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Phosphorylation
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The asymmetry of environmental stimuli and the execution
of developmental programs at the organism level require a
corresponding polarity at the cellular level, in both unicel-
lular and multicellular organisms. In plants, cell polarity is
important in major developmental processes such as cell
division, cell enlargement, cell morphogenesis, embryo-
genesis, axis formation, organ development, and defense.
One of the most important factors controlling cell polarity
is the asymmetric distribution of polarity determinants. In
particular, phosphorylation is implicated in the polar dis-
tribution of the determinant protein factors, a mechanism
conserved in both prokaryotes and eukaryotes. In plants,
formation of local gradients of auxin, the morphogenic
hormone, is critical for plant developmental processes
exhibiting polarity. The auxin efflux carriers PIN-FORMEDs
(PINs) localize asymmetrically in the plasma membrane
and cause the formation of local auxin gradients through-
out the plant. The asymmetry of PIN distribution in the
plasma membrane is determined by phosphorylation-
mediated polar trafficking of PIN proteins. This review dis-
cusses recent studies on the role of phosphorylation in
polar PIN trafficking.

INTRODUCTION

Cell polarity refers to the asymmetric distribution of cellular
components such as organelles, molecules, and ions along a
particular axis (Cove, 2000). Cell polarity occurs across king-
doms, from unicellular prokaryotes to multicellular eukaryotes,
and plays a pivotal role in development (Nelson, 2003). Uneven
distributions of cellular components can be caused either by
environmental stimuli or endogenous cues. Cell polarity is
brought about by the highly coordinated actions of many differ-
ent cellular mechanisms. In prokaryotes and eukaryotes, polar
protein localization and trafficking plays a decisive role in the
generation and maintenance of cell polarity.

In plants, recent studies of several asymmetrically localized
plasma membrane (PM) proteins have shed light on the
mechanisms of cell polarity and the roles of these proteins in
plant development. For example, the PIN-FORMED (PIN) pro-
teins are polar-localized transmembrane auxin efflux carriers
that play a rate-limiting role in polar auxin transport and are

implicated in diverse plant developmental processes. Different
PIN proteins display distinct apical, basal or lateral polarity in
the PM, depending on the PIN and the tissue type. PINs
thereby determine the direction of auxin flow throughout the
plant body (Wisniewska et al., 2006). Auxin influx carriers such
as AUXIN-RESISTANT1 (AUX1) and LIKE AUX1 (LAX) show
polar localization in certain cell types (Dettmer and Friml, 2011).
Some nutrient transporters, such as boron transporters, are
also polarly localized. The plant indole-3-buryric acid trans-
porter, PIS1/ABCG37 exhibits polar localization on the outer
side of the epidermal cells similar to the pathogen-defense
related transporter PEN3/PDR8/ABCG36 (lto and Gray, 2006;
Langowski et al., 2010; Stein et al., 2006).

The mechanisms underlying polar localization of plant mem-
brane transporters have been actively studied for the last dec-
ade. In this review we discuss one such mechanism, the role of
phosphorylation in modulating polar intracellular trafficking of
the auxin transporters, mainly focusing on PIN proteins.

POLAR AUXIN TRANSPORT AND PINs

The plant hormone auxin plays fundamental roles in growth,
development, cell division, cell expansion, primary axis forma-
tion, root meristem maintenance, lateral root formation, root hair
growth, vasculature differentiation, flowering, and tropic re-
sponses of shoots and roots (Davies, 2004). Auxin is synthe-
sized primarily in the shoot apex region, including in young
growing leaves, and is transported through the stem and root to
the root tip; this directional process is called polar auxin trans-
port (PAT). PAT leads to spatial auxin maxima and minima,
and local auxin gradients that are required for fundamental
plant developmental processes such as organogenesis and cell
differentiation, enlargement, and division.

PAT occurs by a chemiosmotic mechanism (Raven, 1975;
Rubery and Sheldrake, 1974). Indole-3-acetic acid (IAA, the
natural auxin, with a pKa of ~4.75) is partially protonated (IAAH)
at relatively low apoplastic pH (~5.5) and can enter the cell by
diffusion from any direction. By contrast, the de-protonated IAA
(IAA)) in the apoplast must be imported into the cell by the
auxin influx carriers (AUX1 and LAXs). Once inside the cell, in
neutral cytosolic pH, most IAAH is ionized to IAA’, which is then
exported by efflux carriers such as PINs and members of the P-
glycoprotein/ATP-binding cassette protein subfamily B (PGP/
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Fig. 1. Putative PIN structures. (A) The PIN1 structure
351 ¢ representing Arabidopsis long-looped PINs (PIN1~4, 6 and
7). (B) The PINS5 structure representing Arabidopsis short-
looped PINs (PIN5 and PIN8). Both the long- and short-
looped PINs are predicted to contain five transmembrane
helices (~150 amino acids) spanning the plasma mem-

PIN5 brane in both the N-and C-terminal ends, which are con-

nected by a hydrophilic loop (HL) on the predicted cytosolic
side. In the long-looped PINs, the HL is over 300 residues
long (328 for PIN1) whereas in the short-looped PINs, the

HL is ~50 residues long (42 for PIN5). The long-looped PIN-HLs carry several phosphorylation sites that are required for polar trafficking of the
PINs. Shown here are the three TPRXS sites (circles) whose serine residues are targeted by the PID kinase, and Ser-337:340 (triangles),
which are targeted by yet unknown kinases. The short-looped PINs lack these conserved phosphorylation motifs.

ABCB), indicating that auxin efflux carriers can act as a deter-
mining factor in PAT (Cho et al., 2007a; 2007b; Kleine-Vehn
and Friml, 2008).

PIN proteins, named after the pin-shaped inflorescence of the
Arabidopsis pin1 mutant, regulate diverse auxin-mediated
developmental processes (Kleine-Vehn and Friml, 2008). PIN
proteins are polar-localized in plant cells in accordance with
directional auxin flow. For instance, in the root tip, auxin moves
through the stele downward to the meristem and columella, in
which the auxin maximum is formed for maintenance of root
stem cell activity. Auxin next turns upward to the differentiation
zone through the epidermis where some flows back to the root
tip via the cortex (Blilou et al., 2005). Consistent with this pat-
tern of auxin flow, PIN1, PIN3, and PIN7 are localized at the
basal (toward root tip) side of stele cells (Blilou et al., 2005;
Friml et al., 2002a; 2002b), and PIN4 is localized at the basal
side in root stem cells (Friml et al., 2002a). PIN3 is localized at
the inner-lateral side of pericycle cells (Friml et al., 2002b), likely
redirecting auxin back into the stele by lateral translocation of
auxin. In the columella cells, PIN3 and PIN7 exhibit apolar lo-
calization, enabling the lateral allocation of auxin to the epider-
mis (Friml et al., 2002b; Kleine-Vehn et al., 2010). PIN2 is local-
ized at the apical side (toward the shoot) in epidermal cells and
at the basal side in cortex cells (Luschnig et al., 1998; Muller et
al., 1998), allowing auxin flow upward from the root tip and
downward again through the cortex.

THE STRUCTURE OF PIN PROTEINS

Different PIN family members have different structures and
localizations. The Arabidopsis PIN protein family consists of
eight members, among which six PINs (PIN1-4, 6 and 7) have
a long central hydrophilic loop (~300 amino acids) connecting
the five transmembrane helices on each end. The other two
PINs (PIN5 and 8) have a very short (~50 amino acids or less)
hydrophilic loop (Fig. 1) (Ganguly et al., 2010; Mravec et al.,
2009). Most of the ‘long-looped’ PINs (PIN1-4 and 7) localize in
the PM, but the ‘short-looped’ PINs (PIN5 and 8) localize either
predominantly in the internal compartment (endoplasmic reticu-
lum) (e.g. PIN5) or both in the internal compartment and PM
(e.g. PIN8) (Ganguly et al., 2010; Mravec et al., 2009). There is
no direct evidence available on the role of the transmembrane
domain (TM) in auxin transport, but several lines of evidence
support the idea that the PIN hydrophilic loop acts in intra-
cellular trafficking of PIN proteins. The PIN hydrophilic loop of
the long-looped PINs contains several conserved phosphoryla-
tion motifs and sites that are targeted by some kinases (Fig. 1)
to modulate PIN trafficking and its subcellular polarity. The ab-
sence of a similar long hydrophilic loop in the ‘short-looped’

PINs may explain their different subcellular localizations.
PINs UNDERGO ENDOCYTIC RECYCLING

Polar PIN localization controls the direction of auxin flow be-
tween cells and thereby directs auxin gradients and distribution
throughout the plant. PIN proteins undergo continuous cycles of
endocytosis and exocytosis, which act in both determination
and maintenance of PIN polarity (Kleine-Vehn and Friml, 2008).
This dynamic process of PIN recycling is constitutive and rapid,
but is also well coordinated and tightly regulated. Geldner et al.
(2001) first showed recycling of PIN proteins through endocyto-
sis and exocytosis. The fungal toxin brefeldin A (BFA) blocks
the trafficking or exocytosis of PIN proteins from the endo-
somes to the PM, resulting in PIN accumulation into so-called
“BFA compartments” within the cell (Geldner et al., 2001; 2003).
BFA interferes with various trafficking pathways within the cell
and specifically inhibits ADP-ribosylation factor-GDP/ GTP
exchange factor (ARF-GEF)-mediated vesicle trafficking (Don-
aldson and Jackson, 2000). PIN trafficking to the base of a cell
(basal targeting) is regulated by the BFA-sensitive GNOM pro-
tein, an ARF-GEF (Fig. 2B) (Steinmann et al., 1999). In the
embryo and the postembryonic root of the gnom mutant, basal
PIN1 localization was lost but the apical localization of other
PINs and AUX1 remained unaffected (Kleine-Vehn et al., 2006;
2008a; Steinamann et al., 1999). Similarly the BFA-mediated
inhibition of apical PIN targeting was much weaker than basal
PIN targeting, suggesting that the apical localization may be
mediated by one (or more) BFA-resistant ARF-GEF (Kleine-
Vehn et al., 2008). However, other PINs localize by different
mechanisms; for example, in addition to GNOM, a BFA-
resistant ARF-GEF protein GNL1 (GNOM-like 1) was found to
be primarily involved in PIN2 trafficking (Geldner et al., 2003;
Richter et al., 2007; Teh and Moore, 2007). In gn/1 mutant roots,
the internalization of PIN2 from the PM was inhibited after BFA
treatment. This indicates that GNL1 may act in coordination
with a BFA-sensitive ARF-GEF to regulate PIN trafficking (Fig.
2B) (Teh and Moore, 2007).

Newly synthesized PIN1 proteins are first secreted to the PM
in a non-polar manner, after which the PINs undergo endocytic
recycling to generate proper polarity (Fig. 2A) (Dhonukse et al.,
2008). The Rab5-GTPase ARA7 (RabF2b) and its regulator
VPS9A (vacuolar protein sorting) are responsible for the polari-
zation of apolarly secreted PIN proteins in the Arabidopsis em-
bryo and root (Dhonukse et al., 2008). Recent evidence sug-
gests that polarization of PIN proteins is mediated by both ARF-
GEF and Rab5-GTPase. GNOM acts in determination of basal
PIN polarity, but RAB5-GTPases seem to be the common regu-
lator of both apical and basal PIN trafficking (Dhonukse et al.,
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Fig. 2. Phosphorylation-mediated polar PIN trafficking. (A) PIN proteins are synthesized and secreted to the PM first in a non-polar manner;
they subsequently become polar upon phosphorylation and recycling. Phosphorylated PINs show predominantly apical polarity whereas de-
phosphorylated PINs show predominant basal localization. (B) Model describing the mechanism of phosphorylation and endocytosis-mediated
basal-to-apical PIN polarity switch. After undergoing PID-mediated phosphorylation in the PM, PINs are predominantly recruited to the apical
targeting pathway through subsequent early (EE) and recycling (RE) endosomes in a BFA resistant (BFA®) manner, whereas the dephos-
phorylated PINs are predominantly recruited, in a similar manner, to a GNOM-depen-dent BFA sensitive basal targeting pathway. ARA7 and
GNL1 mediate PIN endocytosis from the PM. Conversely, the polarly localized MAB4 inhibits PIN endocytosis by an unknown mechanism.

2008; 2010). The current model of PIN polarization suggests
that ARA7 mediates the internalization of PIN proteins from the
PM into the endosomes, and these endosomes are targeted
either to the basal or the apical PM by GNOM or other ARF-
GEF proteins (Fig. 2B). However, ARA7 resides in several
endomembrane compartments such as early endosomes (Ueda
et al., 2004), multivesicular bodies (MVBs; Haas et al., 2007),
and vacuolar membrane (Ebine et al., 2011), but has never
been reported to be present in the PM. Therefore, the actual
mechanism by which ARA?7 inhibits PIN internalization from the
PM remains unknown. In this regard, more evidence is needed
to understand the synchronization between the ARF-GEFs and
Rab-GTPases and how they collectively regulate PIN polarity.

PIN POLARITY IS DETERMINED BY ITS
PHOSPHORYLATION STATUS

Constitutive recycling through different trafficking pathways
determines the polar localization of PIN proteins in the PM.
Phosphorylation has been implicated in this polar trafficking of
PIN proteins (Kleine-Vehn and Friml, 2008). When expressed
in a single cell type (root epidermis) PIN1, PIN2, PIN3 and PIN4
show distinct and different polar localizations. PIN1 is basal and
PIN2 is apical in the root epidermal cells, suggesting that the

polarity-determining cue may reside within the PIN protein itself
(Wisniewska et al., 2006). This hypothesis is strongly supported
by the observation that a GFP insertion disrupting the PIN1
hydrophilic loop triggers a basal-to-apical shift of PIN1 polarity
in root epidermal cells (Wisniewska et al., 2006). Several PINs
have been shown to move between different sides of the PM
under different cellular and environmental conditions. This phe-
nomenon has been termed transcytosis (Kleine-Vehn et al.,
2008). Inhibition of the GNOM-mediated basal PIN targeting
machinery by prolonged BFA treatment leads to a basal-to-
apical switch in PIN polarity (Kleine-Vehn et al., 2008; Rahman
et al., 2010). Basally localized PIN1 in the stele undergoes
transcytosis after prolonged (~12 h) BFA treatment and shows
predominantly apical PM localization (Kleine-Vehn et al., 2008).
Similar transcytosis is observed when PIN2, which is basal in
the young cortex cells, moves to the apical PM after prolonged
(~48 h) BFA treatment (Rahman et al., 2010).

The earliest evidences for the role of phosphorylation in auxin
transport came from studies showing that the kinase inhibitors
staurosporine and K25A inhibited auxin efflux from tobacco
(Nicotiana tabacum) suspension culture cells (Delbarre et al.,
1998). Later, loss-of-function mutant studies of a serine-threo-
nine protein kinase PINOID (PID) belonging to the AGC kinase
family (named after the protein kinase A, G, and C families)
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also indicated a role of phosphorylation in polar auxin transport
(Benjamins et al., 2001; Christensen et al., 2000). Moreover,
PID was also found to facilitate auxin efflux from Arabidopsis
root hair cells and from tobacco BY-2 cells (Lee and Cho, 2006).
Later studies demonstrated that PID is involved in determina-
tion of PIN polarity. Overexpression of PID led to a basal-to-
apical switch of PIN1, PIN2 and PIN4 proteins in Arabidopsis
root tissues (Friml et al., 2004). PID was shown to phosphory-
late the central hydrophilic loop of PIN proteins in vitro; also, the
protein phosphatase 2A (PP2A) antagonizes this PID-mediated
PIN phosphorylation (Michniewicz et al., 2007). Consistent with
these observations, pid loss-of-function mutants showed pref-
erential basal targeting of PINs (Friml et al., 2004), whereas
pp2a loss-of-function led to preferential apical PIN targeting in
embryos and roots (Michniewicz et al., 2007). These results led
to the hypothesis that phosphorylated PINs are recruited pre-
dominantly to the apical targeting pathway and the phospho-
defective PINs are recruited predominantly to the basal target-
ing pathway (Michniewicz et al., 2007).

AGC1 KINASES DIRECTLY PHOSPHORYLATE THE
PIN HYDROPHILIC LOOP

Recently, it was reported that PID directly phosphorylates the
serine residue of the conserved TPRXS motifs (three in PIN1-4,
7 and two in PING) in the PIN hydrophilic loop (Dhonukshe et al.,
2010; Huang et al., 2010). Two other members of the AGC1 (or
AGCVllla, Bogre et al., 2003) kinase subfamily of proteins
(WAG1 and WAG?2) also phosphorylate the same TPRXS motif
(Dhonukshe et al., 2010). Phospho-mimetic mutations (Ser to
Glu) of the three serine residues led to predominantly apical
PIN localization; conversely, the phospho-defective mutations
(Ser to Ala) led to predominantly basal PIN localization (Dhonu-
kshe et al., 2010; Huang et al., 2010). Similarly, the apically
localized PIN2 protein showed predominantly basal localization
in the pidwag1/wag2 triple mutant, (Dhonukshe et al., 2010).
Moreover, phosphorylated PINs were targeted to the apical PM
in a BFA resistant manner (Dhonukse et al., 2010; Kleine-Vehn
et al., 2009), which is again consistent with the BFA resistant
apical PIN localization mechanism (see above). These data
collectively suggest that the phosphorylation status and polarity
of PINs depend on the cell type where they are expressed, and
constitutive phosphorylation or dephosphorylation of PINs dis-
rupts cell type-specific polar PIN localization, thereby altering
polar auxin transport. In summary, PINs, after being secreted to
the PM in a non-polar fashion, are phosphorylated in the PM by
the AGC1 kinase family members. These phosphorylated PIN
proteins then have reduced affinity for the GNOM-dependent
basal recruiting pathway and are recruited preferentially to the
apical GNOM-independent trafficking pathway (Figs. 2A and
2B). Thus, AGC1 kinases and GNOM antagonistically regulate
PIN polarity. This process of PIN polarization is different from
that of animal models where polar sorting of cargo takes place
in so-called sorting endosomes (Farr et al., 2009) but not in the
PM. In plants, AGC1 kinases, being predominantly localized at
the PM, may not affect the polar targeting of PIN proteins that
are newly synthesized or present in the various endosomal
compartments, but only phosphorylate PINs in the PM (Dhonu-
kse et al., 2008).

Several lines of recent evidence suggest that PID also acts in
lateral polarity of PIN3 in the hypocotyl endodermis (Ding et al.,
2011). Upon phototropic stimulation, PIN3 gradually disappears
from the outer lateral PM side of the illuminated endodermis cell,
but the inner lateral PM side of the illuminated cell and both
lateral PM sides of the shaded cell maintain normal levels of

PINS signals (Ding et al., 2011). This light-mediated polarization
of PIN3 in the illuminated endodermal cells is likely to cause
diversion of auxin flow towards the shaded side of the hypocotyl,
causing auxin-mediated cell elongation and therefore hypocotyl
bending towards the direction of the light (Ding et al., 2011).
The PID kinase was implicated in this light-mediated polariza-
tion of PIN3 in the hypocotyl. Overexpression of PID strongly
inhibited the light-mediated inner lateral polarization of PIN3 in
the illuminated endodermis, thereby making the hypocotyl de-
fective in phototropism (Ding et al., 2011). Similar PID-mediated
inhibition of PIN3 polarization was observed in the hypocotyl
endodermal cells after gravity stimulus (Rakusova et al., 2011).
Interestingly, although loss of phototropin 1 (the blue light re-
ceptor belonging to the AGC2 subgroup) impaired PIN3 polari-
zation in the hypocotyl endodermis, it did not directly phos-
phorylate the PIN3 hydrophilic loop in vitro (Ding et al., 2011).
Zourelidou et al. (2009) reported that D6PK (D6 protein kinase),
another AGC1 subgroup protein kinase, might be implicated in
auxin transport, most likely by modulating PIN activity. D6PK
was able to phosphorylate the hydrophilic loop of several PINs
in vitro and in Arabidopsis protoplasts. The kinase was polarly
co-localized with PINs, and its mutation caused defects in stem
auxin transport. However, because the loss or overexpression
of D6PK did not affect PIN polarity, it still remains to be deter-
mined whether D6PK-mediated PIN phosphorylation is directly
involved in modulation of PIN polarity.

So far, only three AGC1 kinases have been shown to directly
target the PIN hydrophilic loop to affect PIN polarity. However,
some experimental results indicate that other kinases, in addi-
tion to those three AGC1s, are involved in PIN phosphorylation
and polar trafficking. Zhang et al. (2010) identified two PID-
independent phosphorylation sites in the PIN1 hydrophilic loop
(Ser 337 and 340) that also affect polar PIN localization. The
corresponding phospho-mimetic version (Asp 337 and 340) of
the PIN1 protein exhibited predominantly apical polarity in the
root epidermal cells.

These lines of evidence suggest that only certain phosphory-
lation sites in the PIN hydrophilic loop are likely to be functional
for polar trafficking of PINs, and that the AGC kinases are the
major but not the only players that modulate PIN polarity.
Moreover, the PIN1 phospho-mimetic version (i.e., Asp 337 and
340), which showed apical polarity in the root epidermis, did not
show apical localization in the root vasculature, suggesting that
different tissues may require different phosphorylation codes for
specific trafficking mechanisms. These results raise the ques-
tion of why there are so many phosphorylation sites and why so
many kinases are involved in phosphorylation of these sites to
modulate PIN polarity.

SIGNALING TO AGC1 KINASES

The 3-phosphoinositide-dependent protein kinase-1 (PDK1)
positively regulates PID activity in vitro through phosphorylation
(Zegzouti et al., 2006a). PDK1 interacts with several AGCVIII
kinase family members by binding to their hydrophobic C-
terminal PDK1-interacting fragment (PIF) domain (Zegzouti et
al., 2006b). Hence, PDK1 may act as a master regulator of some
AGCVIII kinases (Zhang and McCormick, 2008). PID does
have a PIF domain, but WAG1 and WAG2 do not possess a
PIF domain (Zegzouti et al., 2006b), implying that these WAGs
may not be direct substrates of PDK1. Moreover, PID, which is
an auto-activating kinase (autophosporylation), may not need
PDK1 during normal development (Sauer et al., 2006). Al-
though PDK1 increases both trans-phosphorylation and auto-
phosphorylation of several AGCVIII kinases in vitro (Anthony et
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al., 2006; Devarenne et al., 2006), its role in polar PIN localiza-
tion remains to be deciphered.

A Bric-a-Brac (BTB) scaffold protein, MACCHI-BOU4/ENHAN-
CER OF PINOID/NAKED PINS IN YUC MUTANTS 1 (MAB4/
ENP/NPY1), acts together with PID in PAT and organ formation
(Cheng et al., 2007; Furutani et al., 2007). Recent findings
showed that the Arabidopsis MAB4 protein and four of its close
homologs, MAB4/ENP/NPY1-LIKE1 (MEL1), MEL2, MEL3 and
MEL4, form a subfamily, regulate root gravitropism, and are
functionally redundant (Furutani et al., 2011). The MAB4 sub-
family proteins are polarly localized similarly to PIN proteins and
regulate PIN internalization from the PM. PIN proteins were
retained at the PM where the MAB4 proteins were present,
whereas PINs were internalized from the PM where the MAB4
proteins were absent. Cumulatively, these data suggest that
apolar AGC1 kinases might promote PIN internalization only
from the PM where MAB4 proteins are absent (Fig. 2B) (Furu-
tani et al., 2011). However, the molecular mechanism by which
MAB4 regulates PIN internalization by inhibiting PID action
remains unknown. These studies collectively indicate that di-
verse regulators operate upstream of PID to regulate PIN polar-
ity and PAT.

POLAR PROTEIN TRAFFICKING OF BORON
TRANSPORTERS

Boron transporters BOR1 and BOR4 also show asymmetric
localization in the plasma membrane. Boron, an essential nutri-
ent for plants, is toxic in excessive concentrations, and can be
transported through apoplastic flow. However, the casparian
band on the endodermal cell walls acts as a barrier to apoplas-
tic ion flow between the outer root surface side and the inner
xylem side; therefore, boron uptake from the root surface to the
xylem requires at least two transmembrane transport compo-
nents (Takano et al., 2008). One is a member of the major in-
trinsic protein (MIP) family, NIP5;1 (nodulin 26-like intrinsic
protein), for boron import, which was identified by screening for
genes upregulated in boron deficient Arabidopsis roots (Takano
et al., 2006). The other is the boron exporter BOR1, identified
by analysis of the Arabidopsis bor1-1 mutant, which has a high
sensitivity to boron deficiency (Takano et al., 2002). BOR1 lo-
calizes at the inner lateral side of the PM in the root columella,
lateral root cap, epidermis, endodermis, and pericycle; more-
over, under boron deficient conditions bor7-1 mutants show
retarded growth and reduced boron accumulation mainly in
shoot tissues, suggesting that BOR1 is responsible for loading
of boron into the xylem (Takano et al., 2002; 2010).

It has been proposed that under boron-deficient conditions
BOR1 is continuously internalized from the PM into BFA-
sensitive and Rab-GTPase Ara7-positive endosomes for recy-
cling and upon exposure to high concentrations of boron, BOR1
is sorted into MVB for degradation; this sorting provides a rapid
and efficient mechanism to regulate BOR1 activity (Fuiji et al.,
2009; Takano et al., 2005; 2008). Three tyrosine residues in the
largest cytosolic loop of BOR1 are required for its polar and
vacuolar trafficking (Takano et al., 2010), although the underly-
ing mechanism remains to be elucidated. BOR4, one of the six
BOR1 paralogs, is also a boron exporter. In contrast to BOR1,
BOR4 is not degraded in response to high boron supply, and is
localized to the outer lateral side of the PM in the root epider-
mis; thus BOR4 is likely to be important for boron export from
the root to the soil (Fuiji et al., 2009; Miwa et al., 2007). So far
there is no indication that BOR4 undergoes endocytosis and/or
recycling. tangowski and coworkers (2010) characterized the
polar localization of BOR4 in detail. Unlike apical- or basal-

localized PINs, BOR4 polarity is already established during the
secretion of the newly synthesized protein and is independent
of known molecular components for apical or basal targeting
such as GNOM, AXR4, PINOID, and PP2A. This suggests a
unique polar targeting mechanism for the outer lateral polarity
of the boron transporters.

POLAR PROTEIN TRAFFICKING IN
PROKARYOTES AND EUKARYOTES

Polar protein trafficking occurs ubiquitously in unicellular and
multicellular organisms. Certain bacterial cells possess a highly
organized and dynamic internal architecture (Gitai, 2005). Lack-
ing cell compartmentalization, bacteria are polarized at the
molecular level and, interestingly, many bacterial proteins also
localize to a particular site or ‘poles’ of the cell (Ebersbach and
Jacobs-Wagner, 2007; Gitai, 2005; Rudner and Losick, 2010).
Most bacteria have two poles, the new pole originating from the
most recent division and the old pole from the previous division.
Bacterial protein polarization occurs through multiple mecha-
nisms (Ebersbach and Jacobs-Wagner, 2007). For example,
the bacterial protein ActA (a surface protein) polarizes by a
unique mechanism in Listeria monocytogenes (Kocks et al.,
1993). ActA is secreted to certain discrete sites of the bacterial
cell and associates with the peptidoglycan layer in the bacterial
cell wall. During cell elongation the helically patterned pepti-
doglycan growth pushes the older peptidoglycan layer and the
associated ActA (Rafelski et al., 2006). The ActA protein thus
remains trapped by the older pepidoglycan layer and exhibits
polar localization also in the daughter cells. A somewhat similar
mechanism of maintaining polar PIN localization has been re-
cently identified in plants. Plants use connections between the
PM and certain cellulose based components in the cell wall to
trap the movement of polar PINs (PIN1 and PIN2). The PM-cell
wall association probably restricts the lateral diffusion of the
PINs and thus helps maintain polar PIN localization (Feraru et
al., 2010).

Phosphorylation-mediated polar protein localization is pivotal
for cell division of certain bacterial species. The dimorphic
aquatic bacterium Caulobacter crescentus undergoes asym-
metric cell division to generate a sessile ‘stalked cell’ and a
motile ‘swarmer cell’ (Matroule et al., 2004). In the predivision
Caulobacter cells, the single-domain response regulator DivK
exhibits a dynamic bipolar localization and rapidly shuttles be-
tween the two poles. This rapid polar movement of DivK be-
tween the swarmer and the stalked pole is guided by its phos-
phorylation status. The Divd kinase phosphorylates DivK at the
stalked pole and the phosphorylated DivK (DivK~P) then
moves to the swarmer pole. Also, the PleC phosphatase de-
phosphorylates DivK~P at the swarmer pole, triggering the
movement of DivK to the stalked pole. However, this rapid
‘pole-to-pole’ movement of DivK only continues as long as the
cytoplasm of both cells (old and new) is connected. Once the
cell has divided, the new cell predominantly retains dephos-
phorylated DivK and the old cell predominantly retains phos-
phorylated DivK (Fig. 3) (Ebersbach and Jacobs-Wagner,
2007; Matroule et al., 2004). In addition to the movement of the
DivK protein, the coordinated action of several other regulatory
proteins (including kinases and phosphatases) is required for a
well-organized asymmetric division of the Caulobacter cell. The
polar movement of DivK depending on its phosphorylation
status bears a striking resemblance to PIN polarization in plant
cells, which is mediated by the PID kinase and PP2A phos-
phatase (Fig. 3).

In animals such as insects, nematodes, and mammals, a
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Fig. 3. Phosphorylation-mediated polar protein trafficking in plants, bacteria, and mammals. The phosphorylation mediated protein polarity
switch operates in plants (PINs in Arabidopsis thaliana), bacteria (DivK in Caulobacter crescentus) and mammals (PARs in mouse) despite
wide differences in kinases and their substrates. (A) In plants, PID-mediated phosphorylation of PIN retargets it to the apical PM. (B) Similarly
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lateral PAR1 protein strictly maintains the apical PAR3 polarity by phosphorylating and subsequently redirecting it back to its original apical
membrane from the basolateral sides. Conversely, aPKC-PAR6-mediated phosphorylation of PAR1 redirects PAR1 back to the basolateral

sides of the epithelial cells.

group of PAR (partition defective) proteins establish epithelial
cell polarity and bilateral symmetry (Goldstein and Macara,
2007; Nance and Zallen, 2011). In mammals, three major polar-
ity complexes regulate the apical and basolateral polarity of
epithelial cells, the PAR (CDC42-PAR3-PAR6-aPKC), Crumb
(Crb-PALS-PATJ) and Scribble (Scrib-Dig-Lgl) complexes. PAR
and Crumb promote apical polarity and Scribble promotes ba-
solateral polarity (Goldstein and Macara, 2007). Movement of
Scribble towards the apical domain is antagonized by the aPKC
(a Ser/Thr kinase) protein of the PAR complex. aPKC phos-
phorylates LGL and thereby promotes its dissociation from the
cell cortex, thus maintaining the apical polarity of the PAR com-
plex (Bryant and Mostov, 2008; Plant et al., 2003). Interestingly,
the PAR genes encode a variety of scaffold and signaling pro-
teins, and the PAR proteins are themselves polarly localized.
Among the six PARs, PAR1 (a Ser/Thr kinase) and PARS3 (a
PDZ domain protein) show distinct basolateral and apicobasal
membrane polarity in fly epithelial cells, and their phosphoryla-
tion by several regulatory proteins inhibits their attachment to
the membrane. However, PAR1 kinase itself can phosphorylate
PARS3 in order to maintain its own basolateral localization and
also stabilize microtubule organization to maintain cell polarity
(Fig. 3) (Goldstein and Macara, 2007).

Regulation of PIN polarity by phosphorylation shows sub-
stantial similarity to PAR protein localization in epithelial cells
(Fig. 3). However, in case of PIN proteins, phosphorylation and

endocytic recycling, rather than the cytoskeletal organizational
cues, are the key factors that maintain polarity (Geldner, 2008).
The distinct polar localization of individual PINs and the pres-
ence of multiple phosphorylation sites in the PIN cytosolic loop
indicate more complex regulation of polar protein trafficking in
plants. By contrast, PAR proteins are under tight regulation by
diverse scaffold proteins, kinases, small GTPases, cytoskeletal
proteins and other signaling molecules, most of which are either
absent or yet to be identified in plants. The identification and
characterization of such regulatory proteins for PIN phosphory-
lation and polar trafficking will shed more light on the mecha-
nism by which PINs target specifically to a certain membrane
side. It is possible that different phosphorylation sites in the PIN
hydrophilic loop are targeted by different kinases to confer dif-
ferent localization cues to certain PIN species in a cell type-
specific manner. Future studies to identify and decipher the PIN
phosphorylation code for specific upstream kinases and down-
stream interacting partners will illuminate the core mechanism
of phosphorylation-mediated modulation of PIN trafficking.

In bacterial and mammalian systems, several proteins inter-
acting with those ‘polar proteins have been identified (Nance
and Zallen, 2011; Tsokos et al., 2010). In plants, PID homologs
are the only known PIN interactors. Future studies to identify
PIN interacting proteins based on PIN phosphorylation status
should provide a much better understanding of polar protein
trafficking in plants.
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