also suppressed the formation of PIN1-GFP vesicles in rop4 R2i but not in ric4-1. (C) Quantitative
analysis of PIN1-GFP containing BFA bodies and vesicles shown in (A) and (B). Vesicles were categorized by pixel area in the images into two classes
(see Figure S5): ,30 = smaller than 30 pixels, similar to the size of Ara7 vesicles; .30 = larger than 30 pixel, BFA bodies. Error bars represent SD
(n = 10). p-Values (against Ws-2–untreated cells) were determined by two-tailed Student’s t test assuming equal variances (**, p,0.01; ***, p,0.001).
doi:10.1371/journal.pbio.1001299.g003
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Figure 4. The ROP2-RIC4 pathway inhibits PIN1 endocytosis through the promotion of the accumulation of cortical actin filaments.
(A) A time-course analysis of PIN1-dendra2 internalization after photo-conversion in Arabidopsis PCs. PIN1-dendra2 was transiently expressed in WT
(Ws-2) or ric4-1 PCs for 24 h. Compared to WT cells, formation of vesicles (arrowheads) and decrease of PM signal were accelerated in ric4-1 cells as in
rop4 R2i cells (Figure 1D). Stabilizing F-actin by TIBA treatment for 2 h suppressed both vesicle formation and decrease of PM signal in ric4-1 cells. (B)
Quantitative analysis of PM signal shown in (A). Relative intensity was measured by absolute value of intensity divided by value of intensity in the first
image. Error bars represent SD (n = 5). (C) An analysis of FM1-43 uptake in Col-0 WT and RIC4 overexpressing lines. Images were taken 1 h after leaves
were incubated in liquid MS medium containing FM1-43. Each image is a stack image of 40 images taken for around 4 min to visualize internalized
signal. Vesicles containing FM1-43 (arrowheads) were accumulated in Col-0 but not in RIC4 overexpressing cells (RIC4 OX). Application of Latrunculin
B (100 nM, LatB) induced uptake of FM1-43 into small vesicles in RIC4 OX cells. (D) Quantitative analysis of vesicle numbers shown in (C). Images were
taken from ten different leaves in at least three independent experiments, and the mean number of vesicles per area of cells was determined. Error
bars represent SD (n = 30). p-Values were determined by two-tailed Student’s t test assuming equal variances (***, p,0.001). (E) A model for a ROP-
signaling-based feed-forward mechanism for PIN1 polarization to the lobe region of PCs. Extracellular auxin activates ROP2 in the lobing region, and
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mutant ROP2RNAi rop4-1, ric4-1, and CA-ROP2 lines were

described previously [16,17,19]. For chemical treatment, BFA,

NAA, Ika, TIBA, JASP, and LatB were used from 50 mM,

100 mM, 5 mM, 50 mM, 2 mM, and 500 mM stock solutions

dissolved in DMSO. DEX applications for induction of gene

expression were done by spraying leaves with 3 mM DEX solution.

Plasmid Construction
Plasmids used for balistics-mediated transient expression were

constructed in pBI221. pBI221-CA-ROP2, pBI221-DN-ROP2, and

pBI221-PIN1-GFP were described previously [16,19]. Plasmids for

DEX-inducible expression were constructed in derivative of

pTA7002 [59], containing gateway cassettes kindly provided by

Yuichiro Watanabe in the university of Tokyo. CDS of DN-ROP2,

ARA7, or partial CDS of an AP180 protein (residue 991–1,959 of

At1g05020) were introduced to pENTR or pDONR. LR reactions

with obtained entry vectors and pTA7002-Venus-GW (ARA7),

pTA7002-mCherry-GW (C-ANTH), or pTA7002-SECFP-GW (DN-

ROP2) were performed to obtain pTA7002-Venus-ARA7, pTA7002-

mCherry-C-ANTH, or pTA7002-SECFP-DN-ROP2. Entry vector for

photo-convertible PIN1 (pDONR-PIN1-dendra2) was constructed by

replacing GFP in PIN1-GFP amplified from pPIN1-PIN1-GFP [60]

to dendra2 [36]. LR reactions with obtained entry vector and

pGWB2 [61] or pBI221-sGFP-gateway were performed to obtain

pGWB2-PIN1-dendra2 or pBI221-PIN1-dendra2.

Ballistics-Mediated Transient Expression in Leaf
Epidermal Cells

Subcellular localization analysis in Arabidopsis PCs was done by

ballistics-mediated transient expression as described previously

[17]. We used 1 mg pBI221-PIN1-GFP or pBI221-PIN1-dendra2 and

0.5 mg pBI221-CA-ROP2 for particle bombardment. GFP signal

was observed 24 h after bombardment by confocal microscopy

(Leica SP2 confocal microscope or Zeiss 710 confocal microscopy).

Conditions for imaging were set as 488-nm excitation, collecting

bandwidth at 500–570 nm for GFP. For quantification of the

number of PIN1-GFP vesicles per area, each cell area or vesicle

size was measured using ImageJ.

Agrobacterium-Mediated Transient Expression in Leaf
Epidermal Cells

Subcellular localization analysis in tobacco PCs was done by

agrobacterium-mediated transient expression in leaf epidermal

cells. Infiltration of agrobacterium for transient expression was

performed as a standard protocol [62]. Leica SP2 or Zeiss 710

confocal microscopy was used for observation. Conditions for

imaging were set as 488-nm excitation, collecting bandwidth at

495–515 nm for GFP, 514-nm excitation, collecting bandwidth at

560–640 nm for YFP, 442-nm excitation, collecting bandwidth at

450–490 nm for CFP, and 560-nm excitation, collecting band-

width at 600–720 nm for mCherry. Any bleach-through signal

among each channel was removed by adjusting the gain in the

each channel using the signal in cells expressing single construct

infiltrated at the same experiment.

Dendra2 Photo-Conversion Experiments
For photo-converting PIN1-dendra2 expressed in tobacco PCs,

regions of interest were illuminated by 405-nm laser at 5% power

and speed set at 5 using Zeiss 710. For photo-converting PIN1-

dendra2 expressed in Arabidopsis PCs, regions of interest were

illuminated by 405-nm laser at 4% power and speed set at 7 using

Zeiss 710. Conditions for imaging photo-converted signal were set

as 560-nm excitation, collecting bandwidth at 600–720 nm.

Quantification of PM signal at lobe region was performed by

measuring intensity of PM along outermost cell outline in lobe sites

using ImageJ.

FM Dye Uptake Experiments
FM1-43 dye uptake experiment was performed in liquid MS

medium containing 10 mM FM1-43 using 2-d-old seedlings.

Conditions for imaging were set as 488-nm excitation, collecting

bandwidth at 500–570 nm.

Supporting Information

Figure S1 PIN1-GFP internalization is inhibited at the
tips of lobe regions and occurs simultaneously with
FM4-64 uptake. (A) A projection image of two adjacent tobacco

PCs transiently expressing PIN1-GFP. Internalization of PIN1-

GFP from the PM (arrowheads) occurred preferentially in the

indention region but not in the lobe region (arrow). (B)

Quantification of position for PIN1-GFP internalization events.

PIN1-GFP was transiently expressed in tobacco PCs. Each lobe

region was divided equally into top, middle, or bottom part as

shown in left panel, and internalization events observed in each

part in image sets that were taken for 4 min were counted. Right

panel shows average number of internalization events quantified

from ten image sets. p-Values were determined by two-tailed

Student’s t test assuming equal variances (**, p,0.01; ***,

p,0.001). (C) PIN1-GFP was transiently expressed in tobacco

PCs. FM4-64 was infiltrated 10 min before observation. PIN1-

GFP localized to the PM and cytoplasmic vesicles (arrows), which

overlap with FM4-64.

(TIF)

Figure S2 Photo-conversion of PIN1-dendra2 expressed
in a tobacco leaf PCs and subsequent internalization of
the converted signal. PIN1-dendra2 was transiently expressed

in tobacco PCs for 3 d and visualized using confocal microscopy.

(A) Left panel: merged images of the green channel (495–515 nm)

and the red channel (600–720 nm) before photo-conversion.

Tobacco cells expressing PIN1-dendra2 was visualized using 488-

nm laser and 560-nm laser for excitation prior to photo-

conversion. Middle panel: Merged images of the green channel

and the red channel after photo-conversion. Photo-conversion of

PIN1-dendra2 expressed in tobacco PCs was achieved by

irradiation of 405-nm laser, which produced emission detected

by red channel. Right panel: A red channel image of photo-

converted PIN1-dendra2 expressed in tobacco PCs treated with

BFA for 30 min. BFA (50 mM) treatment induced aggregation of

photo-converted signal. (B) Quantitative analysis of reduction of

photo-converted signal in absolute value. Datasets used for

Figure 1C were used for quantification.

(TIF)

Figure S3 Photo-conversion of PIN1-dendra2 expressed
in Arabidopsis PCs. (A) PIN1-dendra2 construct was introduced

into Arabidopsis leaf PCs by ballistic-mediated transformation (see

the activated ROP2-RIC4 pathway inhibits PIN1 internalization through RIC4-dependent cortical F-actin, leading to PIN1 polarization to the lobing
region. PIN1-based export of auxin induces further ROP2 activation to complete the feed-forward cycle. In addition to its inhibition of endocytosis,
the ROP2-RIC4 pathway is also required for the endosomal trafficking of PIN1 from Ara7-marked endosomes to recycling endosomes.
doi:10.1371/journal.pbio.1001299.g004
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main text) and observed 24 h after bombardment. The green

emission of PIN1-dendra2 was obtained by irradiating with 488-nm

laser prior to photo-conversion. Setting for the green channel and

the red channel was set as in Figure S2A. Photo-conversion of PIN1-

dendra2 expressed in an Arabidopsis leaf PC was achieved by

irradiation with 405-nm laser. (B, C) Quantitative analysis of

reduction of photo-converted signal in absolute value. Datasets used

for Figure 1E (B) or Figure 4B (C) were used for quantification.

(TIF)

Figure S4 Coexpressing DN-ROP2 or ANTH(C) did not
affect localization of endosome markers. Endosome

markers WAVE7 (RHA1; PVC/late endosome) and WAVE13

(VTI12; TGN/early endosome) were transiently expressed in

tobacco PCs for 2 d with or without DN-ROP2 or ANTH(C).

DN-ROP2 or ANTH(C) expression was induced by DEX

treatment 6 h before observation. Neither markers show any

noticeable changes upon coexpressing DN-ROP2 or ANTH(C),

suggesting that there are no toxic side effect on expressing DN-

ROP2 or ANTH(C).

(TIF)

Figure S5 Colocalization of internalized PIN1-GFP
induced by coexpressing DN-ROP2 with Venus-Ara7. A

colocalization analysis of PIN1 and the Ara7 Rab5 GTPase. PIN1-

GFP, DN-ROP2 and Venus-Ara7 were transiently expressed in

tobacco PCs for 3 d. DN-ROP2 and Venus-Ara7 expression was

induced by DEX treatment 6 h before observation. The majority

of vesicles containing PIN1-GFP overlapped with Venus-Ara7

containing vesicles.

(TIF)

Figure S6 The ROP2-RIC4 pathway mediates inhibition
of FM dye uptake by NAA. Leaves of various Arabidopsis lines

were incubated with FM1-43 for 2 h and treated with DMSO

(control), BFA (100 mM), or BFA (100 mM) plus NAA (100 nM) for

90 min. FM1-43 in PCs was imaged using confocal microscopy.

(A) BFA induced FM1-43 aggregation into BFA bodies. NAA

treatment suppressed FM1-43 accumulation in BFA bodies in Ws-

2, but not in rop4R2i or ric4-1. (B) CA-ROP2 and RIC4OX did

not develop BFA body.

(TIF)

Figure S7 Effect of actin-related drugs on F-actin in PCs
monitored by GFP-mTalin. GFP-mTalin construct was

introduced into WT (Col) Arabidopsis leaf PCs by ballistic-mediated

transformation and observed 4 h after bombardment. Leaves were

treated with DMSO, TIBA (50 mM), JASP (2 mM), or LatB

(100 nM) for 1 h. Control cells showed the accumulation of

cortical fine F-actin (arrows) preferentially at apparently growing

lobes in 84% of cells observed (n = 31). Treatments with TIBA or

JASP induced broader distribution of cortical fine F-actin in the

cortical region in 83% of cells observed (n = 30) for TIBA or in

80% of cells observed (n = 30) for JASP, suggesting that these

treatments induced the stabilization of cortical fine F-actin.

Conversely, cells treated with LatB were devoid of cortical fine

F-actin in 94% of cells observed (n = 31), although thick bundled

actin cables were evident in these cells, suggesting the treatment

specifically abolished cortical fine F-actin.

(TIF)

Figure S8 Auxin and actin-stabilizing drugs inhibit FM
dye uptake in Arabidopsis PCs. WT (Ws-2) Arabidopsis leaves

were treated either DMSO, NAA, TIBA, or JASP simultaneously

with FM1-43 for 1 h. Each image is a stack image of 40 images

taken for around 4 min to visualize internalized signal. FM1-43

accumulated in vesicles (arrowheads) in DMSO control cells,

whereas NAA (100 nM) and antistabilizing drugs (TIBA, 50 mM)

and (JASP, 2 mM) suppressed the accumulation of FM1-43 in

these vesicles.

(TIF)

Figure S9 DN-ROP2–induced internalization of PIN1-
dendra2 is suppressed by actin stabilization. PIN1-

dendra2 was transiently expressed alone or with DN-ROP2

construct in tobacco leaf PCs for 3 d. Treatments with the TIBA

actin-stabilizing drug were as described in Figure S7, and photo-

conversion was conducted as described in Figure 1B. This

experiment was conducted in conjunction with the one described

in Figure 1B. (A) A time-course analysis of PIN1-dendra2

internalization after photo-conversion in tobacco PCs (images

of PIN1-dendra2 or PIN1-dendra2+DN-ROP2 are the same

images as those used in Figure 1B). TIBA (50 mM) treatment

suppressed both vesicle formation and decrease of PM signal

induced by DN-ROP2 expression. (B) Quantitative analysis of

PM signal shown in (A). Measurements of signal were done as in

Figure 1C.

(TIF)

Author Contributions

The author(s) have made the following declarations about their

contributions: Conceived and designed the experiments: SN TX ZY.

Performed the experiments: SN TX DL XZ. Analyzed the data: SN TX

ZY. Contributed reagents/materials/analysis tools: PD BS JF YF. Wrote

the paper: SN TX ZY.

References

1. Drubin DG, Nelson WJ (1996) Origins of cell polarity. Cell 84: 335–344.

2. Yang Z (2008) Cell polarity signaling in Arabidopsis. Annu Rev Cell Dev Biol

24: 551–575.

3. Kaksonen M, Toret CP, Drubin DG (2005) A modular design for the clathrin-

and actin-mediated endocytosis machinery. Cell 123: 305–320.

4. Kaksonen M, Toret CP, Drubin DG (2006) Harnessing actin dynamics for

clathrin-mediated endocytosis. Nat Rev Mol Cell Biol 7: 404–414.

5. Slaughter BD, Das A, Schwartz JW, Rubinstein B, Li R (2009) Dual modes

of Cdc42 recycling fine-tune polarized morphogenesis. Dev Cell 17: 823–

835.

6. Izumi G, Sakisaka T, Baba T, Tanaka S, Morimoto K, et al. (2004) Endocytosis

of E-cadherin regulated by Rac and Cdc42 small G proteins through IQGAP1

and actin filaments. J Cell Biol 166: 237–248.

7. Harris KP, Tepass U (2008) Cdc42 and Par proteins stabilize dynamic adherens

junctions in the Drosophila neuroectoderm through regulation of apical

endocytosis. J Cell Biol 183: 1129–1143.

8. Galweiler L, Guan C, Muller A, Wisman E, Mendgen K, et al. (1998)

Regulation of polar auxin transport by AtPIN1 in Arabidopsis vascular tissue.

Science 282: 2226–2230.

9. Scarpella E, Barkoulas M, Tsiantis M (2010) Control of leaf and vein

development by auxin. Cold Spring Harb Perspect Biol 2: a001511.

10. Sorefan K, Girin T, Liljegren SJ, Ljung K, Robles P, et al. (2009) A regulated auxin

minimum is required for seed dispersal in Arabidopsis. Nature 459: 583–586.

11. Crawford S, Shinohara N, Sieberer T, Williamson L, George G, et al. (2010)

Strigolactones enhance competition between shoot branches by dampening

auxin transport. Development 137: 2905–2913.

12. Geldner N, Anders N, Wolters H, Keicher J, Kornberger W, et al. (2003) The

Arabidopsis GNOM ARF-GEF mediates endosomal recycling, auxin transport,

and auxin-dependent plant growth. Cell 112: 219–230.

13. Dhonukshe P, Tanaka H, Goh T, Ebine K, Mahonen AP, et al. (2008)

Generation of cell polarity in plants links endocytosis, auxin distribution and cell

fate decisions. Nature 456: 962–966.

14. Paciorek T, Zazimalova E, Ruthardt N, Petrasek J, Stierhof YD, et al. (2005)

Auxin inhibits endocytosis and promotes its own efflux from cells. Nature 435:

1251–1256.

15. Robert S, Kleine-Vehn J, Barbez E, Sauer M, Paciorek T, et al. (2010) ABP1

mediates auxin inhibition of clathrin-dependent endocytosis in Arabidopsis. Cell

143: 111–121.

Rho GTPase Inhibits PIN1 Endocytosis

PLoS Biology | www.plosbiology.org 10 April 2012 | Volume 10 | Issue 4 | e1001299



16. Fu Y, Li H, Yang Z (2002) The ROP2 GTPase controls the formation of cortical

fine F-actin and the early phase of directional cell expansion during Arabidopsis
organogenesis. Plant Cell 14: 777–794.

17. Fu Y, Gu Y, Zheng Z, Wasteneys G, Yang Z (2005) Arabidopsis interdigitating

cell growth requires two antagonistic pathways with opposing action on cell
morphogenesis. Cell 120: 687–700.

18. Fu Y, Xu T, Zhu L, Wen M, Yang Z (2009) A ROP GTPase signaling pathway
controls cortical microtubule ordering and cell expansion in Arabidopsis. Curr

Biol 19: 1827–1832.

19. Xu T, Wen M, Nagawa S, Fu Y, Chen JG, et al. (2010) Cell surface- and Rho
GTPase-based auxin signaling controls cellular interdigitation in Arabidopsis.

Cell 143: 99–110.
20. Li HJ, Lin DS, Dhonukshe P, Nagawa S, Chen DD, et al. (2011)

Phosphorylation switch modulates the interdigitated pattern of PIN1 localization
and cell expansion in Arabidopsis leaf epidermis. Cell Res 21: 970–978.

21. Xu T, Nagawa S, Yang Z (2011) Uniform auxin triggers the Rho GTPase-

dependent formation of interdigitation patterns in pavement cells. Small Gtpases
2: 0–1.

22. Li H, Shen JJ, Zheng ZL, Lin Y, Yang Z (2001) The Rop GTPase switch
controls multiple developmental processes in Arabidopsis. Plant Physiol 126:

670–684.

23. Molendijk AJ, Bischoff F, Rajendrakumar CS, Friml J, Braun M, et al. (2001)
Arabidopsis thaliana Rop GTPases are localized to tips of root hairs and control

polar growth. EMBO J 20: 2779–2788.
24. Li L, Xu J, Xu ZH, Xue HW (2005) Brassinosteroids stimulate plant tropisms

through modulation of polar auxin transport in Brassica and Arabidopsis. Plant
Cell 17: 2738–2753.

25. Tao LZ, Cheung AY, Wu HM (2002) Plant Rac-like GTPases are activated by

auxin and mediate auxin-responsive gene expression. Plant Cell 14: 2745–2760.
26. Tao LZ, Cheung AY, Nibau C, Wu HM (2005) RAC GTPases in tobacco and

Arabidopsis mediate auxin-induced formation of proteolytically active nuclear
protein bodies that contain AUX/IAA proteins. Plant Cell 17: 2369–2383.

27. Bloch D, Lavy M, Efrat Y, Efroni I, Bracha-Drori K, et al. (2005) Ectopic

expression of an activated RAC in Arabidopsis disrupts membrane cycling. Mol
Biol Cell 16: 1913–1927.

28. Sorek N, Segev O, Gutman O, Bar E, Richter S, et al. (2010) An S-acylation
switch of conserved G domain cysteines is required for polarity signaling by

ROP GTPases. Curr Biol 20: 1326–1326.
29. Hwang JU, Jeon BW, Hong D, Lee Y (2011) Active ROP2 GTPase inhibits

ABA- and CO2-induced stomatal closure. Plant Cell Environ 34: 2172–2182.

30. Wu G, Gu Y, Li S, Yang Z (2001) A genome-wide analysis of Arabidopsis Rop-
interactive CRIB motif-containing proteins that act as Rop GTPase targets.

Plant Cell 13: 2841–2856.
31. Gu Y, Fu Y, Dowd P, Li S, Vernoud V, et al. (2005) A Rho family GTPase

controls actin dynamics and tip growth via two counteracting downstream

pathways in pollen tubes. J Cell Biol 169: 127–138.
32. Geldner N, Friml J, Stierhof YD, Jurgens G, Palme K (2001) Auxin transport

inhibitors block PIN1 cycling and vesicle trafficking. Nature 413: 425–428.
33. Dhonukshe P, Grigoriev I, Fischer R, Tominaga M, Robinson DG, et al. (2008)

Auxin transport inhibitors impair vesicle motility and actin cytoskeleton
dynamics in diverse eukaryotes. Proc Natl Acad Sci U S A 105: 4489–4494.

34. Nick P, Han MJ, An G (2009) Auxin stimulates its own transport by shaping

actin filaments. Plant Physiol 151: 155–167.
35. Kapila J, DeRycke R, VanMontagu M, Angenon G (1997) An Agrobacterium-

mediated transient gene expression system for intact leaves. Plant Sci 122:
101–108.

36. Chudakov DM, Lukyanov S, Lukyanov KA (2007) Tracking intracellular

protein movements using photoswitchable fluorescent proteins PS-CFP2 and
Dendra2. Nat Protoc 2: 2024–2032.

37. Goh T, Uchida W, Arakawa S, Ito E, Dainobu T, et al. (2007) VPS9a, the
common activator for two distinct types of Rab5 GTPases, is essential for the

development of Arabidopsis thaliana. Plant Cell 19: 3504–3515.

38. Ebine K, Fujimoto M, Okatani Y, Nishiyama T, Goh T, et al. (2011) A
membrane trafficking pathway regulated by the plant-specific RAB GTPase

ARA6. Nat Cell Biol 13: 853–859.
39. Ueda T, Uemura T, Sato MH, Nakano A (2004) Functional differentiation of

endosomes in Arabidopsis cells. Plant J 40: 783–789.
40. Conner SD, Schmid SL (2003) Regulated portals of entry into the cell. Nature

422: 37–44.

41. Dhonukshe P, Aniento F, Hwang I, Robinson DG, Mravec J, et al. (2007)

Clathrin-mediated constitutive endocytosis of PIN auxin efflux carriers in

Arabidopsis. Curr Biol 17: 520–527.

42. Kitakura S, Vanneste S, Robert S, Lofke C, Teichmann T, et al. (2011) Clathrin

mediates endocytosis and polar distribution of PIN auxin transporters in

Arabidopsis. Plant Cell.

43. Ford MG, Pearse BM, Higgins MK, Vallis Y, Owen DJ, et al. (2001)

Simultaneous binding of PtdIns(4,5)P2 and clathrin by AP180 in the nucleation

of clathrin lattices on membranes. Science 291: 1051–1055.

44. Newpher TM, Smith RP, Lemmon V, Lemmon SK (2005) In vivo dynamics of

clathrin and its adaptor-dependent recruitment to the actin-based endocytic

machinery in yeast. Dev Cell 9: 87–98.

45. Onelli E, Prescianotto-Baschong C, Caccianiga M, Moscatelli A (2008)

Clathrin-dependent and independent endocytic pathways in tobacco protoplasts

revealed by labelling with charged nanogold. J Exp Bot 59: 3051–3068.

46. Pan J, Fujioka S, Peng J, Chen J, Li G, et al. (2009) The E3 ubiquitin ligase

SCFTIR1/AFB and membrane sterols play key roles in auxin regulation of

endocytosis, recycling, and plasma membrane accumulation of the auxin efflux

transporter PIN2 in Arabidopsis thaliana. Plant Cell 21: 568–580.

47. Friml J, Wisniewska J, Benkova E, Mendgen K, Palme K (2002) Lateral

relocation of auxin efflux regulator PIN3 mediates tropism in Arabidopsis.

Nature 415: 806–809.

48. Kleine-Vehn J, Dhonukshe P, Swarup R, Bennett M, Friml J (2006) Subcellular

trafficking of the Arabidopsis auxin influx carrier AUX1 uses a novel pathway

distinct from PIN1. Plant Cell 18: 3171–3181.

49. Grebe M, Xu J, Mobius W, Ueda T, Nakano A, et al. (2003) Arabidopsis sterol

endocytosis involves actin-mediated trafficking via ARA6-positive early

endosomes. Curr Biol 13: 1378–1387.

50. Fu Y, Wu G, Yang Z (2001) Rop GTPase-dependent dynamics of tip-localized

F-actin controls tip growth in pollen tubes. J Cell Biol 152: 1019–1032.

51. Lee YJ, Szumlanski A, Nielsen E, Yang Z (2008) Rho-GTPase-dependent

filamentous actin dynamics coordinate vesicle targeting and exocytosis during tip

growth. J Cell Biol 181: 1155–1168.

52. Jones AR, Kramer EM, Knox K, Swarup R, Bennett MJ, et al. (2009) Auxin

transport through non-hair cells sustains root-hair development. Nat Cell Biol

11: 78–U156.

53. Fischer U, Ikeda Y, Ljung K, Serralbo O, Singh M, et al. (2006) Vectorial

information for Arabidopsis planar polarity is mediated by combined AUX1,

EIN2, and GNOM activity. Curr Biol 16: 2143–2149.

54. Jaillais Y, Santambrogio M, Rozier F, Fobis-Loisy I, Miege C, et al. (2007) The

retromer protein VPS29 links cell polarity and organ initiation in plants. Cell

130: 1057–1070.

55. Hazak O, Bloch D, Poraty L, Sternberg H, Zhang J, et al. (2010) A rho scaffold

integrates the secretory system with feedback mechanisms in regulation of auxin

distribution. PLoS Biol 8: e1000282. doi:10.1371/journal.pbio.1000282.

56. Kleine-Vehn J, Wabnik K, Martiniere A, Langowski L, Willig K, et al. (2011)

Recycling, clustering, and endocytosis jointly maintain PIN auxin carrier

polarity at the plasma membrane. Mol Syst Biol 7.

57. Lavy M, Bloch D, Hazak O, Gutman I, Poraty L, et al. (2007) A Novel ROP/

RAC effector links cell polarity, root-meristem maintenance, and vesicle

trafficking. Curr Biol 17: 947–952.

58. Abas L, Benjamins R, Malenica N, Paciorek T, Wirniewska J, et al. (2006)

Intracellular trafficking and proteolysis of the Arabidopsis auxin-efflux facilitator

PIN2 are involved in root gravitropism. Nat Cell Biol 8: 249–256.

59. Aoyama T, Chua NH (1997) A glucocorticoid-mediated transcriptional

induction system in transgenic plants. Plant J 11: 605–612.

60. Heisler MG, Ohno C, Das P, Sieber P, Reddy GV, et al. (2005) Patterns of

auxin transport and gene expression during primordium development revealed

by live imaging of the Arabidopsis inflorescence meristem. Curr Biol 15:

1899–1911.

61. Nakagawa T, Kurose T, Hino T, Tanaka K, Kawamukai M, et al. (2007)

Development of series of gateway binary vectors, pGWBs, for realizing efficient

construction of fusion genes for plant transformation. J Biosci Bioeng 104:

34–41.

62. Sparkes IA, Runions J, Kearns A, Hawes C (2006) Rapid, transient expression of

fluorescent fusion proteins in tobacco plants and generation of stably

transformed plants. Nat Protoc 1: 2019–2025.

Rho GTPase Inhibits PIN1 Endocytosis

PLoS Biology | www.plosbiology.org 11 April 2012 | Volume 10 | Issue 4 | e1001299




