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Abstract Work over the last years has uncovered that during the highly integrative
process of polar auxin transport, dynamic interactions of membrane proteins with
other membrane or soluble proteins or modulatory drugs are providing a high
degree of flexibility. This overall concept is supported by the recent release of a
first, partial Arabidopsis interactome by the Arabidopsis Interactome Mapping
Consortium. In this context, we have summarized the current knowledge of post-
transcriptional regulation of auxin transport with an emphasis on protein—protein
interaction and protein phosphorylation. We suggest a novel protein—protein inter-
action feedback loop of auxin transport. Further, we summarize evidence that this
interaction loop is tightly interconnected with a previously described PIN polarity
loop via AGC3 kinases represented by PINOID. These data are compatible with the
view of a putative multi-protein auxin efflux complex that is building the basis for a
plastic and economic control of auxin streams during PAT.
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1 Introduction

Gradients of the intercellular signaling compound auxin are the primary determi-
nant for the establishment and maintenance of plant polarity in respect to their
development, growth, and physiology (Robert and Friml 2009; Vanneste and Friml
2009). Although the exact mechanism how indol-3-acetic acid (IAA), the most
common auxin, is transported from one plasma membrane domain to the next is still
controversial (Schlicht et al. 2006), the intercellular distribution of IAA provided
by polar auxin transport (PAT) is a unique process so far not found for other
signaling molecules or in non-plant species (Vieten et al. 2007).

The chemiosmotic model has predicted the existence of secondary active auxin
transporters that are thought to be directly or indirectly energized by the proton
gradient established by the H*-ATPase (Vanneste and Friml 2009). Despite the fact
that also novel auxin transporters have been recently found (Barbez et al. 2012),
until now, members of three distinct transporters families have been convincingly
implicated to be directly involved in polar auxin transport: AUXIN RESISTANT
I/LIKE AUX1 (AUX1/LAX) uptake symporters, PIN-FORMED (PIN) efflux
carriers, and P-GLYCOPROTEIN/MULTIDRUG RESISTANCE (PGP/MDR/
ABCB) efflux pumps. A subgroup of ER-localized members of so-called short
PINs, such as PINS and PINS, have recently been shown to be implicated in cellular
homeostasis and not in PAT (Bosco et al. 2012; Mravec et al. 2009; Ding et al. 2012;
see Chap. 2 for details).

Importantly, due to the chemical features of IAA allowing partial diffusion into
cells, exporters are the primary control units for PAT (Geisler and Murphy 2006).
Accordingly, their activity has been shown to be tightly controlled on both the
transcriptional and posttranscriptional levels (Titapiwatanakun and Murphy 2009).
In the last years, members of the described PIN and ABCB family apparently
independently—but also coordinately—function as the molecular machines that
establish and maintain these gradients according to a revised version of the chemi-
osmotic model (Bandyopadhyay et al. 2007; Geisler and Murphy 2006).

In this chapter, we will focus mainly on the posttranscriptional regulation of
PINs and ABCBs with a special focus on protein—protein interaction in respect to its
impact on individual transport capacities. We suggest a novel regulatory, interac-
tion feedback loop. However, we will also integrate very recent findings indicating
that ABCB activity is directly controlled by protein phosphorylation, indicating that
regulatory phosphorylation/polarity and interaction loops are interconnected.

2 Posttranscriptional Regulation of Auxin Catalysts

Based on the “canalization concept” originally hypothesized in order to explain
vascular patterning of the leaf, a positive feedback loop between auxin flux and the
cell’s auxin transport capacity has been proposed (Sachs 1969; Stoma et al. 2008).
Many of the involved molecular components have been identified, including auxin
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transport catalysts and mechanisms by which auxin itself feeds back on their polar
locations (reviewed in detail in Vieten et al. 2007). However, it should be stressed
that until now the proposed auxin flux sensor has not yet been identified in plants
(Merks et al. 2007).

Recent work on the posttranscriptional regulation of auxin catalysts has mainly
focused on the trafficking pathways of PIN proteins (and also of AUX1) that have
been studied intensively, and endosomal cycling is thought to play an essential role
in PIN localizations (Feraru and Friml 2008; Jurgens and Geldner 2007; Kleine-
Vehn and Friml 2008). Compared to PINs, the trafficking routes of ABCBs have not
yet been analyzed in detail. However, keeping the functional ABCB-PIN
interactions on the plasma membrane (see below) and the BFA sensitivity of the
ABCB1 plasma membrane location (Titapiwatanakun et al. 2009; Wu et al. 2010)
in mind, one might speculate that ABCBs follow known PIN routes: ABCBI, like
PIN1, is internalized into endosomal compartments upon BFA treatments, unlike
ABCBI19 that is widely BFA insensitive and follows apparently a trafficking
pathway that is distinct from PIN1/ABCB1 (Titapiwatanakun et al. 2009). Finally,
plasma membrane locations of ABCB1, ABCB19, and ABCB4 but not PIN1 or
PIN2 (Bouchard et al. 2006) have been shown to be dependent on the action of the
FKBP42, TWISTED DWARF1 (TWD1), although the underlying mechanism is
not yet clear (Wu et al. 2010).

The current picture that emerges is that PIN (and most probably also AUX1/LAX)
transporters both obviously providing the majority of bulk PAT streams are mainly
regulated by influencing their subcellular location and polarity, while ABCBs
that show widely nonpolar locations and are more stable on the plasma membrane
are obviously controlled by regulation of their catalytic activity. The underlying
mechanisms for regulatory modules, protein—protein interaction/modulatory drugs,
and protein phosphorylation are summarized in more detail in the following.

3 Regulation of Auxin Catalysts by Protein—Protein Interaction

Work over the last years has revealed that during the highly integrative process of
PAT, dynamic interactions of membrane proteins with other membrane or soluble
components (hereafter referred to as PAT modulators) are thought to provide a high
degree of flexibility that usually characterizes higher plants. This overall concept is
supported by the recent release of a first, partial Arabidopsis interactome by the
Arabidopsis Interactome Mapping Consortium (2011). Apparently, the Arabidopsis
interactome reveals a strong enrichment of a few network communities, including
those for transmembrane transport and vesicle trafficking. Strikingly, the largest
transmembrane transport community shares a high amount of proteins with the
vesicle-trafficking community, suggesting a strong physical and functional overlap
and interaction. While the Arabidopsis interactome, in contrast to those of yeast,
human, C. elegans, and Drosophila, awaits its completion also for Arabidopsis
protein—protein interaction (PPI) tools and experimental and theoretical large-scale
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protein interaction maps have been developed (Chen et al. 2012; De Bodt et al.
2012; Geisler-Lee et al. 2007; Lee et al. 2010; Li et al. 2011). In agreement with the
overrepresentation of Arabidopsis transporter proteins (over 1,200 proteins) have
been assigned as transporters although only 267 transporters have been as such
characterized (Lalonde et al. 2010). A focus was laid on the elucidation of mem-
brane proteins and their signaling networks (Chen et al. 2012; Lalonde et al. 2010).
However, previous experimental work on PAT in respect to protein—protein
interaction has focused on functional interactions between ABCBs and the
immunophilin-like FKBP42, TWISTED DWARF1 (TWD1) on the one hand and
on the interaction between ABCBs and PINs on the other.

3.1 TWDI-ABCB Interaction

Work over the last decade has established the physical and functional interaction of
the immunophilin-like protein FKBP42, called TWISTED DWARF1 (TWD1)/
ULTRACURVATA 2 (UCU2) (Perez-Perez et al. 2004), with ABCBs, ABCBI1,
and ABCB19 (Geisler and Bailly 2007). TWD1/FKBP42 belongs to the FK506-
binding protein (FKBP) subfamily of PPlases (cis—trans peptidyl-prolyl isomerases),
which are thought to catalyze the cis—trans isomerization of cis-prolyl bonds (Geisler
and Bailly 2007). Many FKBPs have a PPlase (rotamase) activity, creating the
impression that FKBPs function primarily in protein folding. However, extensive
research during the past decade has elucidated two independent functions for FKBPs
(1) a PPlase activity classically inhibited by binding of clinically relevant immuno-
suppressant drugs, such as FK506 (tacrolimus) or rapamycin (sirolimus), and (2) a
chaperone function that is independent of the PPlase activity and unaffected by
immunosuppressant drugs (Barik 2006; Blecher et al. 1996; Harrar et al. 2003).

The twisted dwarfl T-DNA insertional mutant (rwdl-1) has been isolated in a
mutant screen for developmental phenotypes. In order to understand the pleiotropic
developmental growth phenotype of twdl, characterized by a dwarf plant size,
reduced cell elongation, disoriented growth of all organs, and misshapen epidermal
cells (causing a twist), a yeast two-hybrid screen for putative interactors using the
soluble portion of TWDI as bait was performed (Geisler et al. 2003). The rationale
to do so was based on the fact that TWD1 owns no detectable PPIase activity using
standard test substrates but contains three repetitions of a so-called tetratricopeptide
repeat (TPR). This qualified TWDI1 as a multi-domain (high-molecular weight)
FKBP, containing typically up to three N-terminal putative FK506-binding
domains (FKBDs), typically followed by a TPR domain and a calmodulin-binding
domain (CaM-BD; see Fig. 1), both known to mediate protein—protein interactions
to calmodulin and heat-shock proteins, respectively (Geisler and Bailly 2007). Both
calmodulin and HSP90 in vitro binding to TWD1 was demonstrated although the
physiological relevance of these interactions is entirely unclear (see Sect. 6).

The two-hybrid screen for TWDI interactors resulted, besides HSP90, in the
identification of C-terminal nucleotide-binding domains (NBDs) of ABCB1 and
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Fig. 1 Model summarizing the effect of PINI-ABCB and TWD1-ABCB interactions on auxin
export. ABCB and PIN proteins are able to function as independent auxin export catalysts;
however, tissue-specific ABCB—PIN pairings alter positively and negatively (+/—) IAA export,
NPA sensitivity, substrate specificity, and eventually also transport directionality of ABCBs.
Interaction is provided between the cytoplasmic loop of plasma membrane-bound PINs interfering
with the NBD2 of ABCBs. TWDI functions as a positive (+) modulator of ABCB activity by
interaction between the TWD1 FKBD (blue) and the ABCB NBD2. Interaction is thought to be
either disrupted by NPA binding to the TWDI1 FKBD (blue) and the ABCB interface between
NBD and intracellular loops (Bailly and Geisler, unpublished) or by flavonoid binding to the
ABCB NBDs (Conseil et al. 1998), resulting in ABCB inhibition

members of the ABCC/MRP family. TWD1-ABCBI interaction was verified by
using in vitro pull-down assays, NPA- and TWDI1-HA affinity chromatography
(Geisler et al. 2003) and bioluminescence resonance energy transfer in yeast
(BRET; Bailly et al. 2008). Mapping of interacting domains demonstrated unex-
pectedly that not the C-terminal TPR domain but the N-terminal putative PPlase
domain (FKBD) provided this interaction (Geisler et al. 2003). Interaction was not
affected by immunosuppressant drugs, suggesting, together with the absence of a
detectable PPlase activity, an evolutionary shift of function toward protein—protein
interaction (Geisler and Bailly 2007; Geisler et al. 2003). Both interaction and
ABCB regulation are provided by the N-terminal FKBD, as the soluble FKBD
upon co-expression in yeast can functionally replace the full-length TWD1 (Bailly
et al. 2008).

Phenotypic rwdl analysis revealed reduced hypocotyl lengths in the dark and
under light, elongated root length (in the dark), and an obvious overlap between rwdl
and abcblabcbl9 loss-of-function alleles, especially at early stages, suggesting a
regulatory impact of TWD1 on ABCB1/B19-mediated auxin transport capacities
(Geisler and Bailly 2007; Geisler et al. 2003). Co-expression of ABCB1 with TWD1
(but not with Arabidopsis FKBP12) in yeast reduced ABCB1 IAA export activity to
vector control levels as shown by transport and growth assays (Bouchard et al. 2006).
This was surprising as it is the opposite of what one would have expected from
previous in planta data. TWD1 has also a negative impact on ABCB1 activity when
co-expressed in the heterologous plant system N. benthamiana (Henrichs et al. 2012).



160 M. Geisler and S. Henrichs

However, in mammalian HeLa cells, TWDI1 has an activating effect on ABCBI,
suggesting that a third factor might be absent in yeast and tobacco (Bouchard et al.
2006). In this respect, TWD1 might compete for ABCB1 activation by high levels of
yeast (or tobacco) FKBP12, the first shown to activate ABCB1 and mouse ABCB3/
MDR3 (Hemenway and Heitman 1996). Assuming higher affinity and/or abundance
of heterologous FKBP12 compared to TWDI1, this would result in a net reduction of
ABCBI1-mediated auxin transport (Bailly et al. 2008; Henrichs et al. 2012). This
concept is supported by the recent finding that yeast FKBP12 is able to widely
complement twdl (Henrichs et al. 2012). Moreover, TWD1 does apparently not
compete for endogenous FKBP12 activation in Arabidopsis as AtFKBP12 has no
significant effect on ABCBI1 activity (Bouchard et al. 2006).

However, a positive regulatory in planta role on ABCBs and in PAT was
indicated by reduced reflux capacities in abch and twdl roots measured by
employing an IAA-specific microelectrode (Bouchard et al. 2006) and by
demonstrating that locations of PIN1 and PIN2 were unchanged (Wu et al. 2010).
This concept was underlined by the finding that rwdl roots, similarly to those of
abcebl abebl9 (but not abebl and abebl19 single) mutants, reveal elevated levels of
free IAA (especially in mature parts) and altered gravitropic responses (Bailly et al.
2008). Together with the major predicted roles of ABCB1 and ABCB19 in basipetal
(ABCB1) and acropetal (ABCB19) auxin transport in roots (Bandyopadhyay et al.
2007; Blakeslee et al. 2007; Geisler and Murphy 2006), this suggests TWD1 to
function as a central regulator of ABCB-mediated long-range auxin transport
controlling plant physiology and development (Bailly et al. 2006; Geisler and
Bailly 2007).

The crystal structures of the TWD1 FKBD and the full-length protein without
membrane anchor have been determined (Granzin et al. 2006; Weiergraber et al.
2006). Modeling of FK506 docking indicates that, consistent with experimental
data, TWDI1 (like HsFKBP38) sterically excludes immunosuppressant drugs like
FK506 (Bailly et al. 2006). Even more informative is that FK506 binding positively
correlates with the presence of a PPlase activity. Therefore, the current picture that
emerges is that stress-related FKBPs have apparently maintained a conserved PPlase
activity to fulfill their proposed chaperone function, whereas others (such as human
FKBP38, TWDI, or PAS1) have lost (or only retained low) PPlase activity (Geisler
and Bailly 2007). A structural shift toward functionality in protein—protein interac-
tion was provided by recent NMR assignments of the FKBP-type PPlase domain of
FKBP42. Signal intensities revealed an additional structure element that is atypical
for such FKBP domains (Burgardt et al. 2012).

In silico modeling of the protein—protein interaction with key interacting
partners, HSP90, ABCB1, and ABCCl1, has facilitated the prediction of docking
sites at the molecular level. Although the docking domains of TWD1 that interact
with the nucleotide-binding fold of ABCB- and ABCC-like ABC transporters are
different (FKB and TPR domains, respectively), both transporters use overlapping
surface areas on the transporters, suggesting a new paradigm for the regulation of
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ABC transporter activity (Granzin et al. 2006). Co-crystallization of FKBPs with
interacting partners will be the method of choice to understand TWDI-ABC
transporter at the molecular level.

TWDI is surprisingly difficult to solubilize by detergents, which has initially
supported the prediction of a glycophosphatidyl inositol (GPI) anchoring (Geisler
et al. 2003). However, no GPI moiety has been detected biochemically (Murphy
et al. 2002), and TWD1 has not been identified in any of the proteomic approaches
on raft-like structures (Morel et al. 2006). Recently, based on NMR analysis of a
C-terminal TWD1 peptide, a perpendicular orientation of the TWD1 anchor forming
a so-called amphipathic in-plane membrane (IPM) anchor has been predicted
(Scheidt et al. 2007).

Using electron microscopy on HA-TWD1-OX plants, TWD1 has, besides on the
plasma membrane, additionally been localized to the tonoplast (Kamphausen et al.
2002). This is of relevance because, as mentioned above, TWD1 has been shown to
functionally interact with ABCC1/MRP1 and ABCC2/MRP2 (Geisler et al. 2004).
Moreover, recently employing a C-terminal CFP tag fused to a genomic construct
expressing TWD1 under its own promoter, a convincing location that was restricted
solely to the ER was found (Wu et al. 2010). Like the previous HA-tagged cDNA
construct expressing TWDI1 under the constitutive, also this genomic construct
fully complemented the twisted syndrome. This conflict is even more puzzling as
expression of TWDI1 from the TWD1:TWDI-CFP construct resulted in a clear
plasma membrane location in tobacco leaves but no obvious ER signal (Henrichs
et al. 2012). In summary, it appears that TWDI resides on multiple subcellular
compartments in analogy to its mammalian ortholog, FKBP38 (Edlich and Lucke
2011; Shirane and Nakayama 2003).

Interestingly, based on the finding that ABCB1-, B4-, and B19-GFP are retained
on the ER in twdl, a chaperone function independent of a PPlase activity for TWD1
in plasma membrane secretion of ABCBs was re-proposed (Wu et al. 2010). These
data are in conflict with a previous work showing that ABCB1 resides on plasma
membrane fractions after sucrose density gradient centrifugation (Bouchard et al.
2006). However, ER retention of ABCB1/B4/B19 suggests an alternative TWD1
functionality that implies that the twisted dwarf phenotype is caused not by a lack of
ABCB activation but their delocalization. Obviously, these two scenarios are not
exclusive. Moreover, one might also imagine that in the absence of TWD1, inactive
ABCBs are removed from the plasma membrane and that ER locations represent
degradation locations. In any case, a comparison of twdl with abcbli,b4,b19 plants
as well as an analysis of TWD1-ABCB4 interaction is highly desirable.

Regardless of the mode of membrane anchoring and the intracellular compart-
ment of interaction, a relevant question is why the need for membrane anchoring of
TWDI1 at all? It has been suggested that FKBP38 acts as a mitochondrial docking
molecule that concentrates two anti-apoptotic membrane proteins at the
mitochondria (instead of the ER), thus preventing apoptosis (Edlich and Lucke
2011). A similar mechanism might be involved in TWDI regulation of ABC
transporters both on the tonoplast and plasma membrane: Membrane anchoring
might thus increase the probability of contacts by reducing the spatiality of TWD1
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diffusion. Furthermore, restraining the mobility of TWD1 by membrane anchoring
might serve as a means to decouple the regulation of transporters located on
different membranes (Scheidt et al. 2007).

3.2 ABCB-PIN Interaction

Previous work established that ABCB and PIN proteins are able to function as
independent auxin export catalysts (Petrasek et al. 2006). However, both transporter
classes lack the degree of substrate specificity seen in planta when expressed in
heterologous systems (Blakeslee et al. 2007). Moreover, abcbl and, to an even
higher degree, abchl9 and pinl mutant roots show a high degree of unspecific
basipetal BA transport not found for wild type (Blakeslee et al. 2007). This,
together with the fact that ABCB1, B19, and PIN1/P2 show widely overlapping
root expression profiles, suggested functional interaction between these auxin
efflux catalysts (Blakeslee et al. 2007).

Subcellular co-localization, yeast two-hybrid interaction, and co-immuno-
precipitation analyses provided clear evidence for distinct ABCB1,19-PIN1,2
pairings (Blakeslee et al. 2007; Rojas-Pierce et al. 2007). However, it should be
mentioned that not all possible ABCB1/B19—PIN1/P2 combinations have been
clearly proven and that the hardest set of evidence exists for ABCB19-PIN1 and
ABCB1-PIN2 interactions (Blakeslee et al. 2007). Not surprisingly, these
interactions correlate with their proposed overlapping functions in apical and
basipetal auxin transport, respectively. As was the case for ABCB/TWDI pairs,
interaction of ABCBs and PINs employs the C-terminal NBDs of the ABCBs
binding the central cytoplasmic PIN loops (Blakeslee et al. 2007).

Co-expression of ABCBs in HeLa cells with PIN1 increased export, NPA
sensitivity, and substrate specificity of ABCB1/B19, while PIN2 had only signifi-
cant effects on ABCB specificity. Similar results were found with ABCB1 co-
expressed with PIN1 and PIN2 (Blakeslee et al. 2007). Functional interaction was
supported by synergistic abcb19 pinl plant phenotypes and abcbl abcbl9 pin2 root
agravitropism (Blakeslee et al. 2007). Interestingly, dynamics of PIN1 cycling are
reduced in ABC19 locations, and PIN1 plasma membrane location was more easily
perturbed in abcbl9 roots, suggesting that ABCB19 stabilizes PIN1 in plasma
membrane microdomains (Titapiwatanakun et al. 2009).

As mentioned already, based on interaction and transport studies, there was no
indication for ABCB-AUXI1 interaction (Blakeslee et al. 2007). However, func-
tional co-expression of PIN1 reversed the import direction of ABCB4 in HeLa cells,
while PIN2 enhanced ABCB4 activity (Blakeslee et al. 2007). However, trials to
verify PIN-ABCB4 interaction failed so far (Titapiwatanakun et al. 2009).

In summary, these data provide evidence for independent ABCB and PIN
transport mechanisms but also tissue-specific ABCB—PIN pairings that function
interactively. In these, PIN proteins seem to add a vectorial dimension to
ABCB-mediated nonpolar cellular auxin export required for PAT.
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3.3 PAT Modulators

The auxin efflux complex is thought to consist of at least two proteins: a membrane
integral transporter and regulatory subunit binding the noncompetitive, synthetic
auxin efflux inhibitor, 1-N-naphtylphtalamic acid (NPA), qualifying it as NPA-
binding protein (NBP) (Bernasconi et al. 1996; Cox and Muday 1994; Luschnig
2001; Michalke et al. 1992). Until today the identity, number, and affinity of putative
NBPs are still controversial (Cox and Muday 1994; Michalke et al. 1992; Sussman
and Gardner 1980), but there is apparently a consensus that PIN proteins do not itself
act as NBPs (Lomax et al. 1995).

The regulatory impact of flavonoids, a class of plant-derived secondary
compounds, on PAT was initially based on their ability to compete with NPA for
transporter binding sites (Jacobs and Rubery 1988; Lomax et al. 1995; Morris 2000).
This concept is further supported by auxin-related phenotypes of Arabidopsis
mutants with altered flavonoid levels (Buer et al. 2007; Peer and Murphy 2006,
2007; Taylor and Grotewold 2005), although fundamental physiological processes
occur in the absence of flavonoids. Aglycone molecules, such as quercetin and
kaempferol, have been shown to inhibit PAT and consequently to enhance localized
auxin accumulation (Brown et al. 2001). Currently they are seen as transport
modulators (Peer and Murphy 2007); nevertheless, the mechanisms by which
flavonoids physically interfere with auxin efflux components are not yet clear.

ABCBI1 and ABCB19 have been identified—together with TWD1—in high-
affinity fractions as NBPs (Geisler et al. 2003; Murphy et al. 2002; Noh et al.
2001), which obviously does not directly prove that all three are high-affinity
NBPs (see below). However, it was shown that high micromolar NPA concentrations
cause inhibition of auxin efflux catalyzed by ABCB1 and ABCB19 (Bouchard et al.
2006; Terasaka et al. 2005). NPA binding studies using microsomes prepared from
abceb mutants and yeast or HeLa cells expressing ABCB1 and ABCB19 verified this
assumption (Benjamins et al. 2001; Kim et al. 2010; Noh et al. 2001; Rojas-Pierce
et al. 2007).

ABCB1 and ABCBI19 both bind NPA but own apparently different NPA
affinities. This has led to the idea that ABCB19 represents the major target of
NPA (Rojas-Pierce et al. 2007). Using plasma membrane-enriched microsomes
from loss-of-function plants, it was shown that abchl9 but not abcbl (or pinl)
showed significantly reduced NPA binding, although the synthetic ATI, gravacin,
removed NPA to similar wild-type levels (Rojas-Pierce et al. 2007).

By means of chemical genomics, another auxin transport inhibitor, called BUM
(2-[4-(diethylamino)-2-hydroxybenzoyl]benzoic acid), was identified by its poten-
tial to efficiently block auxin-regulated plant physiology and development (Kim
et al. 2010). In many respects, BUM resembles the functionality of NPA but has an
ICs that is roughly a factor 30 lower. Physiological analysis and binding assays
identified ABCBs, primarily ABCBI1, as key targets of BUM and NPA, while PIN
proteins were shown not to be directly affected. BUM is complementary to NPA by
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having distinct ABCB target spectra and impacts on basipetal polar auxin transport
in the shoot and root. In comparison to gravacin, it lacks interference with ABCB
membrane trafficking.

Two findings were suggesting that TWD1-ABCB interaction was disrupted by
NPA: First, concentrations needed to block ABCB transport activity expressed in
heterologous systems were far higher than what was needed in planta. And, second,
excess washing with NPA excluded TWD1 but not ABCBs from NPA chromato-
graphies (Geisler et al. 2003). Using a yeast-based BRET (bioluminescence reso-
nance energy transfer) system, NPA and BUM, but not competitive ATIs, TIBA, or
CPD, were shown to disrupt TWD1-ABCBI interaction (Bailly et al. 2008; Kim
et al. 2010). Further, all flavonoids tested disrupted the interaction (Bailly et al.
2008), while gravacin (Rojas-Pierce et al. 2007) had no significant effect on the
interaction (Kim et al. 2010) verifying the idea that TWDI is probably not a target
of it. The flavonol quercetin (ICso ~ 200 nM) was the most efficient and, surpris-
ingly, was also active as glucoside (Bailly et al. 2008). Yeast IAA export assays in
the presence of ATIs verified the BRET measurements on the transport levels.
Mutant analysis indicated that the TWD1 FKBD is responsible for both interaction
and drug regulation of ABCB1. This assumption was confirmed by specific NPA
binding studies using whole yeast, highly pure FKBD, and plant microsomes
prepared from TWDI loss- and gain-of-function mutants (Bailly et al. 2008).
Using gravitropism analysis, imaging of auxin fluxes upon gravistimulation, and
measuring root auxin fluxes, this concept was further substantiated by the finding
that twdl and to lesser amount also abcbl abcbl9 (but not the single abcb loss-of-
function alleles) were NPA insensitive (Bailly et al. 2008).

These data are in agreement with the current concept that the efflux complex
consists of at least two proteins: a transporter and an NPA-binding regulatory
subunit (Luschnig 2001; Morris 2000; Petrasek et al. 2003). ABCBs represent
apparently integral membrane-embedded NBPs identified by Bernasconi et al.
(1996) and Ruegger et al. (1997). Therefore, TWD1 might be the peripheral NBP
(Cox and Muday 1994), which is in line with the recently proposed perpendicular
orientation of the TWD1 C-terminus. However, this perception is also supported by
the fact that the NBP has been suggested to be required for auxin efflux transporter
positioning (Gil et al. 2001). Interestingly, a low-affinity NPA binding site has been
associated with the transporter because its block results in transport inhibition,
while the high-affinity site does not interfere directly with auxin transport
(Michalke et al. 1992). In this respect, it will be of high interest to quantify NPA
binding affinities for TWD1 and ABCB:s.

On the other hand, these data suggest a novel mode of drug-mediated regulation
of ABCB activities via an interacting FKBP: The TWD1 FKBD owns a receptor-like
function and is therefore capable of integrating negative (ATI) inputs on ABCB1 (see
Fig. 1). This concept is supported by in silico docking analysis of ATIs on the crystal
structure of the FKBD, providing indication for an ATI binding pockets (Bailly and
Geisler, unpublished). Interestingly, this pocket is overlapping with surfaces thought
to dock to the ABCB1 NBD2 (Granzin et al. 2006), providing a mechanistic ratio
for disruption of TWD1-ABCB interaction. Based on computational binding, NPA
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docks to ABCB pockets flanked by coupling helices and Q loops of NBD1 and
NBD2 at the NBD-ICL interface (Kim et al. 2010). One could easily imagine that
NPA blocks efficiently the main mechanistic of the transporter during transition of
conformational changes between the NBDs and the ICLs.

Recent data supported that TWD1 does not bind flavonols, like quercetin, itself
(Henrichs et al. 2012); therefore, their potential to disrupt TW 1-ABCB interaction
suggests that they bind to plant ABCBs. In agreement, flavonoids function as
inhibitors of plant (Geisler et al. 2005; Terasaka et al. 2005) and mammalian
ABCBs (Morris and Zhang 2006), most probably by mimicking ATP and compet-
ing for ABCB nucleotide-binding domains (Conseil et al. 1998). Different targets
and binding domains clearly indicate distinct modes of actions for NPA and
flavonols and question the simplified view that flavonols act as plant-endogenous
NPA homologs.

The eligible question that arises still is why nature invented second NPA binding
affinities on ABCBs besides TWD1. The simplest answer to this might be that there
is apparently a need for ABCB regulation by ATIs in the absence of TWDI.

4 Regulation of Auxin Transporter Activity by Protein
Phosphorylation

4.1 PIN Phosphorylation

Several studies indicate that reversible protein phosphorylation is an important
regulatory mechanism for PAT. As mentioned above, endocytotic cycling
represents a highly regulated mechanism for polar PIN locations that among others
has been shown to be regulated by protein phosphorylation events (Friml et al.
2004; Michniewicz et al. 2007). Flowering plants do not contain orthologs of
animal protein kinase A (PKA), cyclic GMP-dependent protein kinase (PKG), or
protein kinase C (PKC). However, a family of so-called AGCVIII Ser/Thr protein
kinases, named after their mammalian homologs, is thought to own similar function
in growth factor signal transduction (Galvan-Ampudia and Offringa 2007).

The Ser/Thr protein kinase PINOID (PID), belonging—together with PID2,
WAGI, and WAG2—to the AGC3 clade of AGCVIII kinases (Galvan-Ampudia
and Offringa 2007), is an important regulator of this process and was shown to
function as molecular switch of PIN locations (Friml et al. 2004; Kleine-Vehn et al.
2009; Michniewicz et al. 2007; Rakusova et al. 2011; Zhang et al. 2010). Loss-of-
function alleles reveal a pinoid (pini-like) plant phenotype (Benjamins et al. 2001),
while plants overexpressing PID reveal defects in gravitropism and a loss of root
meristem organization probably due to auxin depletion (Friml et al. 2004). In pid
inflorescences, PIN1 has been shown to be shifted from the upper to the lower side,
explaining similar phenotypes found for pin/ and pid, while in PID-OX plants, PIN2
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and PIN4 were shown to be mistargeted (Friml et al. 2004). Moreover, polarization
of PIN3-dependent auxin transport for hypocotyl gravitropic response was shown to
be as well controlled by PID (Rakusova et al. 2011).

Recently, PID, WAG1, and WAG2 were shown to phosphorylate PIN carriers at
a conserved TPRXS(N/S) motif in the central hydrophilic loop, leading to PIN
recruitment into the apical recycling pathway (Dhonukshe et al. 2010; Huang et al.
2010). Moreover, disruption of PID and its three closest homologues completely
abolishes the formation of cotyledons (Cheng et al. 2008). These findings, together
with the fact that WAG1 and WAG?2 are apolar and plasma membrane-associated,
suggest that AGC3 kinases act in the same or in a parallel regulatory pathway of
PAT (Santner and Watson 2006).

The current model suggests that PID, together with the trimeric serine—threonine
protein phosphatase 2A (PP2A), antagonistically determines the fate of PIN cargoes
for trafficking to the appropriate membrane by (de)phosphorylating conserved
motifs of the hydrophilic loop of PIN proteins (Dhonukshe et al. 2010; Ding et al.
2011; Huang et al. 2010; Kleine-Vehn et al. 2009) (see Fig. 4 and Chap. 5 of this
series for more details). In summary, this suggests a posttranscriptional polarity loop
via antagonistic action by PID/PP2A (Benjamins and Scheres 2008; see Fig. 3).
However, it is an open question if altered PIN polarity is indeed directly caused by
PIN phosphorylation or not simply the consequence of altered PIN activity. The
latter has been suggested for D6 protein kinase (Zourelidou et al. 2009).

4.2 ABCB Phosphorylation

Several lines of clinical evidence suggest ABCBs as general targets for
phosphorylation-dependent regulation in a so-called linker region. This linker region
connects the N- and C-terminal NBDs of ABCBs and has been shown to regulate
ABCB by multiple phosphorylation events catalyzed by PKC (Chambers et al. 1990;
Conseil et al. 2001). Linker phosphorylation modifies ABCB transport and
associated ATPase activity (Szabo et al. 1997). An accumulation of serine residues
was identified to be phosphorylated by PKA and/or PKC (Chambers et al. 1990;
Conseil et al. 2001; Orr et al. 1993) that regulate the drug transport properties (Szabo
et al. 1997). Employing different phospho-proteomics approaches, plant ABCB
proteins have recently (among other ABC transporters) shown to be phosphorylated
(Benschop et al. 2007; de la Fuente van Bentem et al. 2006; Nuhse et al. 2004;
Peck 2006).

The first proof that also plant ABCBs are controlled by reversible protein
phosphorylation came from the finding that the AGC4 kinase, PHOTROPIN1
(photl), was shown to interact with both NBDs of ABCB19 but not with the
NBD2 of ABCBI1 (Christie et al. 2011). Interestingly, interaction was blocked by
light irradiation as would be expected for a blue-light receptor kinase. In vitro
phosphorylation experiments verified ABCB19 as photl kinase substrate, although
phosphorylated domains and residues remain exclusive. Using co-expression in
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Fig. 2 Model summarizing the analogous regulatory impact of AGC3 kinases, PID and photl, on
ABCBI1 and ABCBI19 activities. (a) In the absence of TWDI1, PID has a positive (+) regulatory
effect on ABCB1 activity, most probably by S634 linker phosphorylation. In its presence, PID
phosphorylates an unknown residue (?) resulting in block of auxin efflux (—). Flavonols (Flav),
such as quercetin, bind to PID resulting in PID inhibition and block of ABCB regulation by PID.
(b) Phosphorylation of the NBDs of ABCB19 by photl marks inhibition of transport activity,
suggesting an analogous mode of ABCB regulation via protein phosphorylation where TWD1
would function in recruiting individual AGC3 kinases. Please note that TWD1—photl interaction
awaits confirmation but is supported by the finding that TWD1-ABCB19 interaction, shown to as
well positively enhance B19 activity, was ameliorated in photl plants. Functional domains of
TWDI are in blue (FKBD), red (TPR), yellow (calmodulin-binding domain), and gray (in-plane
membrane anchor); question marks label functionalities that need experimental approval

HeLa cells, auxin efflux activity of ABCB19 but not of B1 was specifically shown to
be inhibited by photl co-expression, in a mode that is dependent on the phot1 kinase
activity and that is accelerated by light irradiation (see Fig. 2b).

Interestingly, TWD1-ABCB19 interaction, shown as well to positively enhance
B19 activity, was ameliorated by light irradiation but enhanced in photl plants,
supporting the concept that photl-catalyzed ABCB19 phosphorylation blocks
TWDI1-ABCB19 interaction. Alternatively, photl might simply compete for
TWD1 docking surfaces at the ABCB19 NBD2.

Using co-immunoprecipitation and shotgun LC-MS/MS analysis, PID was
identified as a valid partner in interaction with TWDI. PID interaction was verified
by BRET analysis in planta and in vitro pulldowns. In vitro and yeast expression
analyses indicated that PID specifically modulates ABCB1-mediated auxin efflux in
an action that is dependent on its kinase activity and that is reverted by quercetin
binding and thus inhibition of PID auto-phosphorylation. ABCB1/PID co-transfection
in tobacco revealed that PID enhances ABCB1-mediated auxin efflux in the absence
of TWD1, while PID had a negative impact on ABCB1 in yeast. As discussed above,
the most likely explanation is that SCFKBP12 is able to functionally complement
TWDI1 in yeast as has been suggested for TWD1 modulation of ABCB1 (Bailly et al.
2008; Bouchard et al. 2006). Interestingly, triple ABCB1/PID/TWDI1 co-transfection
in tobacco revealed that PID blocks ABCB1-mediated auxin efflux in the presence of
TWDI (see Fig. 2a), suggesting that TWDI1 might function as a recruiting factor for
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ABCBI phosphorylation. The fact that ABCB1 phosphorylation in the presence of
TWDI has the opposite effect on ABCBI1 transport capacity than TWD1-ABCBI1
interaction per se argues for the idea that protein phosphorylation is not the primary
mode of TWDI activation. Obviously, both modes of ABCB1 regulation—directly
via TWDI1 interaction and PID phosphorylation—might also take place in parallel or
in competition, resulting in fine-tuning of ABCB activity as reported for mammalian
ABCBs. Alternatively, ABCB1 phosphorylation in the presence of TWDI might
disrupt TWD1-ABCBI interaction, leading to ABCB1 inhibition (see below).

Phospho-proteomics analyses identified S634 as a key residue of the regulatory
ABCBI linker, which was verified by mutation analyses in yeast and tobacco. In the
absence of TWDI1, PID does phosphorylate S634, resulting in ABCBI1 activation.
On the other hand, negative ABCB1 regulation in the presence of TWD1 argues for
a second, PID-specific ABCB1 phosphorylation site that does not essentially need
to be part of the linker.

Currently, PID is seen as a positive regulator of NPA-sensitive PAT (Lee and
Cho 2006). This is based on the correlation of the pid mutant shoot phenotype
that—in analogy to the more drastic one of pin/ (Palme and Galweiler 1999)—can
be widely phenocopied by NPA treatment (Wisniewska et al. 2006) and supported
by the fact that pid shoots (Bennett et al. 1995) and roots (Sukumar et al. 2009)
show reductions of acropetal and basipetal PAT, respectively. A current study,
however, shows that PID phosphorylation of the ABCB1 linker might modulate not
only ABCBI activity but also NPA binding capacities (Henrichs et al. 2012). This
implies that enhanced (reduced) NPA (quercetin) binding to PID gain-of-function
microsomes might be a direct result of altered ABCB1 phosphorylation at S634 by
PID. These findings, however, also suggest that the pinoid phenotype and repres-
sion of PID-OX defects by NPA are at least to a certain magnitude taken over by
PIN-independent transport mechanisms, such as ABCBs. This is also supported by
additive, drastic developmental defects of pinl pid alleles (Furutani et al. 2007).
NPA action might be therefore mediated by closely related AGC3 kinases, like
PID2 or WAG1/WAG?2, that have been shown to share the regulation of identical
NPA-sensitive PAT pathways (Dhonukshe et al. 2010; Santner and Watson 2006).

Protein phosphatases for ABCB1 and B19 dephosphorylation have not yet been
identified, but indirect evidence suggests that PP2A, RCN1, might be involved:
renl abebl abebl9 triple mutants exhibited strong embryonic and postembryonic
auxin-related phenotypes (Mravec et al. 2008). Moreover, PP2C (At2g30020) was
identified as putative TWDI interactor (Henrichs et al. 2012).

In summary, these two analogous sets of data on ABCB19 and ABCBI1 regula-
tion by AGC kinases, photl (Christie et al. 2011) and PID, imply that AGC kinases,
besides their function as a molecular switch of PIN polarity, have a direct impact on
auxin efflux (ABCB) activity. Although phosphorylated residues in ABCB19 by
photl have not yet been identified and a photl-TWD1 interaction has not been
proven (see Fig. 2), both modes of actions show common features: In the presence
of TWDI, both phosphorylation events catalyzed by photl and PID lead to an
inhibition of ABCB activity. In both cases, ABCB phosphorylation might result in a
block of ABCB-TWDI1 interaction, which would be a plausible ratio for a loss of
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functionality. However, this mode of action, although intriguing and worth testing,
is in contrast to the current picture that ABCB-TWDI interaction is of transient
nature, which is obviously supported by the low TWD1/ABCB expression stoichi-
ometry (Bailly et al. 2008, Wang et al. 2013). Moreover, this regulatory circuit
would suggest a paradox situation in which TWDI1 recruits its individual AGC
kinase for ABCB phosphorylation, resulting in TWD1-ABCB separation (Fig. 2).

S Interaction and Polarity Loops Are Interconnected

Auxin transport is thought to employ two main regulatory feedback loops, a
transcriptional loop and a posttranscriptional PIN polarity loop (Benjamins and
Scheres 2008). In the polarity loop, PIN polarity is regulated by its phosphorylation
status provided by protein kinases and phosphatases, represented by PID and PP2A
(see Sect. 4; Fig. 3b).

However, a whole series of recent data imply a third protein—protein interaction
feedback loop of auxin transport (see Fig. 3a). Therein, distinct ABCB-PIN and
ABCB-TWDI1 pairings of a putative multi-protein auxin efflux complex are build-
ing the basis for a plastic control of auxin streams during PAT. This complex
probably does not involve direct TWDI1-PIN interaction, which is also supported
by the finding that expression and locations of PIN1 and PIN2 are unchanged in
twdl (Bouchard et al. 2006; Wu et al. 2010).

Endogenous auxin transport inhibitors, that for flavonoids have been suggested
and partially also verified, are also part of this regulatory network. The integrative,
sometimes even confusing, modulatory effect of flavonoids on auxin transport
might result from combinatory effect on ABCB activity and its interaction with
TWDI and additionally on PIN gene expression and cellular trafficking (Peer et al.
2001; Peer and Murphy 2006, 2007; Santelia et al. 2008). Very recent findings
suggest that polarity and interaction loops are interconnected via the action of AGC
kinases, such as PID (Fig. 3b): Besides decoding PIN polarity, PID also interacts
with TWDI, thus negatively regulating ABCB1 activity (Henrichs et al. 2012).
At present it is unclear if ABCB1 inhibition is of direct nature or causes indirectly
by loss of interaction with TWDI.

Interestingly, flavonoids, such as quercetin, but not NPA are able to interfere
with both interaction and polarity loops on different levels (1) direct inhibition of
ABCB activity, (2) disrupting TWD1-ABCB interaction, and (3) inhibition of PID
that itself has an indirect impact on ABCB1 phosphorylation/activity or PIN
polarity. As such, these partially opposite effects reflect pretty well the complexity
of flavonol action.

In summary, it appears that auxin controls besides its own biosynthesis and
homeostasis also its own transport by interconnected regulatory feedback loops
(Benjamins and Scheres 2008). Auxin, in interplay with ATIs, is able to compose
the set of its own regulatory machinery according to the developmental stage of the
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Fig. 3 Interaction and polarity loops of ABCB and PIN-mediated auxin transport are
interconnected. (a) In a novel interaction loop, TWD1 and PIN proteins positively contribute to
ABCB-mediated auxin transport by protein—protein interaction. Polar PINs provide vectorial
auxin streams, while TWDI1 acts a positive modulator of nonpolar ABCB fluxes. ATIs, such as
flavonols, disrupt ABCB1-TWDI interaction probably by binding to ABCB1, resulting in trans-
port inhibition. Arrows denote positive and bars negative regulation at the transport level. (b) In a
previously suggested polarity loop (dashed line; modified from Benjamins and Scheres (2008)),
PIN polarity is coordinated by the phosphorylation status of PINs controlled by PID/PP2A action.
PID interferes with all major components of interaction and polarity loops in an action that is
inhibited by ATI/quercetin binding. Note that the negative impact of PID on TWD1-ABCBI
interaction by ABCB1 phosphorylation has not yet been demonstrated

cell and the environmental conditions of the plant. As a consequence, individual
transporter and regulatory proteins interact, interfere, and regulate each other in
order to allow a fine-tuning of an auxin distribution pattern.

6 Outlook

Upstream events regulating PID—and most probably also TWD1—activity reveal
interesting links to known but widely unclear regulatory mechanisms of the auxin
transport machinery: Since the 1970s, it is well known that gravity perception and
PAT are tightly controlled by intracellular calcium levels (Dela Fuente and Leopold
1973; Toyota et al. 2008a). However, the order and relationship between both
signaling pathways are unclear. However, recent work provided evidence that
gravistimulation-induced calcium increases constitute an upstream event of PAT
(Toyota et al. 2008b).
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Fig. 4 Overview of protein—protein interactions regulating PIN- and ABCB-mediated auxin
efflux. As explained in detail in the text, reversible protein phosphorylation by AGC3 kinases,
represented here by PID, have a dual effect on PIN polarity (4) and ABCB transport capacity (3).
PID activity is calcium-dependently regulated inversely by the calcium-binding proteins pinoid-
binding proteinl (PBP1) and the calmodulin-like TOUCH3 (TCH3) (2). Dephosphorylation of
PIN and ABCB proteins by protein phosphatases, such as phosphatase PP2A (5), leads to a top-to-
bottom switch of PIN proteins and reversal of PID-mediated ABCB regulation. Note that many of
these regulatory processes are directly or indirectly controlled by changes of intracellular calcium
concentration provided by plasma membrane calcium channels that itself are under control of
auxin-related responses, such as gravitropism (1). Further, besides PID also TWD1 was shown to
bind calmodulin with its C-terminal calmodulin-binding domain (6) although the functional
relevance of this interaction is still unknown

This is supported by the finding that PID is negatively and positively regulated
by protein—protein interaction with calcium-binding proteins, TCH3 and PBPI,
respectively. TCH3 is a calmodulin-related protein, and as a consequence, calmod-
ulin inhibitors enhance PID activity (Sistrunk et al. 1994). In this respect, it might
be worth recalling that TWD1 itself is calmodulin binding, although the in vivo
relevance of this interaction is still unclear (Fig. 4) (Geisler et al. 2003;
Kamphausen et al. 2002). Studies on the human homologue of TWD1, FKBP38,
show that anti-apoptotic function of HsFKBP38 requires a priori activation by
calmodulin activating the cis—trans peptidyl-prolyl isomerase (PPlase) activity of
HsFKBP38 (Edlich et al. 2005, 2007). Taking the human FKBP38 as an example, a
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scenario becomes likely that conformational changes of TWDI1 are induced by
calcium-dependent binding of a calmodulin-like proteins, such as TCH3, that might
affect directly ABCB activity or PID activity and thus indirectly ABCB auxin
transport.

Although several lines of evidence also indicate a function for WAG kinases
during auxin transport, the regulatory impact of WAGs on the auxin transport
machinery remains less clear. Enhanced NPA sensitivity, the fact that WAG
kinases, like PID, are polar and plasma membrane-associated, and their enhanced
expression in the root tips suggest that PID and WAG kinases act in the same or in a
parallel pathway (Santner and Watson 2006), probably by regulation of NPA-
binding proteins, like ABCBI, or interactors, like TWDI1. Taking into account
that members of the AGC3 clade show redundancy during development and toward
their calcium-dependent regulation by TCH3 and PBP1 (Dhonukshe et al. 2010;
Huang et al. 2010; Robert and Offringa 2008), the specific impact of individual
AGCS3 kinases in regulation of auxin transport needs to be explored. Therefore, the
effect of WAG kinases on PIN protein polarity and ABCB activity needs to be
investigated. WAG kinases are rapidly downregulated by light and show a more
pronounced effect on root growth; they probably play a role during gravitropism or
root development, responses where PID plays a limited role.

Finally, and connected to the above, there is a need to understand how nature
was able to dually utilize and separate functionality of AGC kinases, such as PID,
for regulation of ABCB activity and PIN polarity. PID coevolved relatively early
during plant evolution together with PINs during the origin of land plants, while
photl seemed to have appeared later during development of seed plants.
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