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Arabidopsis Sterol Endocytosis
Involves Actin-Mediated Trafficking
via ARA6-Positive Early Endosomes

Conclusions: Early endocytic sterol trafficking involves
transport via ARA6-positive early endosomes that, in
contrast to animal cells, is actin dependent. Our results
reveal sterol-enriched early endosomes as targets for
BFA interference in plants. Early endocytic sterol traf-
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Takashi Ueda,3 Akihiko Nakano,3 Hans J. Geuze,2

Martin B. Rook,4 and Ben Scheres1,*
1Department of Molecular Cell Biology
Utrecht University
Padualaan 8 ficking and recycling of polar PIN2 protein share a com-

mon pathway, suggesting a connection between plant3584 CH Utrecht
2 Department of Cell Biology endocytic sterol transport and polar sorting events.
University Medical Centre Utrecht
Heidelberglaan 100 Introduction
3584 CX Utrecht
The Netherlands Sterols comprise lipid components of eukaryotic mem-

branes that determine membrane characteristics and3 Molecular Membrane Biology Laboratory
RIKEN are required for polar sorting events during vesicle trans-

port in animal cells [1]. Cholesterol-dependent vesicle2-1 Hirosawa
Wako transport contributes to the establishment of cell polar-

ity in Caenorhabditis [2] and pattern formation duringSaitama 351-0198
Japan Drosophila wing development [3]. Several human ge-

netic disorders are caused by defects in cholesterol4 Department of Medical Physiology
University Medical Centre trafficking in the late endocytic/lysosomal pathway [4].

Endocytic organelles of animal cells have been de-Universiteitsweg 100
3584 CG Utrecht fined based on the flow of cargo molecules that, upon

internalization, are transported to early endosomes.The Netherlands
From there, they can be distributed to late endosomes
and to lysosomes. Alternatively, molecules may be recy-
cled directly from early endosomes to the plasma mem-Summary
brane (PM) or indirectly via recycling endosome com-
partments [5]. Next to its predominant PM localization,Background: In contrast to the intense attention de-
cholesterol is highly abundant at the trans-Golgi [6],voted to research on intracellular sterol trafficking in
enriched in recycling endosomes [7–9], and, to a lowanimal cells, knowledge about sterol transport in plant
extent, detectable in early and late endosomes as well ascells remains limited, and virtually nothing is known
lysosomes [8, 9]. Both membrane trafficking and fusionabout plant endocytic sterol trafficking. Similar to ani-
throughout the endocytic pathway are regulated bymals, biosynthetic sterol transport occurs from the en-
small Rab-type GTPases [10]. Rab5 colocalizes withdoplasmic reticulum (ER) via the Golgi apparatus to the
cholesterol and regulates its distribution in early endo-plasma membrane. The vesicle trafficking inhibitor bre-
somes [8]. Moreover, Rab5 mediates early endosomefeldin A (BFA) has been suggested to disrupt biosyn-
movement along microtubules [11]. In general, the integ-thetic sterol transport at the Golgi level.
rity of animal endosomal compartments depends on anResults: Here, we report on early endocytic sterol traf-
intact microtubule cytoskeleton [12]. Similarly, biosyn-ficking in Arabidopsis root epidermal cells by introduc-
thetic cholesterol trafficking from the endoplasmic retic-ing filipin as a tool for fluorescent sterol detection. Ste-
ulum (ER) via the Golgi toward the PM is tubulin depen-rols can be internalized from the plasma membrane and
dent [13]. Along the biosynthetic route, the vesiclelocalize to endosomes positive for the early endosomal
trafficking inhibitor brefeldin A (BFA) disrupts choles-Rab5 GTPase homolog ARA6 fused to green fluorescent
terol trafficking at the Golgi [13, 14].protein (GFP) (ARA6-GFP). Early endocytic sterol trans-

In comparison to animal cells, plant endocytosis re-port is actin dependent and highly BFA sensitive. BFA
mains ill defined [15, 16]. Some recent studies reportcauses coaccumulation of sterols, endocytic markers
the internalization of plant PM proteins and cell walllike ARA6-GFP, and PIN2, a polarly localized presump-
pectins [17–19]. The Arabidopsis PIN1 and PIN2 proteinstive auxin transport protein, in early endosome agglom-
represent polarly localized presumptive transporters forerations that can be distinguished from ER and Golgi.
the plant hormone auxin, and PIN1 recycles betweenSterol accumulation in such aggregates is enhanced
the PM and a BFA-induced endomembrane compart-in actin2 mutants, and the actin-depolymerizing drug
ment [17, 20]. Several markers for the endocytic pathwaycytochalasin D inhibits sterol redistribution from endo-
in plants have been established only recently. Thesesome aggregations.
include styryl dyes like FM4-64, commonly used to study
endocytosis in yeast and animal cells, and the Arabidop-
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Despite critical roles for cholesterol endocytosis in to GFP (Figure 1D). Consistently, ARA6-GFP and GFP
fusions of two other Rab5 homologs (ARA7 and RHA1)animals, knowledge about plant sterol trafficking re-

mains restricted to biosynthetic transport. Plant sterol partially colabeled with filipin-sterol fluorescence in pro-
toplasts (data not shown), and this colocalization patternbiosynthesis has been extensively characterized by bio-

chemical approaches [22] that also revealed biosyn- is reminiscent of filipin-cholesterol colocalization with
Rab5-GFP in animal cells [8]. Our results demonstratethetic transport from the ER via the Golgi toward the

PM, where sterols accumulate at steady state [23]. BFA that Arabidopsis sterols are abundant in the PM and
may also localize to the trans-Golgi. Furthermore, theyis generally considered to act as an inhibitor of secretion

in plants [24] and has been suggested to interfere with reveal ARA6-positive early endosomes as novel sterol-
enriched compartments in plants.biosynthetic sterol trafficking at the Golgi in leek seed-

lings [23].
Here, we analyze endocytic sterol trafficking in the In Vivo Sterol Internalization

Arabidopsis root epidermis, a system for studying vesic- To analyze sterol internalization, we pulse labeled live
ular transport in a multicellular context. Early endocytic Arabidopsis roots expressing EGFP-LTI6a with filipin
sterol trafficking involves transport via ARA6-positive and examined epidermal cells for filipin-sterol fluores-
early endosomes and reveals sterol-enriched endo- cence. Subsequent to filipin labeling and wash out, fili-
somes as BFA targets in plants. In contrast to animal pin-sterol fluorescence occurred at the PM (Figure 2).
cells, endocytic sterol transport via early endosomes is After 30 min of incubation in filipin-free medium, sterol
actin dependent. fluorescence appeared in internal compartments, while

steady-state EGFP-LTI6a localization remained unaf-
fected (Figure 2). These findings suggest that sterolsResults
are internalized in the Arabidopsis root epidermis and
support that endocytic sterol trafficking occurs in plantSubcellular Sterol Distribution
cells.In animal cells, the sterol binding antibiotic filipin is rou-

tinely used for fluorescent and ultrastructural detection
of free cholesterol [1, 6–8, 14]. By modifying protocols BFA-Sensitive Early Endocytic Sterol Trafficking

We next analyzed BFA effects on sterol trafficking infor cholesterol localization, we established filipin as a
probe for fluorescent detection of plant 3-�-hydroxy- the Arabidopsis root epidermis. In epidermal cells, 25

�M BFA caused strong coaccumulation of sterols andsterols. Filipin specifically detected 3-�-hydroxysterols
on blots and in Arabidopsis roots (see Figure S1 in the EGFP-LTI6a in discrete subcellular compartments as

early as 5–30 min after application (Figures 3A–3C). Simi-Supplemental Data available with this article online).
Subsequently, we analyzed sterol distributions in epi- larly, EGFP-LTI6a rapidly colabeled with the endocy-

tosis marker FM4-64 in BFA-induced compartmentsdermal cells by colocalizing filipin-sterol fluorescence
with green or yellow fluorescent proteins (GFP or YFP) (Figures 3D and 3E). These results suggest that sterol-

enriched BFA compartments contain early endosomes.targeted to different organelles [25–29]. As a PM marker,
we employed enhanced GFP (EGFP) fused to the low- Consistent with this view, ARA6-GFP partially colabeled

with sterols in BFA-induced structures (Figure 3F). Un-temperature-inducible protein LTI6a (also called rapidly
cold-inducible 2a, RCI2a) [28], a member of a family of der the same conditions, sterol-containing compart-

ments did not accumulate ER-targeted proteins (Figureconserved, small, integral PM proteins [30, 31]. Arabi-
dopsis LTI6a/RCI2a encodes a functional homolog of 3G). Notably, early BFA-induced sterol compartments

could be distinguished from the Golgi. Both Golgi mark-yeast Pmp3p originally purified as a PM proteolipid [31].
Filipin-sterol fluorescence was predominantly observed ers N-ST-YFP (Figure 3H) and NAG-EGFP (Figure 3I)

mainly localized to multiple discrete, punctate struc-at the cell periphery (Figures 1C–1F), where it colabeled
with EGFP-LTI6a (Figures 1C and 2). At the ultrastruc- tures that surrounded sterol-containing compartments

and likely represented individual Golgi stacks. A lowtural level, filipin-sterol complexes formed characteristic
20–30 nm protruberances at the PM (Figure 1B). Filipin- degree of colabeling between N-ST-YFP and sterols,

however, was observed in sterol-containing structuressterol fluorescence also accumulated in intracellular
compartments (Figures 1C–1E). We observed little over- (Figure 3H, inset) and suggests that some trans-Golgi

material may contribute to sterol-containing BFA com-lap between sterols and the distribution of ER-targeted
proteins such as mGFP5-ER and EGFP-Q4 (Figure 1G; partments. Consistent with these results, ultrastructural

analyses revealed that BFA-induced agglomeration ofdata not shown for EGFP-Q4). Similarly, little colabeling
of sterols was found with Golgi-targeted N-acetylgluco- a mixed vesicle population that contained only some

trans-Golgi-derived material was devoid of ER and wassaminyl transferase I [29] fused to EGFP (NAG-EGFP)
(Figure 1F). As a second Golgi marker, we utilized rat surrounded by Golgi stacks (Figures 4A–4C). Together,

our findings suggest that BFA induces agglomeration ofN-�-2,6-sialyltransferase fused to YFP (N-ST-YFP). In
Arabidopsis roots, rat �-2,6-sialyltransferase localizes sterol-containing vesicles that partially represent early

endosomes.to cisternae and membranes of the trans side of the
Golgi [32], and a fluorescent protein fusion localizes to We further examined whether components in BFA

compartments derive from the PM by double pulse label-the trans side of Golgi stacks in tobacco [26]. Sterols
partially colabeled with N-ST-YFP (Figure 1E). Similarly, ing plants that expressed EGFP-LTI6a with filipin and

FM4-64. All three components colabeled in the centerwe observed partial overlap of filipin-sterol fluorescence
and the early endosomal Rab5 homolog ARA6 fused of BFA compartments (Figure 3K), demonstrating that
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Figure 1. Subcellular Localization of 3-�-Hydroxysterols in Arabidopsis Root Epidermal Cells

(A and B) Ultrastructural detection of filipin-sterol complexes at the PM. (A) Untreated. (B) Filipin treated. Note the protuberances of the filipin-
sterol complexes (arrowheads). The scale bar represents 200 nm.
(C–G) Double staining for filipin-sterol fluorescence (red) and fluorescent proteins (green) targeted to different membrane compartments.
Fluorescence images are in false colors and show aldehyde-fixed cells. Double labeling with (C) EGFP-LTI6a, (D) ARA6-GFP, (E) N-ST-YFP,
(F) NAG-EGFP, and (G) mGFP5-ER. (D and E) The arrowheads indicate colabeling structures. The right panels represent merged channels.

sterol- and FM4-64-positive material in these structures the PM, but rather a later trafficking step likely to involve
endocytosis.derives from the PM. To establish the fate of PM proteins

accumulating in BFA compartments, we analyzed traf- We addressed whether EGFP-LTI6a in BFA compart-
ments derived from the PM rather than from a biosyn-ficking of newly synthesized EGFP-LTI6a under BFA

treatment by fluorescent recovery after photobleaching thetic pathway. Application of cycloheximide (CHX) did
not obviously influence steady-state levels of EGFP-(FRAP). After bleaching of EGFP-LTI6a fluorescence, de

novo synthesized protein rapidly reappeared at the PM, LTI6a at the PM (Figures 3N and 3O), but it effectively
inhibited FRAP of EGFP-LTI6a (Figure S2C in the Sup-while recovery in BFA compartments occurred with an

approximate 30-min delay (30 � 5 min, n � 5 roots) plemental Data). These findings suggest that biosynthe-
sis does not strongly contribute to the PM pool of this(Figures 3L and 3M). By contrast, BFA did not signifi-

cantly influence FRAP of EGFP-LTI6a at the PM, when protein at steady state, and they indicate that it is not
rapidly degraded. CHX preincubation and the subse-compared to samples that were not treated with the

inhibitor (Figure S2B in the Supplemental Data). Thus, quent addition of BFA did not obviously influence accu-
mulation of EGFP-LTI6a in BFA compartments (FiguresBFA does not primarily affect EGFP-LTI6a targeting to
3P and 3Q). Thus, similar to PIN1 in vascular cells [17],
accumulation of EGFP-LTI6a in epidermal BFA compart-
ments occurred largely independent of protein biosyn-
thesis. Since PM-derived sterols and EGFP-LTI6a rap-
idly colocalized with early endosomal markers upon BFA
treatment, our data strongly suggest that BFA interferes
with early endocytic sterol trafficking.

Actin-Dependent Early Endocytic
Sterol Trafficking
To elucidate cytoskeletal requirements of endocytic ste-
rol trafficking, we examined the effects of actin and
tubulin inhibitors on subcellular sterol distributions. Ap-
plication of the tubulin-depolymerizing drugs oryzalin orFigure 2. Filipin-Sterol Internalization in Live Epidermal Cells
nocodazole did not affect subcellular sterol distributionsArabidopsis roots expressing EGFP-LTI6a (green) pulse labeled with

filipin (red) 5 and 30 min after labeling. in elongating cells (data not shown). By contrast, appli-
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Figure 3. BFA-Induced Sterol Accumulation in Early Endosomal Aggregates

(A–C) Filipin-sterol (red) and EGFP-LTI6a (green) fluorescence in epidermal cells treated with BFA and fixed in aldehyde. (A) A 5-min incubation
with 25 �M BFA. Right, merged channels. (B) Merged channels at 15 min of incubation with 25 �M BFA. (C) Merged channels at 30 min of
incubation with 25 �M BFA.
(D and E) FM4-64 (red) internalization and EGFP-LTI6a (green) fluorescence in live epidermal cells after (D) 5 min of incubation with 25 �M
BFA and (E) 30 min of incubation with 25 �M BFA.
(F–I) Filipin-sterol (red) and GFP/YFP fluorescence (green) in epidermal cells fixed after 30 min of incubation with 25 �M BFA. Filipin-sterol
and (F) ARA6-GFP, (G) mGFP5-ER, (H) N-ST-YFP, and (I) NAG-EGFP. The inset in (H) shows higher magnification of a BFA compartment.
(J and K) Filipin-sterol (blue), FM4-64 (red), and EGFP-LTI6a (green) fluorescence in live epidermal cells after filipin and FM4-64 pulse labeling,
followed by 1 hr of incubation (J) without or (K) with 100 �M BFA. The right panels in (J) and (K) are merged channels.
(L and M) FRAP analysis of EGFP-LTI6a bleached after 1 hr of incubation with 50 �M BFA pretreatment and observed for FRAP under
continuous incubation in 50 �M BFA at the indicated time points. (L) The frames indicate areas of photobleaching. (M) Extended quantitative
analyses of the experiment in (L). The error bars indicate standard deviations from the average of measurements from four cells (see the
Supplemental Data).
(N–Q) EGFP-LTI6a fluorescence in live roots. (N) Untreated. (O) 2.5 hr of incubation with 50 �M CHX. (P) 2 hr of incubation with 50 �M BFA.
(Q) Preincubation for 30 min with 50 �M CHX, followed by a 2-hr incubation with 50 �M BFA, 50 �M CHX.
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FM4-64), indicating that cytD treatment causes agglom-
eration or partial fusion of early endosomes and the
Golgi. These results suggest that, similar to transport
of Golgi stacks [26], trafficking of sterol-enriched early
endosomes requires the actin cytoskeleton.

Actin-Dependent Sterol Redistribution
from Endosomes
We investigated whether sterols can redistribute from
endosomal aggregates. To this end, we examined the
reversibility of sterol accumulation after inhibitor treat-
ment and found that the effects of even prolonged incu-
bation with either cytD or BFA were reversible after drug
wash out (Figures 6A–6E). Application of cytD after BFA
treatment and wash out inhibited sterol redistribution
from BFA compartments (Figure 6F), and this inhibition
suggests that sterol redistribution from endosomes re-
quires the actin cytoskeleton.

We further studied the actin dependence of endocytic
sterol trafficking by analyzing sterol distributions in
deformed root hairs 1 (der1) mutants defective in the
ACTIN2 (ACT2) gene [33]. der1 mutants represent partial
loss-of-function act2 alleles that display root epidermal
polarity defects [33]. In der1 alleles, sterol distribution
and FM4-64 internalization appeared normal (data not
shown). By contrast, all three der1 alleles were hyper-
sensitive to treatment with 10 �M BFA for 30 min. BFA
induced formation of 2–4 large sterol-positive compart-
ments in der1 mutants (Figures 6H and 6J; data not
shown for der1-3) that are clearly distinct from the higher
number of small punctate structures in BFA-treated
wild-type cells (Figures 6G and 6I). Similarly, BFA differ-

Figure 4. Ultrastructure of a BFA Compartment in an Elongating entially affected FM4-64 internalization and distribution
Epidermal Cell

in wild-type (Figure 6K) and der1 epidermal cells (Figure
(A and B) Without BFA treatment. Golgi (g), ER (er), and PM (pm).

6L). Consistent with der1 mutant phenotypes in epi-(C) BFA compartment after 30 min of incubation with 25 �M BFA.
dermal differentiation [33], differences in sterol andThe scale bars represent 500 nm.
FM4-64 distribution were observed in elongating and
differentiated der1 epidermal cells (Figures 6G–6L). The
hypersensitivity of der1 mutants to BFA-induced sterolcation of the actin-depolymerizing drug cytochalasin D
and FM4-64 accumulation suggests that ACTIN2 is re-(cytD) caused sterol accumulation in small intracellular
quired for normal sterol distribution and early endocyticcompartments (Figure 5A). These differed by their higher
trafficking. The defects observed in der1 closely re-number and smaller size from BFA-induced endosome
semble the effects of actin inhibitors on sterol redistri-agglomerations but, similarly, coaccumulated sterols
bution from endosome agglomerations. These findingsand EGFP-LTI6a (Figure 5A). FRAP analysis of roots
further support an actin requirement during redistribu-pretreated with cytD revealed fluorescence recovery of
tion events in early endocytic sterol trafficking.EGFP-LTI6a at the PM, while hardly any recovery was

observed in intracellular compartments (Figure 5E).
These results indicate a strong cytD effect on the endo- Sterols and PIN2 Share a Common

Endocytic Pathwaycytic pathway of the sterol colocalizing PM protein. To-
gether, our results suggest that early endocytic sterol The cytoskeletal and vesicle transport requirements for

early endocytic sterol trafficking resembled those de-and EGFP-LTI6a trafficking require the actin cyto-
skeleton. scribed for PIN1 recycling in vascular cells [17]. How-

ever, the PM localization of another presumptive auxinWe further examined whether interference with the
actin cytoskeleton affects trafficking of sterol-con- transporter, the auxin influx carrier AUX1, can be modi-

fied by BFA treatment [34]. To address whether endo-taining early endosomes. Application of cytD caused
coaccumulation of sterols and ARA6-GFP (Figure 5B) cytic sterol trafficking is regulated by mechanisms simi-

lar to those governing the transport of PIN or AUXas well as colocalization of FM4-64 and ARA6-GFP (data
not shown) in cytD-induced compartments. These find- proteins, we examined sterol distributions in double la-

beling experiments with antibodies against epidermallyings suggest that sterol-enriched cytD compartments
contain early endosomes. Additionally, some sterol- or expressed PIN2 [20] and hemagglutinin (HA) epitope-

tagged AUX1 protein [35]. Sterols colabeled with PIN2FM4-64-containing cytD compartments coaccumulated
Golgi markers (Figures 5C and 5D; data not shown for and HA-AUX1 at the PM of untreated epidermal cells



Arabidopsis Early Endocytic Sterol Trafficking
1383

Figure 5. Actin-Dependent Endocytic Sterol Trafficking

(A–D) Filipin-sterol (red) costaining with GFP or YFP fusions (green) in cells fixed after 1 hr of incubation with 50 �M cytD. (A) Filipin-sterol
and EGFP-LTI6a fluorescence. Right panel, merged channels. (B–D) Merged channels of filipin-sterol fluorescence colabeled with (B) ARA6-
GFP, (C) NAG-EGFP, and (D) N-ST-YFP.
(E) FRAP analysis of EGFP-LTI6a fluorescence bleached after 1 hr of incubation with 50 �M cytD. FRAP was observed under continuous 50
�M cytD incubation at the indicated time points. The frames indicate areas of photobleaching.

(Figure 7). PIN2 and HA-AUX1 displayed their expected rols hardly differ between subcellular membrane frac-
tions [23]. Consistent with this study, we detected highPM localizations toward the apical end or with a prefer-

ential apical-basal orientation, respectively (Figure 7) levels of plant sterols at the PM and partial colabeling
with a marker that localizes to Golgi stacks and trans-[20, 35]. Upon short-term BFA treatment, sterols co-

labeled with PIN2 in endosomal vesicle agglomerations, Golgi cisternae. Restricted sterol accumulation along
an organelle may reflect localization to certain substruc-while PIN2 only partially maintained its apical localiza-

tion at the PM (Figure 7). Under the same conditions, tures, as reported for the human Golgi, where trans-
Golgi cisternae and vesicles are highly enriched in cho-HA-AUX1 localization remained unaffected (data not

shown). Extending the application period to 3 hr at 100 lesterol [6].
Notably, filipin-based detection enabled us to observe�M BFA caused almost complete loss of apical PIN2

from the PM and strong colabeling with sterols in BFA sterol localization to early endosomes and to report on
BFA-sensitive sterol endocytosis. Hitherto, BFA wascompartments (Figure 7). Under the same conditions,

HA-AUX1 localization appeared more diffuse and depo- solely thought to affect biosynthetic sterol trafficking at
the plant Golgi [23], but, intriguingly, we found BFA-larized when compared to untreated epidermal cells,

but no distinct colocalization with sterols was observed induced sterol accumulation in early endosomal aggre-
gates that could be distinguished from Golgi stacks.in BFA-induced structures (Figure 7). Our findings dem-

onstrate that BFA affects polar membrane localization Ultrastructural observations revealed the presence of
only some trans-Golgi-derived material in such aggrega-of diverse PM proteins with different efficiency and

specificity. They suggest that early endocytic sterol traf- tions. Thus, upon short-term BFA treatment, only a sub-
fraction of vesicles in these accumulations appears toficking and polar PIN protein recycling follow a common

BFA-sensitive endocytic pathway. derive from the Golgi. These findings are consistent with
the observation that the trans-Golgi marker ST-myc lo-
calizes to BFA compartments after longer-term treat-Discussion
ment at higher concentrations [32]. The rapid occur-
rence of PM-derived sterols and proteins in vesicleWe investigated early endocytic sterol trafficking in

Arabidopsis by introducing filipin for fluorescent sterol agglomerations that contain early endosomal markers
demonstrates that sterol-enriched early endosomesvisualization. Presently, filipin-based methods provide

the only tools for in situ sterol localization in plants. provide a target for BFA interference in plants.
Interestingly, BFA caused fusion of early endosomesDetection of 3-�-hydroxysterols allows analyses of bulk

sterol distribution but does not discriminate between and the trans-Golgi-network (TGN) in animal cells, but,
in contrast to our findings, this fusion network was de-individual plant sterols. Nevertheless, biochemical stud-

ies revealed that relative compositions of individual ste- pendent on intact microtubules [36, 37]. In Arabidopsis,
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Figure 7. Early Endocytic Sterol and PIN2 Trafficking Share a Com-
mon Pathway

Double labeling for filipin-sterol fluorescence (red) with AtPIN2 or
Figure 6. Actin-Dependent Sterol Redistribution from BFA Com- HA-tagged AUX1 (HA-AUX1) (green) detected by immunofluores-
partments cence localization. Upper row, without BFA. Middle row, left panels,

30 min of incubation with 25 �M BFA (PIN2 only). Middle row, right(A–J) Filipin-sterol fluorescence. (A) DMSO control. (B) 2.5 hr of
panels, Col controls without HA-AUX1 (�HA), without filipin (�fili-incubation with 50 �M cytD. (C) 2.5 hr of incubation with 50 �M
pin), or incubated without anti-AtPIN2 serum (��PIN2). Bottom row,cytD and 2.5 hr of incubation with inhibitor-free medium. (D) 2.5 hr
3 hr of incubation with 100 �M BFA. Left panels, PIN2. Right panels,of incubation with 50 �M BFA. (E) 2.5 hr or incubation with 50 �M
HA-AUX1.BFA and 2.5 hr of incubation with inhibitor-free medium. (F) 2.5 hr

of incubation with 50 �M BFA, followed by wash out and 2.5 hr of
incubation in 50 �M cytD. (G–J) Filipin-sterol fluorescence after 30
min of incubation with 10 �M BFA in (G and I) C24 wild-type, (H) tribute from early endosomes. The close association of
der1-1, and (J) der1-2. BFA-induced, sterol-enriched endosome aggregations
(K and L) FM4-64 internalization 30 min after labeling and incubation with trans-Golgi-derived material and the coaccumula-
with 10 �M BFA in (K) C24 wild-type and (L) der1-1.

tion of sterols, endocytic, and Golgi markers upon cytD
treatment may indicate that sterols could at least in part
traffic between early endosomes and the Golgi (Figuresterol accumulation in BFA-induced endosomal aggre-

gates was modified by actin-depolymerizing drugs and 8). In animal cells, BFA partially inhibits transferrin recep-
tor redistribution to the PM from the recycling endosomein actin2 mutants. Sterol redistribution from endosomal

aggregates proved actin dependent, and interference [38], a cholesterol-enriched compartment [7–9]. To our
knowledge, BFA effects on sterol redistribution fromwith the actin cytoskeleton induced colocalization of

sterol-containing endosomes with the Golgi. These find- early endosomes have not been reported in animal cells.
Whether Arabidopsis sterols recycle directly from earlyings may reflect fundamental differences in cytoskeletal

requirements for endocytic trafficking in plants and ani- endosomes or whether this involves equivalents to ani-
mal recycling endosomes remains another open ques-mals. Consistent with plant-specific modifications of

early endocytic sterol trafficking, localization of ARA6- tion. So far, markers for plant recycling compartments
are lacking, but sequences homologous to Rab proteinsGFP proved actin dependent, while, in animal cells,

Rab5 function is closely associated with tubulin-depen- that regulate transport at animal recycling endosomes
are present in the Arabidopsis genome [10]. In animaldent transport [11]. The view that early endocytic trans-

port in plants involves actin- rather than tubulin-based cells, recycling compartments and multivesicular bodies
contain most of the cholesterol detected in the endo-trafficking is supported by actin-dependent pectin en-

docytosis in maize [19] and PIN1 recycling in Arabidop- cytic pathway [9]. Our ultrastructural analyses neither
revealed a partially coated reticulum nor multivesicularsis roots [17].

It remains open via which organelle(s) sterols redis- bodies in sterol-enriched BFA compartments. In other
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we recently reported that PIN1 positioning is disturbed
in the sterol biosynthesis mutant orc defective in C-24
STEROL METHYLTRANSFERASE 1 (SMT1) [40]. Intrigu-
ingly, mutations in erg6, the budding yeast homolog of
SMT1 [40–42], affect polar positioning of protein and
lipid raft components in the mating projection [43]. Thus,
it will be interesting to determine whether polarity de-
fects observed in the smt1orc mutant are caused by
changes in raft microdomain composition at the PM or
by sterol-dependent polar sorting defects. The present
study should open the door to further address functional
roles of endocytic and biosynthetic sterol trafficking dur-
ing the establishment of plant cell polarity.

Experimental Procedures

Figure 8. Model for Early Endocytic Sterol Trafficking in the Arabi-
Plant Material and Growth Conditionsdopsis Root Epidermis
Seeds homozygous for der1-1, der1-2, or der1-3 mutations [33]

Early endocytic sterol trafficking requires the actin cytoskeleton (red and from homozygous aux1-22 plants expressing N-terminally HA-
arrows, actin-dependent trafficking). BFA targets sterol-enriched tagged AUX1 under its own promoter [35] were kindly provided by
early endosomes, and sterol redistribution requires actin function. C. Ringli (Zürich, Switzerland) and M.J. Bennett (Nottingham, UK),
The redistribution pathways remain unknown (black dotted arrows). respectively. Seeds from lines segregating EGFP-Lti6a, EGFP-Lti6b,
BFA inhibits biosynthetic sterol transport in other plants (black dot- and EGFP-Q4 [28] were obtained from the Nottingham Arabidopsis
ted arrows) [23], but it remains open whether similar mechanisms stock center (UK) (stock numbers N84758, N84726, and N84728).
exist in Arabidopsis (question mark). mGFP5-ER was kindly made available by J. Haseloff (Cambridge,

UK) (http://www.plantsci.cam.ac.uk/Haseloff/GFP/mgfpseq.html;
[25]). Experiments included wild-type controls employing nontrans-

plant species, these structures have been interpreted as formed Columbia (Col) or C24 ecotypes. Seeds were sterilized, im-
bibed for 3 days, and germinated on vertically oriented plates con-organelles analogous to animal recycling compartments
taining 1⁄2 MS agar, 1% sucrose (pH 5.8) as described previouslyand multivesicular bodies [15, 16]. Thus, the ultrastruc-
[34]. Experiments were carried out on 5-day-old seedlings.tural basis and further molecular composition of organ-

elles involved in plant sterol endocytosis remains to be Inhibitor Treatments
determined. For inhibitor treatments, per one well of a 24-well cell culture plate,

Despite lacking detailed knowledge on the endocytic 10–15 seedlings were incubated in 1 ml liquid medium (LM: 1⁄2 MS,
1% sucrose [pH 5.8]) containing the respective inhibitor or corre-pathway in Arabidopsis, the BFA-induced colabeling of
sponding amounts of solvent. For recovery experiments, three 5-minsterols and PIN2 suggests that similar mechanisms reg-
LM washes were performed, and incubations continued under theulate sterol endocytosis and PIN protein recycling. This
conditions indicated. Incubations were stopped by fixation (see be-

interpretation is supported by recent findings of Geldner low). BFA was added from a 50 mM stock in dimethylsulfoxide
et al. [39]. They demonstrate that the Arabidopsis GNOM (DMSO), cytD was added from a 25 mM stock in DMSO, and cyclo-
protein, a BFA-sensitive guanine-nucleotide exchange heximide was added from a 50 mM stock in water. Inhibitors were

purchased from Sigma. The data presented were reproduced infactor on ARF-type G proteins, mediates BFA-induced
3–10 independent experiments.PIN1 accumulation in structures similar to the sterol-

enriched early endosome agglomerations reported here.
Generation of Plants Expressing GFPAdditionally, GNOM-myc coaccumulates with PIN1 in
and YFP Fusion Proteins

BFA compartments, and GNOM-GFP colocalizes with The coding sequence for ARA6-GFP under control of the Cauliflower
FM4-64 early upon its internalization [39]. The localiza- mosaic virus 35S promoter and nopaline synthase terminator [21]

was excised with HindIII and EcoRI and was inserted into the corre-tion of a BFA-sensitive ARF-GEF to early endosomal
sponding sites of pBI121 (Clontech). The resulting vector was intro-compartments in plants supports our view that early
duced into Agrobacterium tumefaciens strain C58C1. N-acetylglu-endocytic sterol trafficking provides a target for rapid
cosaminyl transferase I fused to fluorescent proteins has previouslyBFA interference. However, it remains to be determined
been employed as a Golgi marker [29]. The sequence for the trans-

whether trafficking of sterol-enriched early endosomes membrane-stem regions of Arabidopsis N-acetylglucosaminyl trans-
is regulated by GNOM and/or whether other BFA-sensi- ferase I (NAG; GenBank accession number AJ243198; [29]) was ampli-

fied from root cDNA employing primers NAG-F-BglII, 5�-GGGAGAtive ARF-GEFs contribute to endocytic sterol transport
TCTATGGCGAGGATCTCGTGTGACTTGA-3�, and NAG-R-XbaI, 5�-in epidermal cells. The latter seems likely, since gnom
GGGTCTAGAAAGTTCTTCGTCCTGGCG-GTTCTTCA-3�. The prod-mutations that render PIN1 trafficking fully insensitive
uct was subcloned into pBluescript II SK(-) (Stratagene) and wasto BFA confer only weak resistance on PIN2 transport
sequenced. The resulting BglII/XbaI fragment was inserted in frame

[39], and we observed strong colocalization of sterols to the N terminus of EGFP (Clontech) engineered in pGreenII0229
and PIN2 upon BFA treatment. between the Cauliflower mosaic virus 35S promoter and nopaline

synthase terminator [44] (http://www.pgreen.ac.uk). An N-ST-GFPIn contrast to similar effects on sterol and PIN2 traf-
construct [27] was modified by exchanging the GFP sequence forficking, BFA exerted strikingly different action on epider-
YFP. The resulting vector was transformed into A. tumefaciens C58mal AUX1 localization. These observations raise the
(GV3101) and was kindly made available by M. Batoko and I.A.question of whether sterols are involved in endocytic
Moore (Oxford, UK). Constructs were introduced into Arabidopsis

polar trafficking of specific PM components such as plants ecotype Col by Agrobacterium-mediated transformation [45].
PIN family proteins. Consistent with a requirement of Analyses were performed on segregating T2 lines or homozygote

T3 lines from several independent transformants. No obvious differ-balanced sterol levels for polar PIN protein localization,
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