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Many aspects of plant development, including patterning and
tropisms, are largely dependent on the asymmetric distribution of
the plant signaling molecule auxin. Auxin transport inhibitors
(ATIs), which interfere with directional auxin transport, have been
essential tools in formulating this concept. However, despite the
use of ATIs in plant research for many decades, the mechanism of
ATI action has remained largely elusive. Using real-time live-cell
microscopy, we show here that prominent ATIs such as 2,3,5triiodobenzoic acid (TIBA) and 2-(1-pyrenoyl) benzoic acid (PBA)
inhibit vesicle trafficking in plant, yeast, and mammalian cells.
Effects on micropinocytosis, rab5-labeled endosomal motility at
the periphery of HeLa cells and on fibroblast mobility indicate that
ATIs influence actin cytoskeleton. Visualization of actin cytoskeleton dynamics in plants, yeast, and mammalian cells show that
ATIs stabilize actin. Conversely, stabilizing actin by chemical or
genetic means interferes with endocytosis, vesicle motility, auxin
transport, and plant development, including auxin transport-dependent processes. Our results show that a class of ATIs act as actin
stabilizers and advocate that actin-dependent trafficking of auxin
transport components participates in the mechanism of auxin
transport. These studies also provide an example of how the
common eukaryotic process of actin-based vesicle motility can
fulfill a plant-specific physiological role.
PIN proteins 兩 plant development 兩 vesicle traffic 兩 auxin efflux inhibitors

T

he signaling molecule auxin plays a pivotal role in regulating
plant development; however, auxin is unique among plant
hormones because it is transported in a directional (polar) manner
through plant tissues (1). This polar transport mediates an asymmetric distribution of auxin between cells that triggers a plethora of
growth and developmental processes, such as embryo and organ
development, vascular patterning, apical dominance, and tropisms
(2–6). Our knowledge of the mechanism of polar auxin transport
and its role in plant development has largely been based on
pharmacological tools: auxin transport inhibitors (ATIs) that have
been in use for more than half a century. ATIs such as 1-naphthylphthalamic acid (NPA), 2,3,5-triiodobenzoic acid (TIBA), and
2-(1-pyrenoyl) benzoic acid (PBA) inhibit auxin efflux and thus
block polar auxin movement between cells (7, 8). Exogenously
applied ATIs interfere with auxin distribution and thus perturb
plant development (1). Similar developmental defects identified in
some Arabidopsis mutants have led to the identification of the auxin
efflux and influx components PIN (5, 9) and AUX1/LAX (10, 11)
proteins, respectively. PIN proteins have been shown, on account of
their polar, subcellular localization, to direct the polar flow of auxin
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0711414105

(12). Inhibition of ADP-ribosylation factor (ARF) guanine nucleotide exchange factor (GEF)-dependent vesicle trafficking by
brefeldin A also has suggested that both PIN and AUX1 auxin
carriers undergo constitutive cycling between the plasma membrane (PM) and endosomes (13–15). Unexpectedly, ATIs such as
TIBA or PBA interfere with this trafficking (13, 15), but the
underlying cellular mechanism and functional significance of this
effect is unclear. Here, we demonstrate that TIBA and PBA
interfere with actin dynamics in plants and also in yeast and
mammalian cells providing a mechanism by which these drugs
disrupt vesicle subcellular trafficking, including that of PIN auxin
efflux carriers.
Results
Supporting Information (SI). For further information on the results

discussed below, see SI Figs. 5–15, SI Movies 1–14, and SI Results.
ATIs Interfere with Multiple Vesicle Trafficking Processes in Plant
Cells. To address the mechanism of ATIs effect on auxin carrier

trafficking, we explored their effects on various vesicle trafficking
processes by real-time live-cell microscopy. First we tested the effect
of ATIs on endocytic, endosomal, and Golgi dynamics in suspension-cultured tobacco BY-2 cells and in Arabidopsis root cells.
FM4–64 was used as an endocytic tracer (16), GFP-Ara7 (the plant
ortholog of mammalian Rab5) (17) was used as an endosomal
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Fig. 1. Effects of ATIs on endocytosis and vesicle motility in plant cells. (A–F) Endocytosis and endosomal and trans-Golgi motility in tobacco BY-2 cells as
visualized by FM4-64 (red), ST-YFP (green), and GFP-Ara7 (green). Solvent control, FM4-64 (2 M, 30 min): FM4-64/ST-YFP overlay (A), FM4-64 overlay of frame
1 (red) on frame 2 (⫹3 s, green) (B), ST-YFP overlay of frame 1 (green) on frame 2 (⫹3 s, red) (C). (D) TIBA (25 M, 30 min) followed by TIBA/FM4 – 64 (90 min):
FM4 – 64 (red), ST-YFP overlay of frame 1 (green) on frame 10 (⫹30 s, red). (E) Solvent control (30 min), GFP-Ara7 overlay of frame 1 (green) on frame 2 (⫹1.5
s, red). (F) Treatment with TIBA (25 M, 30 min), GFP-Ara7 overlay of frame 1 (green) on frame 10 (⫹15 s, red). Note the Insets for better visualization of vesicles.
(Scale bars: 5 m.) (G–L) Endocytosis and endosomal motility in Arabidopsis root cells as visualized by FM4-64 (red) and GFP-Ara7 (green). Solvent control, FM4-64
(2 M, 30 min): FM4-64/GFP-Ara7 overlay (G). GFP-Ara7 overlay of frame 1 (green) on frame 2 (⫹6 s, red) (H), FM4-64 overlay of frame 1 (red) on frame 2 (⫹6
s, green) (I). FM4-64 (2 M, 30 min) followed by PBA (15 M)/FM4-64 (30 min): FM4-64/GFP-Ara7 overlay (J), GFP-Ara7 overlay of frame 1 (green) on frame 5 (⫹30
s, red) (K), FM4-64 overlay of frame 1 (red) on frame 5 (⫹30 s, green) (L). (Scale bars: 5 m.)

marker, and sialyl transferase-yellow fluorescent protein (ST-YFP)
(18) was used as a Golgi marker. In BY-2 cells, FM4–64 was
internalized within 5–10 min, and labeled endosomes, which were
largely distinct from the ST-YFP-labeled Golgi (Fig. 1A). Both
endosomes and Golgi displayed a highly dynamic behavior, which
was visualized through superimposition of two successive frames
(3-s interval between frames; color-coded red and green) for
FM4–64 (Fig. 1B) and ST-YFP (Fig. 1C). TIBA (25 M) blocked
FM4–64 endocytosis, and Golgi and endosomal movements in
BY-2 cells (Fig. 1 D–F and SI Movies 1 and 2). Similar effects were
observed in Arabidopsis with TIBA (25 M, data not shown) and
PBA (15 M) (SI Movies 3 and 4, Fig. 1 G–L, SI Results Part 1, and
SI Fig. 6 D–G). The lowest effective concentrations showing
noticeable effects were 5 M for TIBA and 1 M for PBA. Several
controls for the specific effect of ATIs on subcellular motility were
performed (SI Results Part 2). Structurally related acidic compounds such as benzoic acid (BeA) did not affect endocytosis or
vesicle motility (SI Movie 5). The effects of ATIs did not include
general perturbations in cellular ultrastructure (SI Fig. 6 H and I)
and were completely reversible (SI Fig. 6 A–C). In summary, these
results show that some ATIs such as TIBA and PBA block vesicle
and organelle motility in plant cells.
ATIs Interfere with Endocytosis and Endosomal Dynamics in Nonplant
Systems. Because mechanisms of many basic cellular processes,

including that of endocytosis (14) or vesicle motility, are conserved
between plants and other eukaryotes, we also investigated effects of
ATIs in yeast and mammalian cells. First we probed endocytosis in
the budding yeast Saccharomyces cerevisiae by analyzing the uptake
of FM4–64. Within 60 min after its application, internalized
FM4–64 labeled the endocytic pathway (19) and ultimately localized to the vacuolar membrane (Fig. 2A). When yeast cells were
pretreated with PBA (90 M) or TIBA (100 M, data not shown),
4490 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0711414105

FM4–64 uptake was reduced and FM4–64 persisted to large extent
at the PM (Fig. 2B). We also tested the effects of ATIs on
mammalian cells. Three main types of endocytosis can be distinguished in HeLa cells: macropinocytosis, which is strongly dependent on actin cytoskeleton dynamics; clathrin-mediated endocytosis; and lipid raft/caveolar-dependent endocytosis (20). We tested
the effects of TIBA and PBA on all three types of endocytosis by
monitoring their effects on the uptake of fluorescently labeled
dextran, transferrin, and the cholera toxin subunit B, which serve as
specific markers for these pathways, respectively (20). TIBA and
PBA mostly affected the uptake and intracellular distribution of the
macropinocytosis marker dextran (Fig. 2 C–H) as confirmed by
quantification using flow cytometry (Fig. 2I). The preferential
inhibition of macropinocytosis (which depends largely on actin
dynamics) (20) provided a hint that ATIs might affect some
actin-related process.
We then analyzed the dynamics of GFP-Rab5-labeled endosomes in HeLa cells (21). In control cells, the distribution of
GFP-Rab5-positive structures gradually decreased from the cell
periphery toward the cell center and showed a second peak near the
nucleus (Fig. 2 J). Individual vesicles moved slowly at the periphery
of the cell but switched to a fast movement in the internal regions
(21). TIBA and PBA slowed down Rab5 dynamics preferentially at
the cell margins, causing an accumulation of Rab5 in these areas,
and as a result the ratio of peripheral versus central Rab5 localization increased (SI Movie 6 and Fig. 2 K and L). Because the
peripheral movement of endosomes depends primarily on the
actomyosin system, whereas the fast movement in the central
regions is mostly microtubule-based (22), the preferential effect of
ATIs on the endosomes at the periphery further substantiated the
results above that ATIs may affect the actin cytoskeleton.
PBA and TIBA also showed pronounced effects on cellular
behavior and morphology in both yeast (SI Fig. 13) and mammalian
Dhonukshe et al.

(fibroblast and HeLa) cells, including changes in cell shape, defects
in chromosome separation, and a delay in cell division (SI Fig. 12
A–C). These phenotypes correspond well with other studies showing a requirement of the actin cytoskeleton for cell shape and cell
division (23, 24).
ATIs Inhibit Actin Dynamics in Yeast, Mammalian, and Plant Cells.

Next, we tested the effect of ATIs on fibroblast monolayer wound
healing, which is a standard assay for actin-related defects (25).
Movement of control fibroblasts into the wound results in its
complete closure within 16 h (SI Fig. 7A). In contrast, cells treated
with PBA or TIBA failed to close a wound of the same width (SI
Fig. 7B), demonstrating a defect in fibroblast mobility (SI Results
Part 3 and SI Fig. 7 C–F). Because locomotion of mammalian
fibroblasts depends strictly on a dynamic actin cytoskeleton (25),
this further indicated that ATIs affect an actin-related process.
Myosin motor proteins are involved in vesicle traffic and actin
dynamics (26) and could be the direct target of ATIs. Therefore, we
tested the effect of TIBA and PBA on the function of mammalian
(Myosin II) and plant (Myosin XI) myosin motors (26). In the in
vitro actin/myosin motility assay, we found no effect of TIBA and
PBA on the function of these motors (SI Fig. 10), excluding these
motor proteins as a direct molecular target of ATIs.
Next, we examined the effect of ATIs on the actin cytoskeleton
itself. We investigated actin cytoskeleton dynamics in vivo using
cells expressing GFP-actin (27). ATIs induced enhanced stress fiber
formation in both HeLa cells and fibroblasts and dramatically
decreased the dynamics of actin cytoskeleton (SI Movies 7 and 8
and Fig. 3 A and B). Next, we analyzed the actin cytoskeleton in
yeast. Actin was visualized by actin immunolocalization in fixed cells
(Fig. 3 G and H) or by using the actin-binding protein 140-GFP
Dhonukshe et al.

(ABP140-GFP) (28) in living cells (Fig. 3 I–K). Both methods
showed that, compared with controls (Fig. 3 G and I), TIBA and
PBA (Fig. 3 H and J), but not BeA (SI Fig. 15), induced patching
of actin, which is a characteristic feature of actin stabilization (28).
This effect of ATIs was entirely different from the one induced by
the well known actin-depolymerizing drug latrunculin A (28), which
leads to a cytosolic distribution of ABP140-GFP (Fig. 3K). These
observations from mammalian and yeast cells strongly indicate that
ATIs cause hyperstabilization of actin.
To test whether ATIs also exhibit the same effects on actin
dynamics in plants, we used an actin marker consisting of the second
actin-binding domain of Fimbrin tagged to GFP (GFP-Fimbrin) for
visualizing actin in vivo (29). Similar to the effects observed in
mammalian cells, TIBA treatment led to the formation of thick
actin bundles in tobacco BY-2 cells compared with control cells
(Fig. 3 C and D). Similarly, in Arabidopsis root cells, TIBA and PBA
(SI Movies 9 and 10 and Fig. 3 E and F), but not BeA (SI Movie
11), affected the actin cytoskeleton by inducing its bundling and
slowing down its dynamics. To confirm whether the effects of ATIs
on the actin cytoskeleton are related to stabilization of actin
filaments, we tested their effects after depolymerizing actin filaments with latrunculin B (30). In Arabidopsis, treatment with
latrunculin B depolymerized actin filaments (visualized by GFPFimbrin) and induced small aggregations of GFP-Fimbrin (compare SI Fig. 8 A and B). However, when cells were pretreated with
jasplakinolide, an established actin cytoskeleton stabilizer in mammalian and yeast cells (31), actin filaments largely remained intact
without being depolymerized (SI Fig. 8C). Similarly, PBA and
TIBA kept actin filaments intact and in a bundled form, even in the
presence of latrunculin B (SI Fig. 8 D and E). The effect of ATIs
on actin dynamics does not seem to be direct, because actin
PNAS 兩 March 18, 2008 兩 vol. 105 兩 no. 11 兩 4491
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Fig. 2. Effects of ATIs on endocytosis and vesicle motility in yeast and mammalian cells. (A and B) Effect of PBA on endocytosis in yeast as visualized by
FM4-64 (red) uptake. (A) Solvent control (30 min) followed by FM4-64 (2 M, 60 min). (B) PBA (90 M, 30 min) followed by PBA/FM4-64 (60 min). (Scale
bars: 2 m.) (C–H) Effect of PBA on different types of endocytosis in HeLa cells as visualized by different markers (red). Differential interference contrast
(DIC) images (light blue) are merged with fluorescent images (red). (C–H) HeLa cells treated with solvent (30 min, C, E, and G) or PBA (80 M, 30 min, D,
F, and H) followed by incubation with dextran–Alexa Fluor 647 (5 M, C and D), transferrin (Tf)–Alexa Fluor 633 (25 g/ml, E and F), and cholera toxin B
subunit (CTXB)–Alexa Fluor 647 (10 g/ml, G and H) at 37°C (30 min). (Scale bars: 5 m.) (I) Quantitative FACS analysis showing dose-dependent effect of
PBA on macropinocytosis, clathrin-mediated endocytosis, and caveolar endocytosis. (Scale bars: 5 m.) PBA concentration is in M. (J–L) Effect of PBA on
endosomal motility and distribution in HeLa cells as visualized by GFP-Rab5. (J) Solvent control (30 min), GFP-Rab5 overlay of frame 1 (green) on frame
2 (⫹2 s, red). (K) Treatment with PBA (60 M, 30 min), GFP-Rab5 overlay of frame 1 (green) on frame 5 (⫹10 s, red). N indicates the nucleus of the cell.
(Scale bars: 2 m.) (L) Plots showing the ratio of the mean GFP-Rab5 fluorescence intensity in the peripheral (4 m near the cell margin) versus internal
(10 m away from the cell edge) cell regions as a measure of the distribution of Rab5-positive endosomes.

Fig. 3. Effects of ATIs on actin filaments in plant,
yeast, and mammalian cells. (A and B) Effect of ATIs on
GFP-actin expressing live HeLa cells. Solvent (30 min,
A), and PBA (60 M, 30 min, B). (Scale bars: 5 m.) (C
and D) Effect of ATIs on GFP-Fimbrin expressing live
tobacco BY-2 cells. Solvent (30 min, C) and TIBA (25 M,
30 min, D). (Scale bars: 5 m.) (E and F) Effect of ATIs on
GFP-Fimbrin expressing live Arabidopsis root cells. Solvent (30 min, E) and TIBA (25 M, 30 min, F). GFPFimbrin overlay of frame 1 (green) on frame 2 (⫹3 s,
red) (E) and GFP-Fimbrin overlay of frame 1 (green) on
frame 5 (⫹15 s, red) (F). (Scale bars: 5 m.) (G–K) Effect
of ATIs on actin in yeast visualized by anti-actin immunolabeling (G and H) or in live yeast cells expressing
ABP140-GFP (I–K). (G and H) Solvent (30 min, G) and
PBA (90 M, 30 min, H). (I–K) Solvent (120 min, I), PBA
(50 M, 120 min, J), and latrunculin A (10 M, 30 min,
K). (Scale bars: 2 m.)

polymerization in vitro is unaffected by TIBA or PBA (SI Fig. 11).
Therefore, we hypothesize that ATIs work either by activating an
actin filament stabilizing factor or by inactivating an actin filament
depolymerizing factor. Our results show that ATIs stabilize the
actin cytoskeleton in diverse eukaryotic cells, providing a comprehensive explanation for the effects of ATIs on endocytosis and
vesicle trafficking.
Actin Stabilization and ATIs Action Show Overlapping Cellular and
Physiological Effects. The important question still remaining is

whether the effects of ATIs on actin dynamics are linked to their
physiological effects on auxin transport and auxin-related plant
development. To address this question, we inhibited actin dynamics
by using the actin stabilizer jasplakinolide. In plants, this compound
showed overlapping effects on vesicle motility (SI Movie 12),
FM4–64 uptake, and actin bundling (Fig. 4 A and B) to those
observed for ATIs.
Next, we grew Arabidopsis plantlets on TIBA- or jasplakinolidesupplemented medium. The effects of TIBA and jasplakinolide on
seedling development were similar and included defects in root
growth, lateral root formation, and gravitropic response (Fig. 4 C
and D). These developmental aberrations are typical for the
inhibition of polar auxin transport and also can be detected in auxin
transport mutants (1). Jasplakinolide induced a broader spectrum
of defects, including a more general inhibition of plant growth.
Similar but less pronounced developmental defects (SI Fig. 9B) also
were found in transgenic Arabidopsis lines, in which the actin
interacting protein 1 (AIP1) was conditionally silenced by RNAi. In
these lines, AIP1 silencing induced the hyperstabilization of actin
filaments (32) and the inhibition of FM4–64 uptake (SI Fig. 9A).
Because AIP1 silencing takes a long time (at least 2–3 days) (32),
we were unable to probe any short-term effects of this genetically
stabilized actin cytoskeleton. Nevertheless, the long-term developmental consequences of actin-stabilization also included defects in
root growth and gravitropism (SI Fig. 9B). Thus, both pharmacological and genetic stabilization of the actin cytoskeleton show
broader but overlapping effects on plant development when compared with ATIs.
It is well established that ATIs act on plant development by
disrupting the asymmetric auxin distribution, and that this effect
can be indirectly visualized in vivo by auxin-responsive promoterbased reporters such as DR5rev::GFP (2, 4, 33). We tested the
effects of actin filament stabilization on asymmetric DR5 activity
4492 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0711414105

during the gravitropic response (5). To induce gravity stimulation,
we reoriented the seedlings by turning the plates by 135°. Seedlings
on control plates and on plates supplemented with BeA (50 M)
displayed an asymmetric DR5rev::GFP signal at the lower side of the
root tip accompanied with strong root bending within 4 h after
change of the gravity vector (Fig. 4E and SI Fig. 9 C and G).
However, in the case of jasplakinolide (5 M), TIBA (5 M), and
PBA (1 M) treatments, no establishment of the asymmetric
DR5rev::GFP signal was detected, and the root gravitropic response
was inhibited while root growth still occurred (Fig. 4 F and G and
SI Fig. 9 D–F). Also, other instances of DR5-monitored asymmetric
auxin distribution, such as in primary and secondary root meristems
(2, 33), were affected by jasplakinolide (data not shown), which
suggests that actin stabilizer jasplakinolide, similar to ATIs, interferes with asymmetric auxin distribution.
Actin Stabilization Blocks Subcellular PIN Dynamics and Inhibits Auxin
Efflux. ATIs are known to interfere with polar auxin transport by

inhibiting auxin efflux (34). To explore further the common
physiological effects of ATIs and actin stabilizers, we tested the
effects of actin stabilization on cellular auxin efflux. The accumulation of the PM-permeable synthetic auxin 1-naphthalene acetic
acid (NAA) inside cultured cells gives a measure of active auxin
efflux and circumvents the complexity of multicellular tissues (9).
In cultured Arabidopsis cells, TIBA (Fig. 4H) and PBA (data not
shown) as well as jasplakinolide (Fig. 4H) increased saturable
accumulation of labeled NAA, but not of BeA, pointing to an
inhibitory effect of these compounds on auxin efflux. Thus, jasplakinolide, similar to TIBA and PBA albeit to a lesser extent,
inhibits auxin, suggesting a link between actin dynamics and auxin
efflux.
What could that link be? One possibility is the subcellular
targeting of PIN auxin efflux carriers. The pronounced inhibitory
effect of the secretion and recycling inhibitor brefeldin A on auxin
efflux has been rationalized in terms of the depletion of auxin efflux
carriers from the PM (35). In contrast to brefeldin A, neither
jasplakinolide (data not shown), PBA, nor TIBA visibly interfered
with the PM localization of PIN1 (13, 36) or other auxin efflux
proteins such as PGP1 and PGP19 in Arabidopsis roots (SI Fig. 14).
Similarly, localization of PIN1-GFP in BY-2 cells also was unaffected by such treatments (Fig. 4 I and J), where ATI-sensitive,
PIN-dependent auxin efflux has been extensively demonstrated (9).
In contrast, the pronounced subcellular dynamics of PINDhonukshe et al.

Fig. 4. Effect of actin stabilization on endocytosis, plant development,
asymmetric auxin distribution, and auxin efflux. (A and B) Endocytosis of
FM4-64 (2 M, 30 min). Pretreatment and cotreatment with solvent (1 h, A)
and jasplakinolide (10 M, 1 h, B). (Scale bars: 5 m.) (C and D) Seedling
development when germinated on plates containing TIBA (25 M, C) and
jasplakinolide (10 M, D). (E–G) Auxin translocation as monitored by auxinresponsive DR5rev::GFP expression after 4-h gravistimulation on plates containing solvent (E), TIBA (F), and jasplakinolide (G). (H) Effects of TIBA and
jasplakinolide on cellular efflux of auxin (NAA) and benzoic acid (BeA) from
Arabidopsis cultured cells, shown in the 30 min after addition of radiolabeled
NAA or BeA. (I and J) Equivalent presence of PM-localized PIN1-GFP in control
(I) and TIBA-treated (10 M for 30 min) (J) tobacco BY-2 cells. (Scale bars: 10
m.) Note that under the same conditions, TIBA effectively inhibits auxin
efflux in Arabidopsis cells.

containing vesicles (SI Movie 13) has been blocked by both
jasplakinolide (data not shown) and TIBA (SI Movie 14). Thus, it
appears that after treatments with ATIs or jasplakinolide, even
PM-resident PINs are less efficient in performing auxin efflux. This
highlights the importance of actin-dependent PIN dynamics for the
maintenance of auxin efflux.
Discussion
The transport-dependent asymmetric distribution of the plant
hormone auxin represents a unique and widely operational mechanism by which plants integrate multiple signals and translate them
into various developmental responses (1). For decades, various
inhibitors of polar auxin transport have been essential tools in the
formulation of these concepts (8). However, only little insight into
the mechanism of their action has been gained. In this regard, our
observations provide three important outcomes. (i) They show that
ATIs, by affecting actin dynamics, inhibit subcellular vesicle trafficking processes. (ii) They demonstrate that ATIs are effective not
only in plant cells but also in yeast and mammals, thus suggesting
an evolutionary conserved target. (iii) They extend our knowledge
about the cellular mechanism of polar auxin transport in plants,
highlighting the importance of actin-based dynamics for this
process.
Dhonukshe et al.

here, prominent ATIs such as TIBA and PBA interfere with various
cellular processes such as endocytosis and vesicle and organelle
movements in plants. More specific effects of ATIs in mammalian
cells on pinocytosis, endosomal movement at the cell periphery, and
on dynamic movement of lamellipodia and mobility of fibroblasts
suggest a link to the actin cytoskeleton because all of these processes
depend strongly on a functional actomyosin system (25). Indeed,
treatment with ATIs leads to increased bundling of actin and
inhibition of actin dynamics in plant, yeast, and animal cells.
Importantly, ATIs stabilize actin cytoskeleton even in the presence
of actin-depolymerizing agents, further demonstrating that ATIs
act on actin stabilization.
A recent study (36) has shown effects of different auxins and
ATIs on meristem development in Arabidopsis roots. These longterm effects (48 h), which involve a more complex reprogramming
of cellular behavior, also included changes in actin morphology.
These observations, however, do not seem to be related to the rapid
effects on actin dynamics reported here because in the long-term
assays both ATIs and auxins are effective, which is in strong contrast
to the direct, short-term effects of TIBA and PBA.
Notably, some established ATIs such as NPA do not show effects
on subcellular dynamics (refs. 13 and 37 and our unpublished
observations). Because the original identification of ATIs (some of
which are chemically divergent) was based primarily on their ability
to interfere with auxin transport-dependent physiological processes
such as root gravitropism (34), it is not surprising that some ATIs
may have different modes of action. Despite some reports suggesting an association of NPA with the actin cytoskeleton (38), and
others showing that actin bundling enhances sensitivity to NPA
(39), its mode of action does not seem to be related to the actin
stabilization as we found for TIBA or PBA.
An unexpected outcome of the studies presented here was the
potency of ATIs in nonplant systems such as yeast and mammalian
cells, which further underlines a common target of these drugs in
an evolutionary conserved process such actin dynamics. Because
actin or myosin does not seem to be the direct target of ATIs, the
molecular identity of the target remains a topic for future studies.
The Role of Actin-Based Vesicle Trafficking in the Mechanism of Polar
Auxin Transport. Previous observations that the prominent compo-

nents of auxin efflux and influx (PIN and AUX1 proteins, respectively) undergo constitutive cycling between the PM and endosomes
(13–15) are hard to reconcile with classical models of auxin
transport, which take into account only the cell surface-located
auxin carriers (40). The roles of actin-dependent constitutive cycling of PIN and AUX1 transport components may be multiple. For
example, it has been shown that constitutive cycling of PINs is used
in a feedback manner to regulate auxin efflux by auxin itself (41).
Another role of subcellular dynamics may be related to the rapid
changes in the polarity of PIN localization as observed, for example,
during gravitropism (42). Interestingly, actin stabilization by ATIs
blocks PIN subcellular dynamics without affecting PIN polarity (13,
36) and still impairs auxin efflux out of cells and auxin transport in
general. Furthermore, interference with actin dynamics also has an
effect on auxin efflux in poorly polarized cultured cells, which
suggests that actin-dependent constitutive cycling of auxin transport
components might play a more fundamental role in the mechanism
of auxin efflux. In such a scenario, the effects of ATIs on subcellular
trafficking would underlie their effect on auxin transport. An
alternative scenario, which cannot be entirely ruled out, would be
that some ATIs (such TIBA and PBA), aside from their effect on
auxin transport, also have a target unrelated to actin dynamics.
It was unexpected that a general inhibition of endocytosis and
subcellular dynamics by ATIs is reflected by rather specific effects
on auxin transport-related development. We believe that other
possible effects are masked because of the excessive sensitivity of
the auxin transport machinery to the perturbations of intracellular
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trafficking and to its pronounced importance in plant development.
This interpretation, however, does not exclude that some physiological and developmental effects of ATIs and, in particular, of
jasplakinolide, are consequences of actin stabilization and do not
relate to the auxin transport-dependent processes.
In conclusion, our observations provide a cellular mechanism for
the action of a subclass of ATIs showing that they act as actin
stabilizers and dramatically inhibit vesicle motility. They extend the
classical chemiosmotic hypothesis of auxin transport by highlighting
the importance of actin cytoskeleton-mediated vesicle trafficking
for auxin transport. They suggest that, in addition to the PM
localization of auxin transport components, vesicle-mediated endocytic cycling is an integral part of the functioning of polar auxin
transport machinery. Overall, these studies also illustrate how a
common, evolutionary-conserved eukaryotic process of actinbased vesicle motility fulfils a plant-specific physiological role.

used from 50 mM, 50 mM, 200 mM, 30 mM, 1 M, 10 mM, 10 mM, to 2 mM DMSO
stock solutions, respectively.
Auxin Efflux Assay. Accumulation of [3H]NAA and [3H]BeA (Institute of Experimental Botany, Prague, Czech Republic, specific radioactivity 25 Ci/mmol and 22
Ci/mmol, respectively) in Arabidopsis cultured cells has been measured as described in ref. 9. For jasplakinolide, 2-h pretreatment was used.
Microscopy. Live-cell analysis of Arabidopsis root tips or tobacco BY-2 suspension
cells was carried out as described in ref. 16. Ultrastructure analysis of ultrathin
sections obtained from high-pressure freeze substitution-based fixed samples
was carried out as described in ref. 14. HeLa cells and fibroblasts were grown,
transfected with various mentioned markers, and analyzed as described in ref. 44.
For Rab5 distribution analysis, the fluorescent intensity of Rab5 at the cell periphery and at the cell center was measured and evaluated as a ratio of peripheral
intensity to the central intensity.

Inhibitor Treatments in Plants. Two milliliters of 4-day-old BY-2 cell suspension or
15 Arabidopsis seedlings were incubated in respective 1 ml of liquid growth
medium containing inhibitor or equal amounts of solvents (controls). Brefeldin A
(Molecular Probes), TIBA (Duchefa), NPA (Duchefa), PBA (OlChemIm), BeA (Duchefa), latrunculin A and B (Sigma), and jasplakinolide (Molecular Probes) were
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Materials and Methods
Plant Material and Growth Conditions. Arabidopsis seedlings (Columbia ecotype)
were grown on vertical agar plates at 25°C for 5 days. Arabidopsis lines transformed with ST-YFP (43), GFP-Ara7 (16), DR5rev::GFP (4), GFP-Fimbrin (29), and
AIP1 RNAi (32) have been described before. Tobacco BY-2 suspension cells were
grown, transformed with GFP-Ara7, ST-YFP, GFP-Fimbrin, and PIN1::PIN1-GFP,
and maintained as described (16, 37). PGP1::PGP1-GFP and PGP19::PGP19-GFP
constructs were created by C-terminal fusion of GFP to the cDNA of PGP1 and
PGP19 and stably transformed into Arabidopsis thaliana (Col-0). Gravitropism
analysis was performed as described in ref. 41.
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