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Abstract

The phytohormone auxin is transported through the plant body either via vascular pathways or from cell to cell by
specialized polar transport machinery. This machinery consists of a balanced system of passive diffusion combined
with the activities of auxin influx and efflux carriers. Synthetic auxins that differ in the mechanisms of their transport
across the plasma membrane together with polar auxin transport inhibitors have been used in many studies on
particular auxin carriers and their role in plant development. However, the exact mechanism of action of auxin efflux
and influx inhibitors has not been fully elucidated. In this report, the mechanism of action of the auxin influx
inhibitors (1-naphthoxyacetic acid (1-NOA), 2-naphthoxyacetic acid (2-NOA), and 3-chloro-4-hydroxyphenylacetic
acid (CHPAA)) is examined by direct measurements of auxin accumulation, cellular phenotypic analysis, as well as
by localization studies of Arabidopsis thaliana L. auxin carriers heterologously expressed in Nicotiana tabacum L.,
cv. Bright Yellow cell suspensions. The mode of action of 1-NOA, 2-NOA, and CHPAA has been shown to be linked
with the dynamics of the plasma membrane. The most potent inhibitor, 1-NOA, blocked the activities of both auxin
influx and efflux carriers, whereas 2-NOA and CHPAA at the same concentration preferentially inhibited auxin influx.
The results suggest that these, previously unknown, activities of putative auxin influx inhibitors regulate overall
auxin transport across the plasma membrane depending on the dynamics of particular membrane vesicles.

Key words: Auxin efflux carrier, auxin influx carrier, auxin transport, auxin transport inhibitor, membrane dynamics, tobacco
BY-2 cells.

Introduction

Differential distribution of the plant growth regulatory
substance auxin is known to mediate many fundamental
processes in plant development, such as the formation of the
embryogenic apical-basal axis, pattern formation, tropisms,
and organogenesis (reviewed in Vanneste and Friml, 2009).
The distribution of auxin and the formation of auxin
gradients in the tissues is directed by the activity of the
plasma membrane-localized auxin influx carriers AUXIN
RESISTANT 1/LIKE AUXIN RESISTANT (AUXI1/LAX)
and auxin efflux carriers PIN-FORMED (PIN) as well as the
ATP-Binding Cassette subfamily B (ABCB)/multidrug resis-
tance (MDR)/phosphoglycoprotein (PGP)-type transporters

(Noh et al., 2001; Swarup et al., 2001; Friml et al., 2002a, b,
2003; Benkova et al., 2003; Blilou et al., 2005; Vieten et al.,
2007; Pernisova et al, 2009). Auxin influx carriers (AUX1/
LAX), belonging to the family of plasma membrane amino
acid permeases (AAP family), mediate the uptake of auxin
into the cell (auxin influx). AUX1 was characterized at the
molecular level in Arabidopsis by Bennett et al. (1996) and its
transport function was shown by Yang er al (2006). In
addition, the function of LAX3 was characterized in
Arabidopsis as well (Swarup et al., 2008).

Although most of the native auxin indole-3-acetic acid
(IAA) is transported into cells by diffusion, the importance
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of AUXI1/LAX carriers could be clearly demonstrated in
many developmental processes. They are involved in
embryogenesis (Ugartechea-Chirino ez al., 2010), hypocotyl
apical hook development (Vandenbussche ef al., 2010), root
gravitropism (Bennett ez al., 1996), lateral root development
(Swarup et al., 2001), root hair development (Jones et al.,
2009), phloem loading and unloading (Marchant et al.,
2002), and phyllotaxis (Bainbridge er al., 2008). Generally,
the importance of auxin uptake carriers lies mainly in their
role in the pumping of auxin against its concentration
gradient. Mathematical modelling further supports the role
of AUXI/LAX proteins in the creation of local auxin
maxima as demonstrated for phyllotaxis (Smith ez al, 2006).

Over the last two decades, auxin efflux inhibitors such as
2,3,5-trilodobenzoic acid (TIBA) or 1-naphthylphthalamic
acid (NPA) (see a review by Rubery, 1990; Lomax et al.,
1995; Morris et al., 2004) have significantly contributed to
the present knowledge about auxin efflux transporters and
their involvement in the control of physiological and
developmental processes in plants. Compounds that inhibit
auxin efflux include synthetic phytotropins (NPA and 2-(1-
pyrenoyl)benzoic acid (PBA) being the most prominent
representatives), cyclopropyl propane dione (CPD) and
TIBA, and also natural flavonoids (e.g. quercetin). More-
over, inhibitors of intracellular protein trafficking, such as
monensin and brefeldin A (BFA), also affect auxin efflux
(Wilkinson and Morris, 1994; Morris and Robinson, 1998).
BFA operates through plasma membrane localization of
PINs and ABCBs but not AUX1/LAXes (Titapiwatanakun
and Murphy, 2009).

The synthetic compounds 1-naphthoxyacetic acid (1-
NOA), 2-naphthoxyacetic acid (2-NOA), and 3-chloro-4-
hydroxyphenylacetic acid (CHPAA) have been used to
disrupt auxin influx (uptake). The inhibitors were originally
selected on the basis of their structural similarities with 2,4-
dichlorophenoxyacetic acid (2,4-D), an auxin influx carrier
substrate, or with naphthalene-2-acetic acid (2-NAA), a sub-
stance that inhibits auxin influx carriers (Imhoff er al,
2000). The synthetic inhibitors share some structural
features with auxins in containing an aromatic moiety
substituted with an acidic side-chain with a carboxyl group,
which is, among other things, believed to bind specifically
a particular region of the putative auxin receptor (Edgerton
et al., 1994). Importantly, the naturally occurring substance
chromosaponin (Rahman er al, 2001) was found to be
a possible endogenous analogue to synthetic inhibitors such
as I-NOA (Parry et al., 2001).

Although the mechanism of action of auxin transport
inhibitors is still far from being fully understood, recent
data (Dhonukshe e al., 2008) suggest that some of these
compounds (e.g. PBA, TIBA, but not NPA) can act through
actin-mediated vesicle trafficking processes in eukaryotic
cells. As shown in tobacco BY-2 cells, actin dynamics seems
to be at both the genomic and the non-genomic levels under
the control of auxin itself and NPA interferes with this
process (Maisch and Nick, 2007; Nick er al, 2009). The
modulation of intracellular trafficking of both AUXI1 and
PIN auxin transporters (Kleine-Vehn ez al, 2006) by

auxin transport inhibitors is thus critical for their overall
abundance at the plasma membrane. Obviously, besides the
action of (native) auxin transport inhibitors, many other
processes regulate the overall performance of auxin trans-
porters as well (for a review see Titapiwatanakun and
Murphy, 2009).

In this paper, the function and mechanism of action of
the synthetic auxin influx inhibitors 1-NOA, 2-NOA, and
CHPAA were investigated. Assays of auxin transport in
tobacco BY-2 cells showed that, in contrast to 2-NOA and
CHPAA, the mode of action of 1-NOA is not entirely
specific for auxin influx. Changes in the subcellular distri-
bution of both AtEYFP:AUXI and A/PIN1:GFP fusion
proteins expressed heterologously in tobacco BY-2 cells,
and the resulting defects in the polarity of cell division,
indicate that 1-NOA acts largely through changes in mem-
brane dynamics. 2-NOA was less effective and CHPAA was
almost ineffective in this respect. On the basis of these
findings the mechanism of action of these inhibitors was
proposed related to the dynamics of membrane vesicles
transporting particular auxin carriers.

Materials and methods

Chemicals

Unless stated otherwise, all chemicals were supplied by Sigma
Aldrich (St Louis, MO, USA).

Construction of transformation vectors

The estradiol-inducible XVE::PINI:GFP construct was prepared
using DNA sequence PINI:GFP which was PCR amplified from
plasmid DNA (Benkova et al., 2003). The primers containing the
attBl and attB2 Gateway recombination sites were used. The
purified PCR product was placed into the Gateway pDONR 221
donor vector (BP reaction). Recombination (LR reaction) was
then made with the pMDC?7 binary destination vector (Curtis and
Grossniklaus, 2003) containing the estradiol-inducible transactiva-
tor XVE. The resulting plasmid was verified by sequencing from
the left to the right borders.

The estradiol-inducible XVE::EYFP:AUXI construct was pre-
pared using AUX1 and EYFP DNA sequences which were PCR
amplified separately from plasmid DNA (Yang et al., 2006). The
primers contained attB multisite Gateway recombination sites. For
EYFP and AUXI amplification, attBl, attB5r sites, and attBS5,
attB2 sites were used in this respect. The purified PCR products
were then placed into Gateway pDONR 221 P1-P5r and pDONR
221 P5-P2 donor vectors (BP reactions). Multisite recombination
(LR reaction) was then made with the pMDC?7 binary destination
vector (Curtis and Grossniklaus, 2003) containing the estradiol-
inducible transactivator XVE. The resulting plasmid was verified
by sequencing from the left to the right borders.

Primers used: PINI:GFP forward (attBl), GGGGACAAGTTT-
GTACAAAAAAGCAGGCTCAACAATGATTACGGCGGCG-
GACTTCTAC, PINI:GFP reverse (attB2), GGGGACCACTTT-
GTACAAGAAAGCTGGGTGTGTTTTGGTAATATCTCTTCA,;
AUXI forward (attBS), GGGGACAACTTTGTATACAAAAGT-
TGGCTCCGCGGCCGCCCCCTTCACC, AUXI reverse (attB2),
GGGGACCACTTTGTACAAGAAAGCTGGGTATCAAAGAC-
GGTGGTGTAAAG; EYFP forward (attBl), GGGGACAAGTT-
TGTACAAAAAAGCAGGCTCAACAATGGGCAAGGGCGAG-
GAGCTG, EYFP reverse (attB5r), GGGGACAACTTTTGTATA-
CAAAGTTGTTGATGATCCCGGGCCCGCGG.
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Plant material

Cells of tobacco line BY-2 (Nicotiana tabacum L., cv. Bright-
Yellow 2) (Nagata er al, 1992) were cultured in liquid medium
[3% (w/v) sucrose, 4.3 g 17! Murashige and Skoog salts, 100 mg 1~
inositol, 1 mg 17! thiamine, 0.2 mg 1"! 2,4-D, and 200 mg 17!
KH,PO,4 (pH 5.8)] in darkness at 27 °C on an orbital incubator
(Sanyo Gallenkamp, Schoeller Instruments Inc., Prague, Czech
Republic; 150 rpm, 32 mm orbit) and subcultured weekly. Stock
tobacco BY-2 calli were maintained on the same media solidified
with 0.6% (w/v) agar and subcultured monthly. BY-2 cell lines
expressing GFP fusion with ABCB4 (PGP4:GFP) were described
in Jelinkova et al. (2010).

Stock solutions of 1-NOA (5 mM), 2-NOA (5 mM), CHPAA
(10 mM), and NPA (10 mM) in ethanol were added to the BY-2
cell suspension to a final concentration of 10 pM at each
subculturing. Samples of cells were taken regularly for microscopy
and determination of cell density.

Expression of EYFP:AUXI and PINI1:GFP genes was induced
by the addition of estradiol (B-estradiol, 1 pM, 24 h) at the
beginning of the subculture interval. Stock solutions of 1-NOA
(20 mM), 2-NOA (20 mM), CHPAA (20 mM), and NPA (20 mM)
in DMSO were added to reach a final concentration of 20 uM for
the 3 h and 24 h treatments, and of 50 uM for the 48 h treatments.
The same amount of the solvent was added to controls. FM 4-64
(4 uM) (Molecular Probes) was applied to 1 ml of 3-d-old BY-2
cells that had been pretreated with 20 pM or 50 uM 1-NOA for
4 h, and incubated for 1 min under continuous shaking.

Transformation of BY-2 cells

The basic transformation protocol of An (1985) was used.
Three-day-old BY-2 cells were co-incubated with Agrobacterium
tumefaciens (Petrasek et al, 2003) strain GV2260 carrying
XVE::EYFP:AUXI or XVE::PINI:GFP constructs and trans-
formed BY-2 cells were maintained in culture media containing
100 pg ml~" hygromycin and 100 pg ml~" cefotaxim.

Microscopy and image analysis

Nomarski DIC microscopy was performed using Nikon Eclipse
E600 (Nikon, Japan) and images were recorded with colour digital
camera (DVC 1310C, USA) using LUCIA image analysis software
(Laboratory Imaging, Prague, Czech Republic). To determine cell
length, a population of 400 cells was meausured using LUCIA
image analysis software and the average values were expressed in
pm. Confocal microscopy was performed using Zeiss LSM 5 DUO
confocal microscope equipped with a x40 C-Apochromat objec-
tive (NA=1.2 W). Fluorescence signals were obtained for GFP or
YFP (excitation 488 nm, emission 505-550 nm) and FM 4-64
(excitation 561 nm, emission >575 nm).

Cell densities were determined by counting cells in at least 10
aliquots of each sample using Fuchs—Rosenthal haemocytometer
slide.

Auxin accumulation measurements

Auxin accumulation in 2-d-old cells was measured using radioac-
tively labelled auxins according to Delbarre et al (1996), as
modified by Petrasek er al. (2006). Treatments were replicated at
least three times and the average values (* standard errors) were
expressed as pmols of the particular auxin accumulated per million
cells. 1-NOA, 2-NOA, CHPAA, NPA, or BFA were added as
required from ethanolic stock solutions to give a final concentra-
tion of 10 uM at the beginning of the accumulation assay (together
with the addition of radioactively labelled auxin). In the combined
experiments, BFA was added to a final concentration of 10 uM at
the beginning of the accumulation assay together with the addition
of PH]NAA (25 Ci mmol~!; Isotope Laboratory of the Institute of
Experimental Botany, Prague, Czech Republic). Individual inhib-
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itors 1-NOA, 2-NOA, or NPA were added after 10 min to a final
concentration 10 uM.

For time-course experiments, aliquots of cell suspension were
removed at specified intervals from 0-30 min after the addition of
radioactively labelled auxin. Accumulation of [HJ2,4-D (20 Ci
mmol~!; American Radiolabeled Chemicals, Inc., St Louis, MO,
USA) in response to particular concentrations of 1-NOA or 2-
NOA was determined after 20 min uptake period.

Results

Phenotypic changes in tobacco BY-2 cells after
treatments with various auxin transport inhibitors

To evaluate possible differential effects of auxin influx and
efflux inhibitors on the overall course of the BY-2 cell line
subculture interval, the culture media were supplemented
with 10 uM concentrations of 1-NOA, 2-NOA, CHPAA, or
NPA. Treatments with 1-NOA resulted in phenotypic
changes different from those caused by 2-NOA or CHPAA.
Thus, in the presence of 1-NOA the cells divided less
frequently than controls, contained amyloplasts with starch,
and cell elongation was significantly enhanced (Fig. 1A, B,
F), in contrast to 2-NOA or CHPAA which even stimulated
cell division slightly (Fig. 1C, D, G). Treatments with NPA
under the same conditions had no significant effect on cell
phenotype or cell division (Fig. 1E, G).

Altogether, the action of 1-NOA, a putative inhibitor of
auxin influx, resulted in a distinct phenotype in comparison
with the phenotype caused by 2-NOA, CHPAA, which
likewise block mainly auxin influx, and NPA, which blocks
mainly auxin efflux.

Auxin influx inhibitors 1-NOA, 2-NOA, and CHPAA have
distinct impact on the accumulation of different types of
auxin

The accumulation kinetics of radioactively labelled NAA
and 2,4-D has been shown to reflect the activity of auxin
efflux and influx carriers, respectively, and therefore both
these synthetic auxins can be used as markers for measuring
the activity of these carriers, namely in tobacco cells
(Delbarre et al., 1996; Petrasek and Zazimalova, 2006). The
effects of the synthetic inhibitors of auxin influx on the
accumulation of 2,4-D and NAA using 2-d-old tobacco BY-
2 cells were investigated (Fig. 2A, B). At 10 uM concentra-
tion, 1-NOA, 2-NOA, and CHPAA all reduced the accum-
ulation of [°’H]2,4-D, CHPAA being the most effective. The
amount of [°H]J2,4-D that accumulated after 20 min in the
presence of CHPAA was reduced by 3.5-times relative to
the controls, by 2.5-times in the presence of 2-NOA, and by
1.4-times in the presence of 1-NOA (Fig. 2A). A comparison
of the concentration dependence of the positional analogues
1-NOA and 2-NOA revealed that 1-NOA reduced the accum-
ulation of [*H]-2,4-D with a 10-times lower efficiency than
2-NOA (Fig. 20).

Surprisingly, after the application of 1-NOA the accumu-
lation of [PH]NAA significantly increased, whereas applica-
tion of 2-NOA or CHPAA raised the accumulation of this
labelled auxin only slightly (Fig. 2A, B). Since NAA is taken
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Fig. 1. Effects of auxin influx and efflux inhibitors on cell division
activity and phenotype of tobacco BY-2 cells. The cells were
grown (A) in a standard medium for 2 d, in the presence of auxin
influx inhibitors (B) 1-NOA, (C) 2-NOA, (D) CHPAA, or (E) auxin
efflux inhibitor NPA (10 pM each). Measurements of cell length (F)
and cell density (G) showed that cells treated with 1-NOA were
more elongated (F) and that cell division was reduced in contrast
to cells treated with 2-NOA or CHPAA (G). Values in (F) and (G)
represent means =SE (n=10). (A-E) Scale bar, 50 um.

up only passively (and is a good substrate for the active
auxin efflux) in tobacco cells, these results suggest that 1-
NOA markedly inhibits the auxin efflux carrier(s) activity.

Taken together, the putative auxin influx inhibitor 1-
NOA is much less effective in blocking the active auxin
influx compared with 2-NOA or CHPAA and it also
modifies the activity of auxin efflux carriers.

Effect of NPA on [PHINAA accumulation in tobacco BY-
2 cells treated with 1-NOA or 2-NOA

To check whether 1-NOA or 2-NOA are able to inhibit
auxin efflux activity, accumulation assays were performed
with BY-2 cells using [PHJNAA in the presence of 1-NOA
(10 uM) or 2-NOA (10 uM). The established auxin efflux
inhibitor NPA was applied at 10 uM concentration
(Petrasek et «al, 2003, 2006) in-flight 10 min after the
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Fig. 2. The effect of the putative auxin influx inhibitors on
intracellular accumulation of [?H]2,4-D and [°PH]NAA in tobacco
BY-2 cells. The kinetics of accumulation of 2 nM [?H]2,4-D (A) and
[PHINAA (B) in the presence of 10 pM 1-NOA (filled circles), 2-NOA
(filled squares) or CHPAA (filled inverted triangles). Note the
difference between the efficiency of 2-NOA, CHPAA, and 1-NOA
in the inhibition of auxin influx as shown by reduced accumulation
of [’H]2,4-D (A) compared with control cells. Increased accumula-
tion of [PH]NAA (reflecting preferentially the activity of auxin efflux
carriers) in the presence of 1-NOA is significantly higher than that
in the presence of 2-NOA and CHPAA (10 uM each). (C)
Concentration dependence of [*H]2,4-D (2 nM) in response to
specified concentrations of 1-NOA (filled circles) or 2-NOA (filled
squares) was determined after 20 min uptake period. Accumula-
tion of [*H]2,4-D is suppressed more effectively with 2-NOA
compared with 1-NOA. Error bars represent SE (n=4).

addition of ["H]NAA together with 1-NOA or 2-NOA. In
the presence of 1-NOA the NPA had almost no effect on
the accumulation of [PH[NAA (Fig. 3A), indicating that
auxin efflux carriers were already blocked by the preceding
application of 1-NOA. By contrast, in the presence of 2-
NOA, the in-flight addition of NPA during the accumula-
tion of [P’H]NAA caused elevation of auxin accumulation in
the cells (Fig. 3B), suggesting that auxin efflux carriers were
still active before the NPA treatment.
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Fig. 3. The effect of NPA on the intracellular accumulation of
[PHINAA in tobacco BY-2 cells treated with 1-NOA or 2-NOA. In-
flight application of NPA (10 uM) to cells treated with 1-NOA (10
M) (A) had very low impact on the accumulation of [PHJNAA (2
nM). In-flight application of NPA to cells treated with 2-NOA (10
wM) (B) increased auxin accumulation, suggesting that auxin efflux
carriers were still active before NPA treatment (note also the higher
absolute values of auxin accumulation in the case of 1-NOA in
contrast to 2-NOA even before NPA treatment). Error bars
represent SE (n=4). (C) Effects of the auxin influx and efflux
inhibitors 1-NOA, 2-NOA, and NPA on intracellular accumulation of
[*HINAA in cells treated with the inhibitor of vesicle trafficking BFA.
2-NOA did not change the accumulation of [PH]NAA in cells
treated with BFA, while both NPA and 1-NOA increased it. Values
are percentages of control at 20 min after application of [PHINAA
and inhibitors. Error bars represent SE (n=4).

These results, therefore, indicate that 1-NOA, in contrast
to 2-NOA, is effective in blocking auxin efflux in a way
similar to NPA.

1-NOA, but not 2-NOA, increases the accumulation of
PHINAA in tobacco BY-2 cells treated with BFA

BFA, an inhibitor of Golgi-mediated vesicle trafficking, has
been shown to reduce the plasma membrane pool of PIN
auxin efflux carriers within 30 min (Geldner ez al., 2001). To
obtain further insight into the mode of action of 1-NOA, the
effect of 1-NOA, 2-NOA, and NPA on the accumulation of
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[PHINAA was investigated in BY-2 cells treated with BFA.
The inhibitors were added to the cells after pre-treatment
with 10 uM BFA. Similarly to the previous experiments with
in-flight additions of NPA, both 1-NOA and NPA increased
the accumulation of [PH]NAA in cells pretreated with BFA;
in contrast, 2-NOA had no additional effect (Fig. 3C).

These results provide further evidence for the role of the
putative auxin influx inhibitor 1-NOA in modulating the
auxin efflux carrier(s) activity. Moreover, they indicate that
this inhibition is independent of anterograde membrane
trafficking, suggesting either a direct influence on efflux
carrier activity and/or their enhanced endocytosis.

NOAs affect subcellular distribution of AUX1, PIN1, and
ABCB4

To determine whether the putative auxin influx inhibitors
can influence the distribution of AUX1 or PINI1 proteins,
XVE::EYFP:AUXI or XVE::PINI:GFP constructs were
expressed in tobacco BY-2 cells. After 24 h induction with
B-estradiol (1 uM), the plasma membrane fluorescence of
PINI1:GFP or EYFP:AUXI1 fusion proteins was observed
and no vesicles in the cortical cytoplasm were seen (Fig. 4A,
E). After a subsequent 3 h in the presence of 20 uM 1-NOA,
both PIN1:GFP (Fig. 4B) and EYFP:AUXI1 (Fig. 4F) were
observed in vesicles reminiscent of endosomes and located
in the cortical cytoplasm. Similar treatment with 2-NOA
induced these patches as well, but the effect was weaker
(Fig. 4C, G). A 3 h exposure to 20 pM CHPAA did not
induce any redistribution (Fig. 4D, H), although patches
were occasionally observed in a few cells (data not shown).
NOA-induced vesicles of EYFP:AUXI1 and PIN1:GFP did
not show any movement, and partially colocalized with the
membrane-selective endocytic tracer FM 4-64 as shown for
EYFP:AUXI1 in Supplementary Fig. SI at JXB online.
Furthermore, the localization of another plasma membrane
auxin transporter ABCB4, reported to be more stable in the
plasma membrane (Titapiwatanakun and Murphy, 2009),
after NOA treatment was different. ABCB4 proteins
(PGP4:GFP) appeared only after 24 h in a form of few
membrane aggregates (Fig. 41-L).

These results show that both NOAs (1-NOA being more
effective) can induce the formation of endosomes containing
auxin carriers. At least partly this may be the reason for the
decrease in auxin influx or efflux after the 1-NOA or
2-NOA treatments.

Long-term treatment with NOAs affect processes of
membrane trafficking, leading to disruption of the
polarity of cell division

To address the consequences of the effects of NOA, BY-2
cells transformed with XVE::EYFP:AUXI! or XVE::
PINI:GFP constructs were incubated for 24 h with 1-NOA,
2-NOA, or CHPAA at 20 uM concentration, two times
higher than that used for the cell phenotypic study. The
most remarkable effect was disruption of cell plate forma-
tion (Fig. 5; see Supplementary Fig. S2 at JXB online). The
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PIN1
control

AUX1
control

.

control

Fig. 4. The effects of the putative auxin influx inhibitors on subcellular distribution of PIN1:GFP, EYFP:AUX1, and ABCB4:GFP fusion
proteins in tobacco BY-2 cells. (A, E, I) non-treated controls. The effects of 1-NOA (20 uM, 3 h) (B), 2-NOA (20 uM, 3 h) (C), and CHPAA
(20 uM, 3 h) (D) on the subcellular distribution of PIN1:GFP. The effects of 1-NOA (20 uM, 3 h) (F), 2-NOA (20 uM, 3 h) (G), and CHPAA
(20 uM, 3 h) (H) on the subcellular distribution of EYFP:AUX1. The effects of 1-NOA (20 uM, 24 h) (J), 2-NOA (20 uM, 24 h) (K), and
CHPAA (20 uM, 24 h) (L) on the subcellular distribution of ABCB4:GFP. Single confocal sections through the cortical cytoplasm (C,
Apochromat x40 1.2 W water immersion objective with a 1 Airy Unit pinhole). Scale bars, 10 um.

cell plate did not expand in the normal centrifugal manner,
but often had a problem with the correct anchorage in the
parental plasma membrane, leading to apolar cell division
(Fig. 5B, C for AUXI1 and F, G for PIN1) or even incom-
plete cell plates. Treatments with CHPAA did not affect the
polarity of cell division at all (Fig. 5D, H). Interestingly,
when the concentration of the inhibitors was further
increased to 50 pM, the changes in the dynamics of the
membrane appeared to be too extensive and after 48 h in 1-
NOA and 2-NOA the overall fluorescence of EYFP:AUX1
and PIN1:GFP decreased substantially (see Supplementary
Fig. S3B, C, F, G at JXB online). These cells were not
dividing (data not shown). In contrast to 1-NOA or 2-
NOA, a 48 h exposure to 50 uM CHPAA had only a weak
effect on the AUXI1 or PINI1 signals (see Supplementary
Fig. S3D, H at JXB online).

These experiments indicate that treatments with increased
concentrations of 1-NOA and 2-NOA completely block
the dynamics of membranes, with subsequent detrimental
effects on cell division. By contrast, similar treatments with
CHPAA had no such dramatic effects, suggesting either
shifted efficiency of this inhibitor or different mode of its
action.

Discussion

Previously, Delbarre e al. (1996) described the specificity of
cellular auxin uptake and efflux towards the auxins TAA,
NAA, and 2,4-D using suspension-cultured cells of tobacco
cv. Xanthi XHFDS8. Using the same system to screen for
compounds structurally similar to TAA and competing
for the auxin influx carrier, 1-NOA and CHPAA were
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characterized as inhibitors of active auxin influx (Imhoff
et al., 2000). It was further shown that 2-NAA inhibits
auxin influx carriers, but that it might also affect the auxin
efflux activity (Delbarre ez al, 1996; Imhoff ez al, 2000).
Frequent use of these compounds for physiological and
developmental studies postulated the need to understand
modes of action of particular auxin transport inhibitors.
Our study was aimed at the mode of action of inhibitors of
carrier-mediated auxin influx using the well-established
model for the auxin transport studies on cellular level,
tobacco BY-2 cells (Petrasek et al., 2000).

The effect of all three inhibitors, similarly to Xanthi
tobacco cells (Imhoff ez al, 2000), reduced the activity of
auxin influx carriers in the tobacco BY-2 cells. This was
demonstrated firstly by decreased accumulation of [*H]2,4-
D, which is a preferential substrate for auxin influx carriers
in tobacco cells. However, in contrast to 2-NOA and
CHPAA, it was found that 1-NOA was less effective in
reducing [’H]2,4-D accumulation. Secondly, significant
differences were also found in the effects of 1-NOA, 2-
NOA, and CHPAA on the accumulation of ["HINAA, a

AUX1
control

——
~—

PIN1
control

Fig. 5. Long-term treatments of EYFP:AUX1 or PIN1:GFP to-
bacco BY-2 cells with the putative auxin influx inhibitors. (A, E)
non-treated controls. The effects of 1-NOA (20 uM, 24 h) (B), 2-
NOA (20 uM, 24 h) (C), and CHPAA (20 pM, 24 h) (D) on cell
division in BY-2 cells transformed with the EYFP:AUXT construct.
The effects of 1-NOA (20 uM, 24 h) (F), 2-NOA (20 uM, 24 h) (G),
and CHPAA (20 uM, 24 h) (H) on cell division in BY-2 cells
transformed with the PIN7:GFP construct. Single confocal sections
through the perinuclear region (C, Apochromat x40 /1.2 W water
immersion objective with a 1 Airy Unit pinhole). Scale bars, 20 um.
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preferential substrate for active auxin efflux which is, how-
ever, taken up into cells only passively (Delbarre et al.,1996;
Petrasek er al, 2003). As expected, neither 2-NOA nor
CHPAA had any significant effect on the accumulation of
this auxin in BY-2 cells in contrast to the application of 1-
NOA, which significantly increased its accumulation. This
unexpected finding suggests that 1-NOA also influences
auxin efflux. Thirdly, the contrasting effects of 1-NOA com-
pared with 2-NOA or CHPAA also appeared in the accum-
ulation of [PHJIAA (data not shown), which as a natural
auxin is a good substrate for both auxin influx and efflux
carriers. In this case 1-NOA had only a relatively minor
impact on the accumulation of [PH]IAA, again suggesting
its action on both auxin influx and efflux carriers. The
fourth piece of evidence for the action of 1-NOA on auxin
efflux came from our experiments with NPA, an established
inhibitor of auxin efflux. NPA was able to increase accum-
ulation of PH]NAA in the presence of 2-NOA. Conversely,
in the presence of 1-NOA the accumulation of [PTH]NAA did
not change significantly after in-flight application of NPA.
In this case, the auxin efflux carriers may have already been
blocked by 1-NOA before the application of NPA, again
supporting the idea that 1-NOA has a significant impact on
the auxin efflux activity.

Collectively, these four pieces of evidence point to the
conclusion that 1-NOA, in contrast to 2-NOA and
CHPAA, also influences auxin efflux (besides the auxin
influx). Interestingly, there are differences in the molecular
structure of 1-NOA and the other two inhibitors (Fig. 6).

Fig. 6. Molecular structure of synthetic auxin influx inhibitors 1-
NOA, 2-NOA, and CHPAA. Blue, carbon; red, oxygen; white,
hydrogen; green, chlorine.
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All three molecules share typical features of auxin influx
inhibitors. However, in contrast to 2-NOA and CHPAA,
the shape of the 1-NOA molecule is not linear because of
the position of the side-chain in relation to the fused
aromatics rings. It is speculated that this unique structural
feature of the 1-NOA molecule may be responsible for the
observed physiological effects, suggesting a distinct interac-
tion with the plasma membrane or other membranes.

To elucidate the mechanism of how 1-NOA may affect
the activity of auxin efflux carriers, experiments were
performed with BFA. Generally, BFA application leads to
inhibition of anterograde protein trafficking so that the
plasma membrane pool of auxin efflux carriers of the PIN
family (and some other proteins) is reduced (Geldner et al.,
2001). Major auxin influx carriers of the AUX1/LAX family
were shown to be much less sensitive or almost insensitive
to BFA (Kleine-Vehn et al., 2006). In BFA-treated BY-2
cells, 2-NOA had no effect on NAA accumulation, whereas
both 1-NOA and NPA increased auxin accumulation. It
seems that 1-NOA and NPA act independently of BFA-
dependent vesicle trafficking processes and so their effect(s)
are additive to the effect of BFA alone. It could be con-
cluded that 1-NOA either directly affects the auxin efflux
carrier activity and/or somehow stimulates endocytosis; this
would result in the depletion of the carriers from the plasma
membrane and, consequently, in the reduction of auxin
efflux. To test this hypothesis, it was necessary to follow the
dynamics of membrane vesicles containing either the auxin
influx carrier (AUX1) or the auxin efflux carrier (PIN1)
directly.

Advantage was taken of the system of p-estradiol-
inducible expression of fluorescently tagged fusion proteins
in tobacco BY-2 cells. Upon induction of gene expression in
control cells, the EYFP:AUXI1 and PIN1:GFP signals were
localized at the plasma membrane. No changes have been
observed after 30 min treatment with inhibitors (see Sup-
plementary Fig. S4 at JXB online). Surprisingly, after 3 h
and more with 1-NOA both PIN1 and AUXI1 were grad-
ually redistributed into vesicles in the cortical cytoplasm,
whereas 2-NOA was much less effective and CHPAA
almost ineffective. However, more patches were observed
after increasing the concentration of 2-NOA, but the effect
was not very homogenous. In the population, there were
always cells with stronger and weaker response. In contrast,
increasing concentrations of CHPAA did not increase the
number of patches formed (data not shown) pointing to the
fact that CHPAA is probably the most reliable auxin inhi-
bitor already acting at low concentrations and having the
effect on the auxin influx carrier as depicted in the scheme
(see Supplementary Fig. S5 at JXB online).

The colocalization of EYFP:AUX1 with the endocytic
tracer FM 4-64 confirmed that the observed vesicles are at
least partly of plasma membrane origin. Although the
subcellular trafficking of AUXI1 and PINI follows distinct
pathways (Kleine-Vehn ez al, 2006), 1-NOA could affect
the subcellular distribution of both carriers by acting
upstream of these pathways, probably by changing the
composition of plasma membrane. It has been suggested

that 1-NOA could influence sterol composition of the
membrane, which could lead to aberrant AUXI targeting
and influence the polar localization of PINI in Arabidopsis
roots (Kleine-Vehn ez al., 2006). It was also shown that 1-
NOA was effective in reducing the responses to 2,4-D in
wild-type Arabidopsis but had no effect in hydl and hyd2/fk
mutants, which are defective in genes encoding A8-A7 sterol
isomerase and sterol Cl4 reductase, respectively (Souter
et al., 2002). Thus, there may be a link between potential
effects of 1-NOA on sterol composition in the plasma
membrane and consequent defects in AUX1 targeting that
lead to aggregation of AUX1 (Kleine-Vehn et al., 20006).

The fact that NOA was not able to induce fast re-
distribution of ABCB4 (as observed for AUX1 and PINI)
and that this ABCB4 appeared in membrane aggregates
after longer treatment suggests a membrane composition-
dependent NOA effect. The most important in this respect
seems to be sterol composition, namely the presence of
sterols and sterol-associated proteins (Borner er al., 2005);
since ABCB4 was reported to be present in these compart-
ments (Titapiwatanakun and Murphy, 2009), thus the
ABCB4 could be more resistant to 1-NOA treatment.

The changes in the polarity of cell division, visible after
long-term treatment with NOAs, point also to the general
effect of both 1-NOA and 2-NOA on the plasma membrane
dynamics. As shown by Dhonukshe er al. (2006) the cell
plate is mainly derived from the cell surface material (cell
wall components and plasma membrane proteins); there-
fore, disruption of cell plate formation seems to be caused
by defects in the plasma membrane. Moreover, the effect of
NOAs on the polarity of cell plate formation and cell
polarity establishment point to the possible involvement of
actin filament dynamics that has been reported to reflect the
changed levels of auxin (Maisch and Nick, 2007; Nick et al.,
2009).

In contrast to our results, Kleine-Vehn ez al (2006) did
not observe any effects of high concentration of 1-NOA on
the trafficking of PIN1 and AUXI1 in Arabidopsis roots. It is
speculated that, in contrast to the complex tissue of the
root, the effect in single tobacco BY-2 cells may be more
robust and readily visible, and thus redistribution of the
carrier was observed even with a much lower concentration
of the inhibitor.

Increased concentrations of 1-NOA and 2-NOA com-
pletely blocked the dynamics of membranes, with sub-
sequent detrimental effects on cell division. In contrast, no
such dramatic effects were seen following treatment with
CHPAA, which therefore appears to be the most reliable
auxin influx inhibitor that already acts at low concentra-
tions and has no obvious influence on membrane dynamics.

Nevertheless, the possibility that higher concentrations of
the inhibitors tested could affect vesicles that are trans-
ported towards the plasma membrane by a mechanism
dependent on actin dynamics (Dhonukshe et al, 2008)
cannot be excluded.

The analysis of the phenotype and growth of the tobacco
BY-2 cells revealed distinct effects of 1-NOA compared
with 2-NOA and CHPAA. The action of 1-NOA resulted in
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decreased cell division activity and in increased cell
elongation. These defects could also possibly be attributed
to a decreased dynamics of the plasma membrane and an
observed ‘auxin starvation’ phenotype might be of second-
ary character. Interestingly, auxin influx inhibitors 2-NOA
and CHPAA decreased the accumulation of [*H]2,4-D (see
Fig. 2), a good substrate for auxin influx carriers and their
application even slightly stimulated cell division. This is
consistent with the finding that their action might stimulate
the synthesis of endogenous auxin, as reported after auxin
deprivation in another tobacco cell line VBI-0 (Zazimalova
et al., 1995). Although 10 uM NPA had no significant
effect in the experiments performed under conditions used
in this study, at higher concentrations it may produce
defects in the polarity of cell division in tobacco BY-2 cells
as well as in another auxin-dependent tobacco cell line
VBI-0 (Dhonukshe et al, 2005; Petrasek er al, 2002,
respectively).

The effects of auxin transport inhibitors are summarized
in the scheme shown in Supplementary Fig. S5 at JXB
online. It also highlights the importance of the rate of the
particular vesicle trafficking process that may determine
the extent of the action of 1-NOA, 2-NOA, and CHPAA on
the membrane dynamics. The potential importance of the
distinct sensitivity of the membrane domains containing
particular transport proteins to the action of inhibitors
cannot be excluded. Generally, our results point to the so
far unknown effect on vesicle trafficking of the putative
auxin influx inhibitors.
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