Scientific Correspondence

Relocalization of the PIN1 Auxin Efflux Facilitator Plays a

Role in Phototropic Responses
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Recently, we reported that the basal localization of
the PIN1 auxin efflux facilitator protein is disrupted
in hypocotyls of Arabidopsis mdr (pgp) mutants
grown in the dark or unidirectional light (Noh et al.,
2003). Molecular genetic and physiological evidence
indicates that PIN1 is required for transport of auxin
from shoot to root apices (Okada et al., 1991; Friml
and Palme, 2002), whereas immunohistochemical
studies localize PIN1 to the lower ends of xylem-
associated cells in both shoots and roots (Gilweiler et
al., 1998). More recently, asymmetric PIN1 localiza-
tion in root tips has been shown to involve dynamic
cycling mediated by the ARF-GEF GNOM (Geldner
et al., 2001, 2003). Surprisingly, although disruption
of MDR/PGP genes results in decreased polar auxin
transport (Noh et al., 2001; Geisler et al., 2003; Mul-
tani et al., 2003) and decreased free auxin content in
lower shoot and root tissues (J.J. Blakeslee and A.S.
Murphy, unpublished data), mdr1 pgpl mutant hypo-
cotyls exhibit exaggerated tropic bending (Noh et al.,
2003). According to the Cholodny-Went hypothesis
(for summary, see Went, 1974), tropic bending is
mediated by lateral redistribution of auxin near the
site of tropic stimulus. Our report suggested that the
enhanced tropic bending observed in mdr/pgp mu-
tants resulted from decreased vertical auxin trans-
port and a consequent increase of lateral auxin bias.
However, it was not clear whether the perturbation
of PIN1 localization in mdr/pgp mutants was due to
disruption of an immediate interaction required for
asymmetric localization of the PIN1 protein or from
cumulative developmental defects resulting from al-
tered auxin transport. The extent to which altered
localized auxin levels might contribute to PIN1 delo-
calization in tissues where AtMDRI and AtPGP1 are
not expressed was also not determined. To determine
whether PIN1 delocalization similar to that seen in
hyper-phototropic mdr/pgp mutants also plays a role
in the normal phototropic response, we investigated
changes in PIN1 localization after initiation of the
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first positive phototropic curvature in wild-type
(WT) seedlings responding to 450 nm of blue light.

When illuminated with directional blue light, Ara-
bidopsis seedlings exhibit a phototropic bending re-
sponse that involves two steps—an initial halt in
vertical growth and subsequent initiation of bending
(Parks et al., 2001). A signal transduction pathway
initiated by phototropin perception of blue light
(Briggs et al., 2001) and modulated by both Ca®*
(Harada et al., 2003; Stoelzle et al., 2003) and protein
signaling components (Motchoulski and Liscum,
1999) has been shown to mediate the bending re-
sponse. Although directional blue light is thought to
be perceived in the upper portion of the hypocotyl
(Parks et al., 2001), bending manifests in the mid-
hypocotyl region and is thought to be regulated by
auxin efflux through the laterally oriented PIN3
auxin efflux facilitator (Friml et al., 2002).

When WT seedlings were grown in the dark, where
basal localization of PIN1 was observed (Fig. 1A),
and subsequently exposed to unidirectional blue
light (0.5 umol m™2 s~ !, 450 nm, for 1.5 h), we ob-
served phototropic bending of seedlings similar to
that previously described (Briggs et al., 2001; Friml et
al., 2002). After blue light stimulus, tissues were rap-
idly fixed, and both PIN1 and PIN3 proteins were
localized by immunofluorescence microscopy. Al-
though no changes in PIN3 localization could be
detected (data not shown), we observed PIN1 delo-
calization (Fig. 1B) in the mid-hypocotyl region
where phototropic bending occurs and has been
shown previously to accumulate auxin as part of that
response (Friml et al.,, 2002). A gradient in PIN1
delocalization was observed, with a disruption of
basal localization of PIN1 on the side of the seedling
distal to the light source (Fig. 1B). To confirm that
this was a blue light-dependent phenomenon, we
subjected phot1 mutants to the same blue light treat-
ment. Although it was more difficult to visualize
PIN1 by immunofluorescence in Col-0 hypocotyls,
patterns of PINT1 localization in dark-grown (Fig. 1C)
and blue light-treated Col-0 hypocotyls resembled
those observed in Ws (Fig. 1A). However, PIN1 lo-
calization in blue light-treated phot1 mutant hypoco-
tyls (Fig. 1D) resembled that seen in untreated WT
Col-0 hypocotyls (Fig. 1C), demonstrating the strict
blue light dependence of the observed changes in
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Figure 1. Delocalization of PINT in response to
blue light treatment. Immunofluorescence con-
focal images of PINT localization in 4-d WT and
phot1 mutant seedlings exposed to unidirec-
tional blue light. A, PINT is basally localized in
dark-grown WT (Wassilewskija [Ws]) hypocot-
yls. B, Hypocotyl regions of 4-d Ws seedlings
exposed to unidirectional blue light show de-
creased basal localization in cortical cells on
the side distal to the light source. C, PIN1 basal
localization in WT (Columbia-0 [Col-0]). D,
PINT localization in blue light-treated phot]
mutants remains undisrupted. Asterisks and ar-
rowheads, Vascular and cortical localizations,
respectively. Arrow, Direction of blue light.

PIN1 localization. These results provide evidence
that disturbance of PIN1 basal asymmetry plays a
role in the phototropic lateral redistribution of auxin.

Although the observed changes of PIN1 localiza-
tion in the region of phototropic bending in blue
light-treated seedlings could be anticipated from pre-
vious studies (Noh et al., 2003), an unexpected result
was an observed randomization of PIN1 immediately
below the region of phototropic curvature. In this
region, PIN1 was delocalized in the vascular cells
and exhibited a generalized loss of asymmetric dis-
tribution in cortical cells (Fig. 2A). Interestingly, a
very similar delocalization of PIN1 in this region of
the hypocotyl was also observed in mdrl pgpl mu-
tants (Noh et al., 2003; Fig. 2B), even in light-grown
tissues where MDR1 and PGPI are not expressed
(Sidler et al., 1998; Noh et al., 2001). We hypothesized
that the observed phenomenon might contribute to

Figure 2. PINT localization in lower hypocotyls. Immunofluores-
cence confocal (A and B) and epifluorescence (C and D) images of
PINT in lower hypocotyls. A, Basal PINT localization is disrupted
after blue light treatment of 4-d dark-grown Ws hypocotyls. B, mdr1
pgp1 mutants show a similar pattern of PIN1 delocalization. C, PINT1
localization in the lower hypocotyl of light-grown 5-d WT (Ws)
seedlings. D, Disruption of basal PINT localization in Ws seedlings
treated with auxin microdroplet applied to shoot tip. Asterisks and
arrowheads, Vascular and cortical localizations, respectively. Arrow,
Direction of blue light.
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the initial halt of vertical growth observed in photo-
tropic bending (Parks et al., 2001). Because we also
have been unable to demonstrate direct MDR/PGP-
PIN interactions in yeast two-hybrid and pull-down
assays (data not shown), we hypothesized that the
observed uniform dissociation might be initiated by
alteration of auxin movement from the adjoining api-
cal tissues.

The obvious supposition is that a decrease of basi-
petal auxin movement to the mid-hypocotyl region
disrupts PIN1 localization. Defects in basipetal auxin
transport have been reported in mdr/pgp mutants
(Noh et al., 2001; Geisler et al., 2003). The delocaliza-
tion of PIN1 observed in photostimulated WT seed-
lings would be expected to lead to a similar, but
temporary, decrease in vertical auxin transport. If
this were true, then the delocalization of PIN1 ob-
served in mdrl pgp1 mutant and photostimulated WT
lower hypocotyls may result from decreased auxin
levels in this region.

To test this hypothesis, we inhibited auxin trans-
port using the auxin efflux inhibitors naphthylphtha-
lamic acid (NPA) and triiodobenzoic acid (TIBA). To
avoid direct interference of NPA and TIBA with
protein-protein interactions in the mid-hypocotyl re-
gion, auxin transport from the shoot apex was inhib-
ited by placing a 0.1-uL agarose droplet containing
10 um NPA or 10 um TIBA on the shoot apical tip.
Preliminary experiments using radiolabeled NPA
demonstrated that NPA applied to the shoot apex is
restricted to the zone of application and does not
move freely through seedling tissues in the time
frame of this experiment. The efficacy of inhibitor
application in reducing auxin flux was confirmed by
auxin quantification, auxin transport assays, and
DR5::GUS expression studies (data not shown). Un-
expectedly, treatment with auxin transport inhibitors
failed to cause delocalization of PIN1 in WT tissues
(data not shown). Furthermore, expression levels of
PIN1, quantified by real-time PCR, were unchanged
in NPA- or TIBA-treated shoot tissues (see Supple-
mentary Table I, available in the online version of
this article at http://www.plantphysiol.org).
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As expected, free auxin levels in mdrl and mdrl
pgpl mutants are decreased in lower hypocotyls and
slightly increased in upper hypocotyls compared
with WT (J.J. Blakeslee and A.S. Murphy, unpub-
lished data). Sufficient auxin accumulation to induce
visible DR5::GUS activity also has been reported in
photostimulated WT upper hypocotyls (Friml et al.,
2002). Because of this, we reasoned that the general-
ized PIN1 delocalization seen in lower hypocotyls
may result from increased auxin accumulations in
the tissues immediately above. Increased auxin con-
tent in upper hypocotyls was simulated by placing a
0.1-uL microdroplet containing 1 uM indole-3-acetic
acid on the apical tips of 5-d-old seedlings. Rates of
transport were previously determined using [*H]-
indole-3-acetic acid as a tracer to select seedlings at a
time point before the applied auxin pulse was evi-
dent in the mid-hypocotyl (Geisler et al., 2003). In-
creased auxin accumulation in the upper hypocotyls
resulted in increased, not decreased, PIN1 expression
in shoot tissues (see Supplementary Table II). After
auxin treatment, the lower hypocotyl region corre-
sponding to the region immediately below the point
of bending in blue light-treated seedlings (Fig. 2A)
was examined. Compared with untreated controls
(Fig. 2C), auxin-treated seedlings exhibited delocal-
ization of PIN1 in the cortical tissues flanking the
vascular bundle (Fig. 2D) similar to that observed in
mdr1 pgpl mutants (Fig. 2B) and photostimulated WT
seedlings.

DISCUSSION

The data presented here support the hypothesis
that alterations of PIN1 localization contribute to the
inhibition of vertical growth and the initiation of
bending in auxin-mediated phototropic responses.
The overall delocalization of PIN1 observed after
blue light treatment appears to function as a mecha-
nism to reduce basipetal auxin transport and seques-
ter auxin at the expanding cells involved in photo-
tropic bending. Because changes in PIN3 localization
could not be visualized, it is unclear to what extent
PIN3 relocalization contributes to the regulation of
lateral auxin movement in tropic bending. Because
delocalization of PIN1 was observed uniformly in
cortical tissues of blue light-treated lower hypocot-
yls, where no accumulation of auxin is evident in the
phototropic response (Friml et al., 2002), this effect in
lower hypocotyls may be induced by another signal
that precedes and modulates the effects of auxin
pulses. It is interesting to note that a transitory in-
crease in shoot auxin levels (Bhalerao et al., 2002;
Casimiro et al., 2003) immediately precedes the dis-
appearance of basal PIN1 localization in cortical cells
of lower shoot tissues at 5 to 6 d (data not shown).
This increase may also trigger other shoot develop-
mental signals. Previous studies have suggested a
role for a Ca®*-modulated anion channel in the blue
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light response of Arabidopsis hypocotyls (Cho and
Spalding, 1996; Lewis et al., 1997). A mobile signaling
mechanism has also been proposed to function in the
inhibition of shoot branching in both pea (Pisum sa-
tivum) and Arabidopsis (Beveridge et al., 2000;
Booker et al., 2003; Sorefan et al., 2003). There is some
evidence for involvement of MDR/PGP proteins in
mediating such a response because AtMDRI1 was
originally identified in screens utilizing the anion
channel blocker NPPB (Noh et al., 2001).

ACKNOWLEDGMENTS

The authors thank Olaf Tietz and Klaus Palme for PIN1 and PIN3
antibodies. The authors also thank Winslow Briggs for his kind gift of phot1
seeds.

Received August 16, 2003; returned for revision September 10, 2003; ac-
cepted October 8, 2003.

LITERATURE CITED

Beveridge CA, Symons GM, Turnbull CGN (2000) Auxin inhibition of
decapitation-induced branching is dependent on graft-transmissible sig-
nals regulated by genes Rmsl and Rms2. Plant Physiol 123: 689-697

Bhalerao R, Eklof J, Ljung K, Marchant A, Bennett M, Sandberg G (2002)
Shoot-derived auxin is essential for early lateral root emergence in Ara-
bidopsis seedlings. Plant J 29: 325-332

Booker ], Chatfield S, Leyser O (2003) Auxin acts in xylem-associated or
medullary cells to mediate apical dominance. Plant Cell 15: 495-507

Briggs WR, Beck CF, Cashmore AR, Christie JM, Hughes J, Jarillo JA,
Kagawa T, Kanegae H, Liscum E, Nagatini A et al. (2001) The phototro-
phin family of photoreceptors. Plant Cell 13: 993-997

Casimiro I, Beeckman T, Graham N, Bhalerao R, Zhang H, Casero P,
Sandberg G, Bennett M (2003) Dissecting Arabidopsis lateral root devel-
opment. Trends Plant Sci 8: 165-171

Cho M, Spalding EP (1996) An anion channel in Arabidopsis hypocotyls
activated by blue light. Proc Natl Acad Sci USA 93: 8134-8138

Friml J, Palme K (2002) Polar auxin transport—old questions and new
concepts? Plant Mol Biol 49: 273-284

Friml J, Wisniewska J, Benkova E, Mendgen K, Palme K (2002) Lateral
relocation of auxin efflux regulator PIN3 mediates tropism in Arabidopsis.
Nature 415: 806-809

Gilweiler L, Guan C, Miiller A, Wisman E, Mendgen K, Yephremov A,
Palme K (1998) Regulation of polar auxin transport by AtPIN1 in Arabi-
dopsis vascular tissue. Science 282: 2226-2230

Geisler M, Kolukisaoglu U, Billion K, Berger J, Saal B, Bouchard R,
Frangne N, Koncz-Kédlman Z, Koncz C, Dudler R et al. (2003) TWISTED
DWARF], a unique plasma membrane-anchored immunophilin-like pro-
tein, interacts with Arabidopsis multidrug resistance-like transporters
AtPGP1. Mol Biol Cell 14: 4238-4249

Geldner N, Anders N, Wolters H, Keicher J, Kornberger W, Miiller P,
Delbarre A, Ueda T, Nakano A, Jiirgens G (2003) The Arabidopsis GNOM
ARF-GEF mediates endosomal recycling, auxin transport, and auxin-
dependent plant growth. Cell 112: 219-230

Geldner N, Friml J, Stierhof Y-D, Jiirgens G, Palme K (2001) Auxin
transport inhibitors block PIN1 cycling and vesicle trafficking. Nature
413: 425428

Harada A, Sakai T, Okada K (2003) photl and phot2 mediate blue light-
induced transient increases in cytosolic Ca®* differently in Arabidopsis
leaves. Proc Natl Acad Sci USA 100: 8583-8588

Lewis BD, Karlin-Neumann G, Davis R, Spalding EP (1997) Ca®*-
activated anion channels and membrane depolarizations induced by blue
light and cold in Arabidopsis seedlings. Plant Physiol 114: 1327-1334

Motchoulski A, Liscum E (1999) Arabidopsis NPH3: a NPH1 photoreceptor-
interacting protein essential for phototropism. Science 286: 961-964

Multani DS, Briggs SP, Chamberlin MA, Blakeslee JJ, Murphy AS, Johal
GS (2003) Loss of an MDR transporter in compact stalks of maize br2 and
sorghum dw3 mutants. Science 302: 81-84

Plant Physiol. Vol. 134, 2004



Noh B, Bandyopadhyay A, Peer WA, Spalding EP, Murphy AS (2003)
Enhanced gravi- and phototropism in plant mdr mutants mislocalizing
the auxin efflux protein PIN1. Nature 423: 999-1002

Noh B, Murphy AS, Spalding EP (2001) Multidrug Resistance-like genes of
Arabidopsis required for auxin transport and auxin-mediated develop-
ment. Plant Cell 13: 2441-2454

Okada K, Ueda J, Komaki MK, Bell CJ, Simura Y (1991) Requirement of the
auxin polar transport system in early stages of Arabidopsis floral bud
formation. Plant Cell 3: 677-684

Parks BM, Folta KM, Spalding EP (2001) Photocontrol of stem growth. Curr
Opin Plant Biol 4: 436-440

Sorefan K, Booker ], Haurogne K, Goussot M, Bainbridge K, Foo E,

Plant Physiol. Vol. 134, 2004

Scientific Correspondence

Chatfield S, Ward S, Beveridge C, Rameau C et al. (2003) MAX4 and
RMS1 are orthologous dioxygenase-like genes that regulate shoot
branching ion Arabidopsis and pea. Genes Dev 17: 1469-1474

Sidler M, Hassa P, Hassan S, Ringli C, Dudler R (1998) Involvement of an
ABC transporter in a developmental pathway regulating hypocotyl cell
elongation in the light. Plant Cell 10: 1623-1636

Stoelzle S, Kagawa T, Wada M, Hedrich R, Dietrich P (2003) Blue light
activates calcium-permeable channels in Arabidopsis mesophyll cells via
the phototropin signaling pathway. Proc Natl Acad Sci USA 100: 1456—
1461

Went FW (1974) Reflections and speculations. Annu Rev Plant Physiol 25:
1-26

31



