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Phytotropins such as 1-N-naphthylphthalamic acid (NPA) strongly inhibit auxin efflux, but the mechanism of this inhibition
remains unknown. Auxin efflux is also strongly decreased by the vesicle trafficking inhibitor brefeldin A (BFA). Using
suspension-cultured interphase cells of the BY-2 tobacco (Nicotiana tabacum L. cv Bright-Yellow 2) cell line, we compared the
effects of NPA and BFA on auxin accumulation and on the arrangement of the cytoskeleton and endoplasmic reticulum (ER).
The inhibition of auxin efflux (stimulation of net accumulation) by both NPA and BFA occurred rapidly with no measurable
lag. NPA had no observable effect on the arrangement of microtubules, actin filaments, or ER. Thus, its inhibitory effect on
auxin efflux was not mediated by perturbation of the cytoskeletal system and ER. BFA, however, caused substantial
alterations to the arrangement of actin filaments and ER, including a characteristic accumulation of actin in the perinuclear
cytoplasm. Even at saturating concentrations, NPA inhibited net auxin efflux far more effectively than did BFA. Therefore,
a proportion of the NPA-sensitive auxin efflux carriers may be protected from the action of BFA. Maximum inhibition of
auxin efflux occurred at concentrations of NPA substantially below those previously reported to be necessary to perturb
vesicle trafficking. We found no evidence to support recent suggestions that the action of auxin transport inhibitors is

mediated by a general inhibition of vesicle-mediated protein traffic to the plasma membrane.

The polar transport of auxins (such as indole-3-
acetic acid [IAA]) plays a crucial role in the regula-
tion of growth and development in plants (Davies,
1995). Much experimental evidence supports the pro-
posal by Rubery and Sheldrake (1974) and Raven
(1975) that auxin transport polarity results from the
differential permeabilities of each end of transporting
cells to auxin anions (IAA™) and undissociated auxin
molecules (IAA; for review, see Goldsmith, 1977).
IAA (a weak organic acid) is relatively lipophilic and
can readily enter cells by diffusion from the more
acidic extracellular space; the IAA™ anion, on the
other hand, is hydrophilic and does not cross mem-
branes easily. As a consequence, auxins tend to ac-
cumulate in plant cells by a process of “anion trap-
ping” and exit the symplast with the intervention of
transmembrane auxin anion efflux carriers (Gold-
smith, 1977). There is now overwhelming evidence
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that the differential efflux of IAA™ anions from the
two ends of auxin-transporting cells results from an
asymmetric (polar) distribution of such carriers
(Goldsmith, 1977, Lomax et al., 1995). Genes encod-
ing putative auxin influx and efflux carriers have
been identified from Arabidopsis and other species
(for review, see Morris, 2000; Muday and DeLong,
2001; Friml and Palme, 2002). It has been shown that
efflux carrier proteins, encoded by members of the
PIN (PIN-FORMED) gene family, and possibly influx
carriers (encoded by AUX1), are targeted to specific
regions of the plasma membrane (PM) in auxin-
transporting cells (Bennett et al., 1996; Galweiler et
al., 1998; Miiller et al., 1998; Swarup et al., 2001; for
review, see Friml and Palme, 2002).

Studies employing specific inhibitors of components
of the polar auxin transport process have played a
major role in shaping our understanding of the polar
auxin transport machinery. The most widely used
inhibitor of auxin efflux is 1-N-naphthylphthalamic
acid (NPA), a well-characterized member of a group
of inhibitors known as phytotropins (Katekar and
Geissler, 1980; Rubery, 1990). The application of NPA
to various plant tissues results in the inhibition of
auxin efflux carrier activity and, as a consequence,
increases auxin accumulation in cells (for review, see
Morris, 2000). Although the mechanism of its inhib-
itory action on polar auxin transport remains ob-
scure, it seems to be mediated by a specific, high
affinity, NPA-binding protein (NBP; Sussman and
Gardner, 1980; Rubery, 1990). Observations on zuc-
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chini (Cucurbita pepo) hypocotyl cells have shown
that the NBP is probably a peripheral membrane
protein located on the cytoplasmic face of the PM and
associated with the cytoskeleton (Cox and Muday,
1994; Dixon et al., 1996; Butler et al., 1998; but com-
pare with Bernasconi et al., 1996). Protein synthesis
inhibitors such as cycloheximide (CH) rapidly un-
couple carrier-mediated auxin efflux and the inhibi-
tion of efflux by NPA (Morris et al., 1991). In the
short term, however, CH has no effect on either the
specific and saturable binding of NPA or on auxin
efflux itself, suggesting that the NBP and the efflux
catalyst may interact through a third, rapidly turned
over protein (Morris et al., 1991; for discussion, see
Morris, 2000; Luschnig, 2001). Although the identity
of the NBP and its mechanism of action on auxin
efflux carriers remain unknown, the Arabidopsis tir3
(transport inhibitor response 3) mutant exhibits a re-
duced number of NPA-binding sites and a reduction
in polar auxin transport (Ruegger et al., 1997). Thus,
TIR3 (renamed BIG by Gil et al., 2001, to reflect the
unusually large size—566 kD—of the protein it en-
codes) may code for an NBP or may be required for
NBP expression, localization, or stabilization (for dis-
cussion see Gil et al., 2001; Luschnig, 2001).

In addition to polar auxin transport inhibitors,
drugs that inhibit Golgi-mediated vesicle traffic, such
as brefeldin A (BFA) and monensin, also very rapidly
inhibit auxin efflux carrier activity in zucchini hypo-
cotyl tissue (Wilkinson and Morris, 1994; Morris and
Robinson, 1998), and in suspension-cultured tobacco
(Nicotiana tabacum L. cv Xanthi XHFDS) cells (Del-
barre et al., 1998). They also inhibit polar auxin trans-
port through tissue (Robinson et al., 1999). However,
the time lag for inhibition of efflux carrier activity by
BFA (minutes) is considerably shorter than the lag for
inhibition of efflux activity by protein synthesis in-
hibitors (up to 2 h; Morris et al., 1991). This implies
that efflux catalysts turn over very rapidly in the PM
without a requirement for concurrent protein synthe-
sis, a situation that contrasts sharply with the inhib-
itory action of NPA on auxin efflux, which does
require concurrent protein synthesis (see above). Re-
sults of a detailed comparison of the effects of CH
and BFA on efflux carrier activity revealed that efflux
carrier proteins probably cycle between the PM and
an unidentified intracellular compartment (Robinson
et al., 1999; compare with Delbarre et al., 1998). This
possibility has been strongly supported by the obser-
vation that AtPIN1, a member of a family of putative
Arabidopsis auxin efflux carrier proteins (see Friml
and Palme, 2002), is rapidly and reversibly internal-
ized after BFA treatment of Arabidopsis roots (Geld-
ner et al., 2001).

A link has been suggested recently between the
inhibitory action of polar auxin transport inhibitors
on auxin efflux and their inhibitory effects on the
actin-dependent vesicle trafficking and cycling of ef-
flux carrier proteins (Geldner et al., 2001). Treatment
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of Arabidopsis roots with the auxin transport inhib-
itor 2,3,5-triiodobenzoic acid (TIBA) prevented the
BFA-induced internalization of the putative auxin
efflux carrier AtPIN1 and prevented the traffic of
internalized PIN1 to the PM after BFA washout. This
would have the effect of reducing the density of
carriers in the PM available for auxin efflux. The
authors found similar effects of TIBA on a rapidly
turned-over PM-ATPase and the KNOLLE gene
product (a syntaxin involved in vesicle docking; see
Muday and Murphy, 2002). As a consequence, a
rather general action of auxin transport inhibitors
on membrane-trafficking processes was suggested,
rather than a specific effect on auxin efflux carriers
(Geldner et al., 2001).

The site-directed traffic of auxin efflux carrier pro-
teins involves not only the Golgi-mediated secretory
system itself, but also the participation of compo-
nents of the cytoskeletal system. The application
of cytochalasin (an actin-depolymerizing agent) re-
duced polar auxin transport in maize (Zea mays) co-
leoptiles (Cande et al., 1973) and in zucchini hypoco-
tyls (Butler et al., 1998). Moreover, cytochalasin D has
been shown recently to block the cycling of PIN1
between endosomal compartments and the PM in
Arabidopsis roots (Geldner et al., 2001). These ob-
servations are consistent with an important role for
actin filaments (AFs) in the proper localization and
function of components of the auxin efflux carrier
complex (for review, see Muday, 2000; Muday and
Murphy, 2002). Evidence from a careful in vitro
biochemical analysis of the association between the
NBP and the cytoskeleton in membrane prepara-
tions from zucchini hypocotyls indicates a strong
link between NPA action and the actin cytoskeleton
(Butler et al., 1998). Only treatments that stabilized
F-actin (phalloidin), but not those that stabilized
microtubules (MTs; taxol), increased NPA-binding
activity. Furthermore, direct interaction between the
high-affinity NBP and F-actin was proven by F-actin
affinity chromatography in the same system (Hu et
al., 2000).

The processes that regulate the cycling of the efflux
carrier proteins and that direct their traffic to specific
areas of the PM remain unknown, although recent
observations are beginning to provide insights into
possible mechanisms. Gil et al. (2001) have reported
that tir3 (see above) and docl (dark overexpression of
CAB; Lietal., 1994) are allelic mutants of a gene (BIG)
that has significant identity with the CAL/O (CALOS-
SIN/PUSHOVER) gene. The product of CAL/O is in-
volved in the regulation of synaptic vesicle cycling in
Drosophila melanogaster (Richards et al., 1996). BIG
(TIR3) is required for normal auxin transport in
plants and is probably associated with the actin cy-
toskeleton (Cox and Muday, 1994; Butler et al., 1998).
Because the cycling of putative auxin efflux carrier
proteins involves BFA-sensitive and actin-dependent
vesicle traffic to the PM (Geldner et al., 2001), BIG
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may play a similar role in plants to that of CAL/O in
D. melanogaster, and regulate this directed vesicle
traffic.

The observations discussed above associate the in-
hibition of auxin efflux carrier activity by NPA with
effects of the compound on actin-dependent and
Golgi vesicle-mediated targeting of efflux carrier pro-
tein to the PM. Nevertheless, almost nothing is
known about the effects (if any) of NPA or other
phytotropins on the organization of components of
the cytoskeleton or on the vesicle secretory system.
Given the possibility that phytotropins might have
a general effect on vesicle traffic to the PM and on
the cycling of proteins between the PM and endoso-
mal compartments (as suggested by Geldner et al.,
2001; but see “Discussion”), some physical disrup-
tion of the secretory pathway and/or cytoskeleton
might be expected to occur after the application of
these compounds. However, to the best of our
knowledge, no such disruption has been reported so
far.

Here, we report an investigation to compare the
action of BFA and NPA on both auxin accumulation
and on the arrangement and structure of compo-
nents of the secretory pathway and the cytoskeleton
(AFs, MTs, and endoplasmic reticulum [ER]) in sus-
pension-cultured BY-2 tobacco cells. Using a new
quantitative method to study the rearrangement of
AFs and the formation of actin clusters in the pe-
rinuclear region of cells, we show that although
both of these compounds increase auxin accumula-
tion by inhibiting auxin efflux, only BFA has an
effect on the structure of AFs and the ER. Our
observations lead us to suggest that although radial
and perinuclear (but possibly not cortical) AFs and
ER are required for normal auxin efflux, the inhib-
itory action of NPA on efflux does not involve any
changes in the cytoskeleton and ER.

RESULTS
Effects of NPA and BFA on the Accumulation of Auxin

The rate of [°H]-labeled naphthalene-1-acetic acid
(PHINAA) accumulation by BY-2 cells is shown in
Figures 1A and 2A. After an initial period of rapid
uptake lasting 3 to 10 min depending on experiment,
uptake settled to a slower, steady rate that was main-
tained for up to 40 min. Accumulation was extremely
sensitive to NPA and was stimulated approximately
3-fold in the presence of 10 or 50 uMm NPA (Fig. 1A).
An NPA concentration dependence study indicated
that [PH]NAA accumulation was maximally stimu-
lated by as little as 1.0 um NPA and that the stimu-
latory effect of NPA began to decline rapidly at con-
centrations around or greater than 100 um (Fig. 1B).
Because of the greatly reduced stimulation of
[PHINAA accumulation at high concentrations of
NPA, possibly caused by toxic side effects not di-
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Figure 1. The effect of NPA on the net accumulation of PHINAA (2
nMm) in 2-d-old BY-2 cells. A, Time course of net [?’H]NAA accumu-
lation in the absence (@, control) and in the presence of 10 um (O),
50 wm (M), and 200 um (CJ) NPA. Error bars = sks of the mean (n =
3). B, The effect of concentration of NPA on net [?’H]NAA accumu-
lation, measured over 20 min, by 2-d-old BY-2 cells. Results ex-
pressed as mean radioactivity per 0.5 mL of cell suspension (cell
density 7 X 10° cells mL™"). Error bars = sts of the mean (n = 4).

rectly related to auxin efflux, the maximum concen-
tration of NPA employed in subsequent cytological
observations was restricted to 50 um.

A similar picture emerged in the case of BFA (Fig.
2), although the maximum stimulation of [PHINAA
accumulation (at between 10 and 40 um BFA) was
lower than that caused by NPA (compare Figs. 1A
with 2A, and 1B with 2B). As with NPA, high con-
centrations of BFA (100 um) reduced the stimulation
of [PHINAA accumulation (Fig. 2B).

Over the uptake period used here, no significant
metabolism of [PHINAA by BY-2 cells was detected.
Apart from a small amount of label that remained at
the origin in all chromatography solvents used (less
than 10% of the total label recovered), the recovered
ethanol-soluble radioactivity migrated as a single
spot that had the same mobility on cellulose thin-
layer plates as authentic [PHINAA (data not shown).
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Figure 2. The effect of BFA on the net accumulation of [PHINAA (2
nMm) in 2-d-old BY-2 cells. A, Time course of net [?’HINAA accumu-
lation in the absence (@, control) and in the presence of 20 um (O),
40 pm (H), and 100 pm () BFA. Error bars = sks of the mean (n =
3). B, The effect of concentration of BFA on net [?°HINAA accumu-
lation, measured over 20 min, by 2-d-old BY-2 cells. Results ex-
pressed as mean radioactivity per 0.5 mL of cell suspension (cell
density 7 X 10° cells mL™"). Error bars = sts of the mean (n = 4).

Effects of BFA and NPA on AFs and MTs

To test the reaction of the cytoskeleton to the ap-
plication of agents that modify polar auxin transport,
the arrangement of both AFs and MTs in BFA- and
NPA-treated cells was studied during a 30-min incu-
bation period in parallel with the auxin accumulation
measurements described above. Because the cell pop-
ulations used to measure auxin accumulation were
predominantly in interphase, we investigated the ar-
rangement of the interphase cytoskeleton (MTs and
AFs in the cortical cytoplasm and AFs in the trans-
vacuolar strands and perinuclear region). Typical in-
terphase BY-2 tobacco cells contained fine and trans-
versally oriented AFs (Fig. 3A) and MTs (Fig. 3G) in
the cortical cytoplasm, together with radially ori-
ented AFs in transvacuolar strands and in the perinu-
clear region (Fig. 3D). There were no MTs in trans-
vacuolar strands and around the nucleus in
interphase cells (Fig. 3G). Although both NPA and
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BFA significantly increased auxin accumulation
(Figs. 1 and 2), their effects on cytoskeleton arrange-
ment differed considerably. Although the fine corti-
cal AFs and MTs retained their transverse orientation
after a 30-min treatment with 20 um BFA (Fig. 3, B
and H), BFA had a dramatic effect on the arrange-
ment of the radial and perinuclear AFs (Fig. 3E). Fine
AFs in the transvacuolar strands collapsed and actin
became concentrated in clusters around the nucleus
(Fig. 3E).

We have developed a simple procedure for the
evaluation of quantitative changes in actin aggrega-
tion in the perinuclear region, utilizing image analy-
sis software. This method is based on the fact that
relative fluorescence intensities of regions with ag-
gregated actin are very different from the back-
ground fluorescence intensities. Thus, aggregation of
actin increases the degree of variation in fluorescence
intensities of individual pixels in the area of interest.
Full details of the procedure are described in “Mate-
rials and Methods” (see also Fig. 4). This procedure
was used to evaluate the effects of BFA and it was
shown that the degree of actin aggregation noticeably
increased with duration of treatment (Fig. 4E). The
highest BFA concentration tested (100 um) was
shown to be inhibitory for actin aggregation in the
same way that it was inhibitory for auxin accumula-

Figure 3. The effect of BFA and NPA on the arrangement of AFs and
MTs in 2-d-old BY-2 cells. Control cells with fine AFs in the cortical

region (A), radially oriented AFs in transvacuolar strands (D), and
transversely oriented cortical MTs (G). B, E, and H, AFs and cortical
MTs after 30-min incubation in 20 um BFA. Modification of AFs
staining pattern in cortical (B) and perinuclear region (E), where AFs
in transvacuolar strands are “pulled down,” forming clusters around
the nucleus. H, Unaffected arrangement of cortical MTs. C, F, and |,
AFs and cortical MTs after 30-min incubation in 50 um NPA. Unal-
tered AFs staining pattern in the cortical (C) and perinuclear region (F).
I, Transversally oriented cortical MTs with no obvious changes. Each
image is representative of cells in the treatment specified. Approxi-
mately 1,000 cells per treatment were examined. Scale bars = 10 um.
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Figure 4. The quantification of BFA effect on AFs. Grabbed images of
tetramethylrhodamine B isothiocyanate (TRITC)-phalloidin-stained
control (A) and BFA-treated cells (C) after transformation to comple-
mentary colors. B and D, Interactively applied circular measuring
frame over the perinuclear region for the measurement of the relative
optical density variation (ODV) parameter. See “Materials and Meth-
ods” for details. E, Relative ODV in control (white columns) and in
the presence of 20 um (shaded columns), 40 um (checked columns),
and 100 um (black columns) BFA. F, Relative ODV after 30-min
incubation in 20 um BFA (time O min, shaded column) and after
washout and subsequent 30-min incubation in fresh medium without
BFA (time 30 min, white column) and in the presence of 20 um BFA
in the medium (time 30 min, shaded column). Error bars = sts of the
mean (n = 10 optical fields, 30 cells assessed in each).
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tion (compare Fig. 4E with 2B). The effect of BFA on
AFs was reversible and 30 min after washout of BFA
with fresh medium, the actin clusters disappeared
and the ODV parameter decreased again to control
values (Fig. 4F).

In contrast to BFA, 30 min of incubation in 50 um
NPA did not cause any changes in the arrangement
of AFs in cortical region (Fig. 3C; compare with Fig.
3, A and B) as well as around the nucleus and in the
transvacuolar strands (Fig. 3F; compare with Fig. 3, D
and E). Correspondingly, cortical MTs were also un-
affected after 30 min in 50 um NPA (Fig. 3I; compare
with Fig. 3, G and H).

The Effect of BFA and NPA on the ER

In addition to the Golgi apparatus, the plant ER has
also been shown to be sensitive to BFA treatment
(Henderson et al., 1994). Therefore, we investigated if
the ER was also affected in cells in which BFA or
NPA stimulated the accumulation of auxin. The be-
havior of ER in interphase cells of BY-2 after NPA or
BFA treatment was followed in vivo using cells
transformed with the pBIN m-gfp5-ER plant binary
vector coding for the ER-localized fusion protein
(mGFP5-ER). In exponentially growing control in-
terphase cells, ER was present in the form of a
tubular network penetrating not only the cortical
layer of cytoplasm (Fig. 5A), but also the transvacu-
olar strands and perinuclear region (Fig. 5D). Within
this network, small motile bodies were observed
(video sequence can be seen at http://www.ueb.cas.
cz/laboratory_of_hormonal_regulations/BFAmovies.
htm). The movement of these bodies was observed
over the surface of the network of ER tubules that
constantly changed its orientation and pattern. Treat-
ment of cells with 20 um BFA for 30 min resulted
in disintegration of the fine tubular network of ER,
the formation of large sheets of ER, and the aggrega-
tion of the signal into a large number of bright fluo-
rescent spots (Fig. 5B; video sequence can be seen at
http://www.ueb.cas.cz/laboratory_of_hormonal_
regulations/BFAmovies.htm). However, the first
observable effects of BEA were clear after only 5 min
(data not shown), when disintegration of the tubular
network and formation of fluorescent spots started.
On the other hand, even after 30 min of 20 um BFA
treatment, there were still cells with no obvious
damage of ER. The accumulation of GFP fluores-
cence was also observed in the perinuclear region
(Fig. 5E). Moreover, the movement of small motile
bodies inside ER tubules decreased during a 30-min
incubation in 20 um BFA and had almost stopped by
the end of that time period. Longer treatment with
20 um BFA (7 h) resulted in the formation of large
sheets of ER and intensively fluorescing bodies of
irregular shape and size (data not shown).

In contrast to BFA, a 30-min incubation in 50 um
NPA had no observable effects on either ER structure
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Figure 5. The effect of BFA and NPA on the arrangement of ER in
2-d-old BY-2 cells expressing mGFP5-ER. A and D, Green fluorescent
protein (GFP) fluorescence in control cells. Optical cuts through
cortical region (A) and perinuclear region (D). B and E, GFP fluores-
cence in cells after 30-min incubation in 20 um BFA. The formation
of bright fluorescent spots (B) and large sheets (B, asterisks) in the
cortical layer are shown. Bright fluorescent spots in transvacuolar
strands and in the perinuclear region (E). Video files showing control
cells and the effect of 30-min incubation in 20 um BFA can be seen
at http://www.ueb.cas.cz/laboratory_of_hormonal_regulations/
BFAmovies.htm. C and F, GFP fluorescence in cells after 30-min
incubation in 50 um NPA. Unaltered ER in the cortical (C) and
perinuclear region (F). Bars = 10 pm.

or arrangement (Fig. 5, C and F); furthermore, no
changes in the movement of small bodies were found.

The effects of both NPA and BFA on the cell struc-
tures examined and on auxin accumulation are sum-
marized in Table 1.

DISCUSSION

The Actions of NPA and BFA on Auxin
Accumulation Differ

In suspension-cultured tobacco cells, NAA accu-
mulation (inhibition of efflux) is controlled predom-
inantly by the activity of NPA-sensitive auxin efflux
carriers (Delbarre et al., 1996). Our results reveal a
major discrepancy between the concentration of NPA
required to saturate the inhibition of auxin efflux (1
uM) and those reported to be necessary to inhibit
either the BFA-sensitive cycling of PIN1 between the
PM and an internal compartment (200 um; Geldner et
al., 2001), or PIN1 internalization in the tir3 mutant of
BIG (150 uwm; Gil et al., 2001). These observations
suggest that the stimulation of NAA accumulation in
tobacco cells by NPA (Delbarre et al., 1996; Petrasek
et al., 2002; this report) is unlikely to have resulted
from perturbation of efflux carrier cycling. We show
here that in suspension-cultured cells of BY-2 to-

Plant Physiol. Vol. 131, 2003

Inhibition of Auxin Efflux in BY-2 Tobacco Cells

bacco, the stimulation of NAA accumulation by NPA
was markedly reversed at concentrations of NPA
around 10 to 30 um. In another tobacco cell line
(VBI-0), although high concentrations of NPA (up to
at least 100 um) did not cause such a reversal, abnor-
malities in cell division and loss of cell polarity oc-
curred at concentrations of NPA even as low as 10
uM (Petrasek et al., 2002). Therefore, at concentra-
tions of NPA not much greater than those necessary
to saturate auxin accumulation, both cell behavior
and auxin transport may be perturbed by mecha-
nisms that have nothing to do with the specific effects
of NPA on the auxin efflux machinery.

The inhibitory effect of NPA on auxin efflux is
extremely rapid. In the suspension-cultured tobacco
cells used in our experiments, the stimulation of
NAA accumulation by NPA occurred without mea-
surable time lag. This indicates that in cell suspen-
sions, in which NPA would be expected to reach
binding sites very rapidly, the inhibitory effect of the
compound on auxin efflux carrier activity is very fast.
This rapid response contrasts with the rather long
treatment periods used in the experiments of Geldner
et al. (2001; 2 h) and of Gil et al. (2001; 3 h) to study
the effects of NPA and BFA on PINI cycling and
localization. Unfortunately, no information on the
kinetics of the inhibitory effect of NPA on efflux
carrier cycling was provided.

Consistent with its reported inhibitory effect on
efflux carrier traffic to the PM (Delbarre et al., 1998;
Morris and Robinson, 1998; Robinson et al., 1999;
Geldner et al., 2001; see introduction), BFA also
strongly promoted NAA accumulation by BY-2 cells
in a concentration-dependent manner. However, as
with NPA, high concentrations of BFA (above 30 um)
reversed the stimulation of auxin accumulation. This
biphasic response is correlated with the action of BFA
on the actin cytoskeleton (discussed below). In the
cell suspensions used in our experiments, the maxi-
mum stimulation of NAA accumulation observed
(22.7% after 20 min at 10 um BFA) was substantially
less than the maximum stimulation caused by NPA
treatment (130.2% after 20 min at 1 um). These results
imply that although BFA may be effective in inhibit-
ing membrane vesicle cycling, even under conditions
where the response to BFA is maximal, a small pro-
portion of carrier proteins continues to catalyze auxin
efflux across the PM. Evidence for this possibility
comes from the results of Geldner et al. (2001). These

Table I. Summary of the effects of NPA (10-200 um) and BFA
(20-100 um) on cell structures and auxin accumulation in suspen-
sion-cultured 2-d-old BY-2 tobacco cells

. Actin Endoplasmic Auxin
Compound Microtubules Filaments Reticulum Accumulation
NPA _a _ _ 4b
BFA - + + +

2_, No differences from control observed. b4 Structure af-

fected and/or auxin accumulation increased.
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authors demonstrated that treatment of Arabidopsis
seedling roots with 50 um BFA for 2 h resulted in
internalization of PIN1. However, close examination
of their Figure 1B illustrating this result (Geldner et
al., 2001) suggests appreciable residual fluorescence
in the PM from PIN1 markers.

BFA But Not NPA Affects the Cytoskeleton

Although a role for the cytoskeleton in polar auxin
transport has been established (for review, see Mu-
day, 2000), only few data are available on the state of
AFs and MTs after disruption of polar auxin trans-
port with inhibitors. Thus, we compared the effects
of NPA and BFA on the arrangement and structure of
the cytoskeleton under the same conditions as those
used to study the effects of these compounds on
NAA accumulation. In agreement with Saint-Jore et
al. (2002), who reported that treatment of BY-2 cells
with BFA did not affect cortical MTs and AFs, we
also found no effect of BFA on cortical cytoskeletal
components. However, in the perinuclear region we
found that BFA caused actin to form prominent clus-
ters. To our knowledge, this is the first report of this
phenomenon in plants.

The lack of information about perinuclear actin
possibly stems from the fact that most previous stud-
ies have concentrated on AFs in the cortical layer of
cytoplasm, and the perinuclear region has largely
been overlooked (compare with Satiat-Jeunemaitre et
al., 1996; Saint-Jore et al., 2002). Recently, Waller et al.
(2002) reported an increased membrane association
of cortical actin and bundling of cortical AFs in maize
epidermal cells after BFA treatment. This suggests
that under some circumstances, even cortical actin
can be modified by treatment with BFA. Because
phalloidin (used here for actin cytoskeleton visual-
ization) binds preferentially to F-actin, it is likely that
the newly formed actin clusters produced in the pe-
rinuclear region consist of the filamentous form of
actin. A possible explanation for the formation of the
perinuclear actin clusters is that actin may play a role
in the process of ER-Golgi apparatus fusion after BFA
treatment (compare with Ritzenthaler et al., 2002).

The quantitative image analysis showed that pe-
rinuclear actin cluster formation increased with in-
creasing concentrations of BFA up to 40 um but de-
clined substantially with further increase in BFA
concentrations to 100 uM. A possible interpretation is
that at high concentrations of BFA, the ER-Golgi
hybrid compartment (Ritzenthaler et al., 2002) is not
formed. As a consequence, AFs are unable to reorga-
nize into clusters. The reduction in actin cluster for-
mation at high BFA concentrations correlates with
the reduced stimulation of NAA accumulation under
the same conditions. One possibility is that the two
processes are functionally connected.

In contrast to BFA, the phytotropin NPA did not
cause any changes in the arrangement of either MTs
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or APFs at concentrations that clearly inhibit NAA
transport. The lack of effect on the arrangement of
MTs is consistent with similar observations by
Hasenstein et al. (1999) on maize root cells, who
found that the inhibition of auxin transport by NPA
was not accompanied by changes in the orientation
of cortical MTs. Several reports strongly point to an
association of the NBP and F-AFs (Cox and Muday,
1994; Butler et al., 1998; Hu et al., 2000). Although
this association seems essential for the inhibitory ac-
tion of NPA on auxin efflux, the binding of NPA to
the NBP appears not to disrupt the association of the
NBP with the actin cytoskeleton (Hu et al., 2000; this
report). Thus, we conclude that the inhibitory action
of NPA on auxin efflux from plant cells is not asso-
ciated with disruption of the cytoskeletal system.

BFA But Not NPA Affects the ER

To follow possible mechanisms underlying the
changes in perinuclear actin organization, we also
investigated the structure of ER in interphase BY-2
cells. Using cells expressing a fusion protein contain-
ing GFP and ER-signaling and ER-retention amino
acid (His-Asp-Glu-Leu, HDEL) sequences, both mo-
bile particles and a static polygonal network of tu-
bules were observed as reported for other fusion
proteins containing an HDEL retention signal (Bo-
evink et al., 1996; Haseloff et al., 1997). Because pro-
teins containing an HDEL retention sequence might
occasionally escape from the ER to the cis-Golgi ap-
paratus, where HDEL binds to a specific receptor
(Boevink et al., 1998), the possibility cannot be ex-
cluded that the fluorescence signal could also be
observed in the structure of the cis-Golgi. However,
it is unlikely that the mobile particles seen in control
cells in this study are Golgi stacks because they did
not move in the stop and go fashion characteristic of
Golgi stacks (Nebenfiihr et al., 1999). One possibility
is that they are the small, dilated cisternae of ER
described previously in Brassicaceae and tobacco
guard cells by Hawes et al. (2001). Treatment of cells
with BFA resulted in the appearance of brightly flu-
orescing static spots at the surface of the ER sheets.
Similar results were reported by Boevink et al. (1999)
and Batoko et al. (2000) for the transient expression of
a GFP-HDEL-containing protein. These fluorescing
spots may be accumulations of GFP in the ER, but a
positive identification has not yet been made (C.
Hawes, personal communication). The disintegration
of the ER that was observed in our experiments is in
agreement with results of Henderson et al. (1994),
who showed disruption of ER after 3 h of treatment
with BFA in maize root cells by immunofluorescence
microscopy with anti-HDEL antibody. Ritzenthaler
et al. (2002) reported that up to 20 min, treatment
with BFA caused no visible alteration in ER morphol-
ogy in BY-2 cells. Our results indicated that the first
observable changes in ER-targeted GFP distribution
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in BY-2 cells can be seen in as little as 5 min after BFA
application, when disintegration of the tubular net-
work and formation of fluorescent spots started.

In contrast to BFA treatments, NPA had no effect
on ER-targeted GFP distribution in BY-2 cells. To our
knowledge, no other data about phytotropin effects
on ER are yet available.

The NPA Enigma

Geldner et al. (2001) reported that TIBA (and pos-
sibly also other auxin transport inhibitors) prevented
the BFA-induced internalization of PIN1 and the traf-
fic of internalized PIN1 to the PM after the BFA
washout. Because similar effects of TIBA were ob-
served on the cycling of a PM-ATPase and of the
syntaxin KNOLLE, these authors suggested that
auxin transport inhibitors affect auxin efflux by gen-
erally interfering with membrane trafficking pro-
cesses. To generalize from these findings, however,
may be premature, not least because TIBA is not a
good representative of auxin transport inhibitors.
First, TIBA does not fulfill the structural require-
ments of typical phytotropins and acts as a weak
auxin antagonist (Katekar and Geissler, 1980). Al-
though it inhibits auxin transport (Katekar and Geis-
sler, 1980; Rubery, 1990), its high-affinity binding to
maize microsomal preparations is only partially dis-
placed by NPA (Depta et al., 1983), suggesting dif-
ferent loci of action of TIBA and phytotropins. Sec-
ond, it has long been established that TIBA is itself a
weak auxin, which unlike NPA, undergoes carrier-
mediated polar transport on carriers that can be com-
peted by IAA, 2,4-dichlorophenoxyacetic acid, and
NAA (Depta and Rubery, 1984). Third, work in our
laboratory has shown that in BY-2 tobacco cells, the
stimulation of NAA accumulation (2 nm) is saturated
by as little as 1 um TIBA (H. Slizowska, M. El¢kner,
and E. Zazimalovd, unpublished data). Last, and
more importantly, unlike NPA and IAA, at the con-
centration of 25 uMm used by Geldner et al. (2001),
TIBA causes substantial cytoplasmic acidification
(Depta and Rubery, 1984). This, in turn, is likely to
have nonspecific side effects on many cellular pro-
cesses, possibly including secretory mechanisms.

We believe that there are other good reasons to be
cautious in accepting the suggestion that auxin trans-
port inhibitors act by generally interfering with ves-
icle traffic and turnover. The concentration of NPA
stated to be necessary to bring about a similar reduc-
tion in PIN1 cycling to that caused by 25 um TIBA
(200 uMm NPA; Geldner et al., 2001) is about two
orders of magnitude greater than the concentration
of NPA required to saturate inhibition of auxin efflux
(1-3 um; Petrasek et al., 2002; this report). Also, in
suspension-cultured tobacco cells, concentrations of
NPA exceeding about 50 uM reduce the stimulation
of NAA accumulation substantially, possibly as a
result of nonspecific side effects on the cells unre-
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lated to the specific regulation of auxin efflux
(Petrasek et al., 2002; this report). Finally, as dis-
cussed above, NPA has no effect on the arrangement
of the cytoskeleton or ER in BY-2 cells, even at
concentrations well above those that saturate the
inhibition of auxin efflux. Therefore, NPA cannot
inhibit actin-dependent vesicle traffic in general by
an indirect action on the structure of the cytoskele-
ton and ER.

In conclusion, although the vesicle trafficking in-
hibitor BFA mimics some of the physiological effects
of the phytotropin NPA, particularly insofar as they
both inhibit carrier-mediated auxin efflux across the
PM, our results clearly suggest that they do so by
affecting different cellular mechanisms.

MATERIALS AND METHODS
Plant Material

Cells of tobacco (Nicotiana tabacum L. cv Bright-Yellow 2) line BY-2
(Nagata et al., 1992) were cultivated in darkness at 26°C on an orbital
incubator (IKA KS501, IKA Labortechnik, Staufen, Germany; 120 rpm, or-
bital diameter 30 mm) in liquid medium (3% [w/v] Suc, 4.3 g L™ ! Murashige
and Skoog salts, 100 mg L™ inositol, 1 mg L~' thiamin, 0.2 mg L'
2,4-dichlorophenoxyacetic acid, and 200 mg L™ KH,PO, [pH 5.8]) and
subcultured weekly. Stock BY-2 calli were maintained on media solidified
with 0.6% (w/v) agar and subcultured monthly. Transgenic cells and calli
were maintained on the same media supplemented with 100 pg mL ™!
kanamycin and 100 pg mL ™! cefotaxim. All chemicals were obtained from
Sigma (St. Louis) unless otherwise stated.

Transformation of BY-2 Cells

The basic transformation protocol of An (1985) was used. A 2-mL aliquot
of 3-d-old BY-2 cells was co-incubated for 3 d with 100 uL of an overnight
culture of Agrobacterium tumefaciens strain C58C1 carrying pBIN m-gfp5-ER
plant binary vector (gift of Dr. Jim Haseloff, University of Cambridge, UK).
It codes for ER-localized GFP variant mGFP5-ER, a thermotolerant deriva-
tive of mGFP4-ER (Haseloff et al., 1997), and contains a C-terminal ER
retention signal sequence (HDEL). Incubated cells were then washed three
times in 50 mL of liquid medium containing 100 pg mL ™! cefotaxim and
plated onto solid medium containing 100 pg mL ™' kanamycin and 100 pg
mL ™! cefotaxim. Kanamycin-resistant colonies appeared after 3 to 4 weeks
of incubation in darkness at 27°C. Cell suspension cultures established from
these were maintained as described above, with the addition of 100 ug mL ™!
kanamycin and 100 ug mL~" cefotaxim to the cultivation medium.

Effects of NPA and BFA on Cytoskeleton Arrangement

Appropriate volumes of a 25 mm stock solution of BFA in 96% (w/v)
ethanol were added to cell cultures to give final concentrations of 20, 40, and
100 uMm. NPA (synthesized in the Institute of Experimental Botany, Prague;
compare with Petrasek et al., 2002) was added to cell cultures from 5 mm
stock solution in 96% (w/v) ethanol to a final concentration of 50 um
(determined by reference to NPA concentration studies; see above). Equiv-
alent volumes of 96% (w/v) ethanol were added to all control cultures.

Cell cultures were treated with BFA or NPA for 30 min with continuous
shaking at room temperature (approximately 25°C) before microscopic ex-
amination (see below). When required, washout of BFA was performed with
fresh cultivation medium after filtration of treated suspensions on 50-mm-
diameter cellulose filter paper discs on a Nalgene filter holder (Nalge
Company, Rochester, NY). Aliquots of 10 mL of cell suspension were
washed three times (10 min each time) in 50 mL of fresh cultivation medium,
and cells were examined immediately.
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Visualization of AFs

AFs were visualized by the method of Kakimoto and Shibaoka (1987)
modified according to Olyslaegers and Verbelen (1998). Filtered cells were
fixed for 10 min in 1.8% (w/v) paraformaldehyde (PFA) in standard buffer
(50 mm PIPES [pH 7.0], supplemented with 5 mm MgCl,, and 10 mm EGTA).
After a subsequent 10-min fixation in standard buffer containing 1% (v/v)
glycerol, cells were rinsed twice for 10 min with standard buffer. Then, 0.5
mL of the resuspended cells were incubated for 35 min with the same
volume of 0.66 um TRITC-phalloidin prepared freshly from 6.6 um stock
solution in 96% (w/v) ethanol by dilution (1:10 [v/v]) in phosphate-
buffered saline (PBS; 0.15 m NaCl, 2.7 mm KCl, 1.2 mm KH,PO,, and 6.5 mm
Na,HPO, [pH 7.2]). Cells were than washed three times for 10 min in PBS
and observed immediately.

Visualization of MTs

MTs were visualized as described by Wick et al. (1981) with the modifi-
cations described by Mizuno (1992). After 30 min of prefixation in 3.7%
(w/v) PFA in MT-stabilizing buffer consisting of 50 mm PIPES, 2 mm EGTA,
and 2 mm MgSO, (pH 6.9) at 25°C, the cells were subsequently fixed in 3.7%
(w/v) PFA and 1% (w/v) Triton X-100 in MT-stabilizing buffer for 20 min.
After treatment with an enzyme solution (1% [w/v] macerozyme and 0.2%
[w/v] pectinase) for 7 min at 25°C, the cells were attached to poly-L-Lys-
coated coverslips and treated with 1% (w/v) Triton X-100 in MT-stabilizing
buffer for 20 min. Subsequently, the cells were treated with 0.5% (w/v)
bovine serum albumin in PBS and incubated with a monoclonal mouse
antibody against a-tubulin (DM 1A, Sigma) for 45 min at 25°C (dilution
1:500 [v/v] in PBS). After washing with PBS, a secondary fluorescein iso-
thiocyanate (FITC)-conjugated anti-mouse antibody (Sigma), diluted 1:80
(v/v) in PBS, was applied for 1 h at 25°C. Coverslips with cells were
carefully washed in PBS, rinsed with water, and embedded in Mowiol
solution (Polysciences, Warrington, PA).

Microscopy and Image Analysis

Both fixed and live preparations were observed with an epifluorescence
microscope (Eclipse E600, Nikon, Tokyo) equipped with appropriate filter
sets for FITC and TRITC fluorescence detection. mGFP5-ER fluorescence
was observed using the FITC filter set. Images and time lapse scans were
grabbed with a monochrome integrating CCD camera (COHU 4910, COHU
Inc., San Diego) and digitally stored. The organization of both the cytoskel-
eton and ER were studied microscopically in at least 10 independent exper-
iments. Representative images in Figures 3 and 5 show an arrangement
typical for around 1,000 cells evaluated in each treatment. Subtle differences
reflect the variability of staining pattern and appearance of cells.

After this careful microscopic examination, LUCIA image analysis soft-
ware (Laboratory Imaging, Prague) was used for the evaluation of the effect
of BFA on perinuclear actin aggregation. Images of TRITC-phalloidin-
stained AFs were transformed to complementary colors (Fig. 4, A and C)
and a circular measuring frame was applied interactively over the perinu-
clear region (Fig. 4, B and D). The ODV parameter was measured. The ODV
parameter is the sp of optical density values under the circular measuring
frame, where the bigger the ODV, the higher the aggregation of actin. These
optical density values reflect the relative fluorescence intensities of individual
pixels. The method measures the “coherency” of the fluorescent signal in the
perinuclear region; the less coherent the signal, the greater the extent of actin
aggregation. Approximately 300 cells in 10 optical fields were assessed for
each sample.

Auxin Accumulation Measurement

Auxin accumulation by cells was measured according to the method of
Delbarre et al. (1996), modified by Petrasek et al. (2002). The accumulation
by the cells of [PH]NAA (specific radioactivity 935 GBq mmol !, synthe-
sized at the Isotope Laboratory, Institute of Experimental Botany, Prague),
was measured in 0.5-mL aliquots of cell suspension (cell density about 7 X
10° cells mL ™!, as determined by counting cells in Fuchs-Rosenthal hemo-
cytometer). Each cell suspension was filtered, resuspended in uptake buffer
(20 mm MES, 40 mm Suc, and 0.5 mm CaSO,, pH adjusted to 5.7 with KOH),
and equilibrated for 45 min with continuous orbital shaking. Equilibrated
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cells were collected by filtration, resuspended in fresh uptake buffer, and
incubated on the orbital shaker for 1.5 h in darkness at 25°C. [P HINAA was
added to the cell suspension to give a final concentration of 2 nm. After a
timed uptake period (depending on experiment, see above), 0.5-mL aliquots
of suspension were withdrawn and accumulation of label was terminated
by rapid filtration under reduced pressure on 22-mm-diameter cellulose
filters. The cell cakes and filters were transferred to scintillation vials,
extracted in ethanol for 30 min, and radioactivity was determined by liquid
scintillation counting (Packard Tri-Carb 2900TR scintillation counter, Pack-
ard Instrument Co., Meriden, CT). Counts were corrected for surface radio-
activity by subtracting counts obtained for aliquots of cells collected imme-
diately after the addition of [*HINAA. Counting efficiency was determined
by automatic external standardization, and counts were corrected automat-
ically. NPA or BFA were added as required from ethanolic stock solutions
to give the appropriate final concentration (see above). In time course
experiments, aliquots of cell suspension were removed at timed intervals
varying from 0 to 40 min from the start of experiments; the concentration
dependence of auxin accumulation in response to NPA or BFA was deter-
mined after a 20-min uptake period.

Metabolism of Labeled Compounds

Possible distortion of the results of auxin accumulation studies by me-
tabolism of the [PH]NAA taken up by the cells was checked. Cells of BY-2
were incubated for 30 min as described in the presence of 2 nm [PHINAA. At
the end of the incubation period, 10-mL aliquots of the incubated suspen-
sions were quickly filtered on paper with gentle suction, washed rapidly
with 5 mL of uptake buffer, and the cell cake was transferred to 2 mL of
prechilled ethanol and stored at —80°C until required. Cell debris was
removed by filtration under gentle pressure through cellulose filters. Ra-
dioactive compounds in the extracts were separated by chromatography on
cellulose thin-layer plates (POLYGRAM CEL 300 UV,s,, Macherey-Nagel,
Diiren, Germany), together with samples of the labeled auxins. The plates
were developed in three independent solvent systems: (a) isopropanol:26%
(v/v) ammonia:water (10:1:1 [v/v]), (b) chloroform:ethanol:glacial acetic
acid (95:1:5 [v/v]), and (c) chloroform:ethanol:glacial acetic acid (75:20:5
[v/v]). Each chromatogram strip was cut into 20 sequential segments, eluted
in ethanol, and counted by liquid scintillation counting.
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