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The immunophilin-like FKBP42 TWISTED DWARF1
(TWD1) has been shown to control plant development via the
positive modulation of ABCB/P-glycoprotein (PGP)-mediated
transport of the plant hormone auxin. TWD1 functionally inter-
acts with two closely related proteins, ABCB1/PGP1 and
ABCB19/PGP19/MDR1, both of which exhibit the ability to
bind to and be inhibited by the synthetic auxin transport inhib-
itorN-1-naphylphtalamic acid (NPA).They are also inhibitedby
flavonoid compounds, which are suspectedmodulators of auxin
transport. Themechanisms bywhich flavonoids andNPA inter-
fere with auxin efflux components are unclear. We report here
the specific disruption of PGP1-TWD1 interaction by NPA and
flavonoids using bioluminescence resonance energy transfer
with flavonoids functioning as a classical established inhibitor of
mammalian and plant PGPs. Accordingly, TWD1 was shown to
mediate modulation of PGP1 efflux activity by these auxin
transport inhibitors. NPA bound to both PGP1 and TWD1 but
was excluded from the PGP1-TWD1 complex expressed in
yeast, suggesting a transient mode of action in planta. As a con-
sequence, auxin fluxes and gravitropism in twd1 roots are less
affected by NPA treatment, whereas TWD1 gain-of-function
promotes root bending. Our data support a novel model for the
mode of drug-mediated P-glycoprotein regulationmediated via
protein-protein interaction with immunophilin-like TWD1.

Bioactive flavonoids derived from plant secondary metabo-
lism serve as important nutraceuticals (1). They have health-
promoting effects, including antioxidant, anticarcinogenic,
antiviral, and anti-inflammatory activities; however, the cellu-
lar targets of the in vivo protein remain largely unknown (1, 2).
In plants, among other functions, flavonoids such as quercetin,
kaempferol, and other aglycone molecules have been shown to

inhibit cell-to-cell/polar auxin transport (PAT)3 and conse-
quently to enhance localized auxin accumulation (1, 3–6). Dur-
ing PAT, the plant hormone auxin, which determines many
aspects of plant physiology and development, is moved direc-
tionally in a cell-to-cell mode (7–9).
The regulatory impact of flavonoids on PAT initially was

based on their ability to compete with N-1-naphtylphtalamic
acid (NPA), a synthetic auxin transport inhibitor (ATI) (4,
10–12) and herbicide (naptalam, alanap), for transporter bind-
ing sites. This concept is further supported by auxin-related
phenotypes of Arabidopsismutants with altered flavonoid lev-
els (1, 3, 13), although fundamental physiological processes
occur in the absence of flavonoids. Currently the flavonoids are
seen as transport regulators or modulators (14); nevertheless,
themechanisms bywhich flavonoids interfere with auxin efflux
components are not yet clear (1).
The auxin efflux complex is thought to regulate PAT on the

molecular level and consists of at least two proteins: a mem-
brane integral transporter and an NPA-binding protein (NBP)
regulatory subunit (11, 15–17). Recently, ABCB/P-glycopro-
tein (PGP)/multidrug resistance (MDR) proteins, members of
the expanded Arabidopsis ABC (ATP-binding cassette) trans-
porter family (18, 19), have been identified as both auxin trans-
porters (20–24) and high-affinity NBPs (25, 26).
High NPA concentrations cause inhibition of auxin efflux

catalyzed by ABCB1/PGP1 and ABCB19/PGP19/MDR1 (20,
21) (hereafter referred to as PGPs), most probably by binding to
the transporter itself (26). This is in analogy to flavonoids func-
tioning as inhibitors of plant (20, 21, 24) and mammalian PGPs
(2) probably by mimicking ATP and competing for PGP nucle-
otide-binding domains (27). Overexpression of certain PGPs is
associated with increased MDR, whereas loss of function often
results in diverse diseases (28) in mammalians.
The immunophilin-like FKBP42, TWISTED DWARF1

(TWD1) (29–31), belongs to the FKBP (FK506-binding protein)-
type family of PPIases (peptidyl-prolyl cis-trans isomerases, EC
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5.1.2.8) (29, 31, 32).Many but not all PPIases catalyze the cis-trans
isomerization of cis-prolyl bonds and have been identified as tar-
gets of immunosuppressant drugs such as FK506 (tacrolimus) (29,
31, 32). The TWD1 C terminus forms a so-called amphipathic
in-planemembrane anchor, which probably confers a perpendic-
ular orientation (33) on both the vacuolar (34) and the plasma
membrane (30, 35).
TWD1 docks with its N-terminal FK506-binding domain

(FKBD), shown to lack PPIase activity and FK506 binding (30,
35), to C-terminal nucleotide-binding domains (18) of PGP1
and PGP19 (see Fig. 1A). In this way, TWD1 acts in planta as a
positive regulator of PGP1- and PGP19-mediated auxin efflux
by means of protein-protein interaction (20, 30), modulating
the movement of auxin out of apical regions and long range
auxin transport on the cellular level (20, 36).
Here, we employed a yeast-based bioluminescence resonance

energy transfer (BRET) system to investigate PGP1-TWD1 inter-
action on a molecular level. Auxin transport inhibitors and fla-
vonoids, inhibitors ofmammalian and plant PGPs, disrupt PGP1-
TWD1 interaction. Auxin transport inhibitors modulate the
regulatory effect of TWD1 on PGP1 activity, supporting a novel
mode of PGP regulation via immunophilin-like TWD1 (20). This
represents a new concept of drug-mediated ABC transporter
modulation via membrane-anchored immunophilins and may
have important agronomic and clinical implications.

EXPERIMENTAL PROCEDURES

Yeast Constructs, Growth, and Expression Analysis—cDNA
covering the N-terminal FKBD ofArabidopsisTWD1 (TWD1-
(1–187); At3g21640) were cloned into BamHI and SalI sites of
the copper-inducible yeast shuttle vector pRS314CUP (20)
resulting in pRS314CUP-FKBD. Pointmutations in TWD1 and
a stop codon in PGP1 (bp 3.240) were introduced using the
QuikChange XL site-directed mutagenesis kit (Stratagene, La
Jolla, CA) resulting in pRS314CUP-TWD1C70D,L72E and pNEV-
PGP1�NBD2-YFP (20). Empty vector controls pNEV and
pRS314CUP as well as pNEV-PGP1, pNEV-PGP1-YFP, pNEV-
PGP1�NBD2-YFP, pRS314CUP-FKBD, pRS314CUP-FKBD-
rLuc, pRS314CUP-TWD1, and pRS314CUP-TWD1-rLucwere
transformed into Saccharomyces cerevisiae strain JK93d� (37),
and single colonies were grown in SD-UT (synthetic minimal
mediumwithout uracil and tryptophan, supplemented with 2%
glucose and 100 �M CuCl2).
Cells co-expressing PGP1-YFP and TWD1-CFP (20) grown

in the presence of 10 �M drugs or solvent control to an A600
around 0.8werewashed and incubated inmountingmedia con-
taining 4,6-diamidino-2-phenylindole, and fluorescence pic-
tures were collected by confocal laser scanning microscopy
(Leica, DMIRE2) equipped with argon (488 nm) and UV lasers
(410 nm). Fluorescence and DIC (differential interference con-
trast) images were processed using Adobe Photoshop 7.0. Vec-
tor controls showed no detectable fluorescence. Plasma mem-
brane fractions were separated via continuous sucrose gradient
centrifugation (34) and subjected to 4–20% PAGE (Long Life
Gels, Life Therapeutics), and Western blots were immuno-
probed using anti-GFP (Roche Applied Science) and anti-
Renilla luciferase (rLuc; Chemicon Int.).

For auxin analogue detoxification assays (20, 38), transfor-
mants grown in SD-UT to an A600 of �0.8 were washed and
adjusted to an A600 of 1.0 in water. Cells were diluted 10� five
times, and each 5 �l was spotted on minimal media plates sup-
plemented with 750 �M 5-fluoroindole (Sigma). Growth at
30 °C was assessed after 3–5 days. Assays were performed with
three independent transformants.
BRET Constructs and Assays—Renilla luciferase (rLuc, Gen-

BankTM accession number AY189980) was amplified by PCR
from plasmid pRL-null (Promega) and inserted in-frame into
AscI sites generated in the coding regions of pRS314CUP-
FKBD and pRS314CUP-TWD1 (64 bp) using the QuikChange
XL site-directed mutagenesis kit (Stratagene). In this way, rLuc
was inserted into the veryN terminus of TWD1. Single colonies
co-expressing PGP1-YFP (20) and TWD1-rLuc were grown in
selective synthetic minimal medium (SD-UT) in the presence
of inhibitors or adequate amounts of solvents. 200 ml of over-
night cultures were harvested at A600 � 1 by centrifugation for
10 min at 1500 � g and washed two times with ice-cold milliQ
water. The resulting pellet was suspended in 4 ml of ice-cold
lysis buffer (50 mM Tris, 750 mM NaCl, 10 mM EDTA) supple-
mented with proteases inhibitors (Complete tablets, Roche
Diagnostics) and an equivalent volume of acid-washed glass
beads (inner diameter, 0.5 mm, Biospec Products Inc.) was
added. Cells were broken by vortexing 10 times for 1 min, with
1-min intervals on ice for cooling. The supernatant was
decanted, and the beads were washed four times with 10 ml of
ice-cold lysis buffer. Supernatantswere centrifuged at 4,500� g
(S1) and 12,000 � g (S2) for 10 min at 4 °C to remove unbroken
cells and other debris. Membranes were collected by centrifu-
gation at 100,000 � g (P3) for 1 h at 4 °C. The membrane pellet
was homogenized using a pestle in 300 �l of ice-cold STED10
buffer (10% sucrose, 50mMTris, 1mM EDTA, 1mM dithiothre-
itol) supplemented with proteases inhibitors to give a suspen-
sion of about 3 mg of proteins/ml as measured using the Brad-
ford assay (Bio-Rad). All preparationswere stored at�80 °C for
subsequent use. In vitro measurement of the BRET signal was
performed using 200 �l of yeast membrane suspension (�600
�g of proteins) in a white 96-well microplate (OptiPlate-96,
PerkinElmer Life Sciences). 5 �M coelenterazine (Biotium Inc.)
was added, and sequential light emission acquisition in the
410� 80 nm and 515� 30 nmwindows was started after 1min
using the Fusionmicroplate analyzer (PMT� 1100V, gain� 1,
reading time � 1 s; PerkinElmer Life Sciences). BRET ratios
were calculated as described (39) as follows: [(emission at 515�
30 nm) � (emission at 410 � 80 nm) � Cf]/(emission at 410 �
80 nm), where Cf corresponds to (emission at 515 � 30 nm)/
(emission at 410� 80 nm) for the rLuc fusion protein expressed
alone in the same experimental conditions. The results are the
average of 10 readings collected every minute; presented are
average values from 6–10 independent experiments with four
replicates each.
Yeast Auxin Transport Assays—IAA transport experiments

were performed as in (20). In short, S. cerevisiae strains JK93d�
(37) were grown as described above, loaded with [3H]-IAA (20
Ci/mmol; American Radiolabeled Chemicals Inc.) for 20 min
on ice, washed twice with cold water, and resuspended in 15ml
of SD, pH 5.5. 0.5 ml-aliquots were filtered prior to t � 0 min
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and after 10 min were incubated at 30 °C. PGP1-mediated IAA
export is expressed as relative retention of initial (maximal)
loading (t� 0min), which is set to 100%. Presented are average
values from 6–8 independent experiments with four replicates
each.
Drug Binding Assays—Whole yeast NPA binding assays were

performed essentially as described previously (26). 10 ml of
yeast cultures were grown as described above to an A600 of 1,
and cells were resuspended in 10 ml of SD, pH 4.5. To 1-ml
aliquots (for each experiment four replicates were used) 10 nM
[3H]NPA (60 Ci/mmol) and 10 nM [14C]benzoic acid (BA, 58
mCi/mmol; all from American Radiolabeled Chemicals Inc.)
were added in the presence and absence of 10�MNPA (�10�M
BA for competition experiments; 1000-fold excess). Cells were
incubated for 1 h at 4 °C under shaking and washed with ice-
cold MilliQ water, and the tips of centrifuge tubes including
pelletswere subjected to scintillation counting. Reported values
are the means of specific binding ([3H]NPA bound in the
absence of cold NPA (total) minus [3H]NPA bound in the pres-
ence of cold NPA (unspecific)) from 4–8 independent experi-
ments with four replicates each.
For PPIase Affi-Gel pulldown assays, 2 mg of the PPIase

domain/FKBD of TWD11–180 expressed in Escherichia coli
and purified as described previously (40) was coupled to 2ml of
Affi-Gel-15 beads (Bio-Rad). 50 �l of Affi-Gel-PPIase or empty
Affi-Gel beads (50% slurry) was resuspended in 450 �l of phos-
phate-buffered saline, pH 7.4, and 5 �l of radiolabeled
[7-14C]BA (58 mCi/mmol, 0.1 mCi/ml) and [3H]NPA (60
Ci/mmol, 1 mCi/ml; all from American Radiolabeled Chemi-
cals Inc.), diluted 20� in phosphate-buffered saline was added
to four replications of each. After shaking for 1 h at 4 °C, the
beads were filtered on nitrocellulose, and the filters washed
three timeswith coldMilliQwater and finally subjected to scin-
tillation counting. Reported values are the means of specific
binding ([3H]NPA bound to Affi-Gel-PPIase minus [3H]NPA
bound to empty Affi-Gel beads) per 1 �g of coupled protein as
measured using the Bradford assay (Bio-Rad). Presented are
average values from 4–8 independent experiments with four
replicates each.
For microsomes of Arabidopsis NPA binding assays, Arabi-

dopsis seedlings were grown in liquid cultures, andmicrosomes
were prepared as described elsewhere (34). Four replicates of
each 20 �g (ProCaMV35S-TWD1-HA) or 100 �g of protein
(wild-type and twd1) in STED10 were incubated with 10 nM
[3H]NPA (60 Ci/mmol) and 10 nM [14C]BA (58 mCi/mmol) in
the presence and absence of 10 �M NPA (�10 �M BA for com-
petition experiments; 1000-fold excess). After 1 h at 4 °C under
shaking, membranes were filtered over nitrocellulose filters
(MF 0.45 �m, Millipore) and washed three times with cold
MilliQ water, and filters were subjected to scintillation count-
ing. Reported values are the means of specific binding
([3H]NPA bound in the absence of cold NPA (total) minus
[3H]NPAbound in the presence of coldNPA (unspecific)) from
three independent experiments with four replicates each.
Plant Growth Conditions and Quantitative Analysis of Root

Gravitropism—Arabidopsis thaliana plants were grown as
described previously (30). For quantification of gravitropism in
the presence of light (Fig. 5A, supplemental Fig. S6A), wild type,

pgp1 (At2g36910) and pgp19 (At3g28860), and pgp1/pgp19 and
twd1 (At3g21640) mutants (all ecotype Wassilewskija (Ws
Wt)), seeds were surface sterilized and grown on 0.5�Murash-
ige and Skoogmedium, 0.7% phytoagar (Invitrogen) under con-
tinuous light conditions in the presence or absence of 5 �M
NPA as described previously (20). The angle of root tips from
the vertical plane was determined using Photoshop 7.0. (Adobe
Systems, Mountain View, CA), and each gravistimulated root
was assigned to one of twelve 30° sectors in the circular histo-
grams; the length of each bar represents the percentage of seed-
lings showing the same direction of root growth. (Figs. 5 and 6,
supplemental Fig. S6). Helical wheels were plotted using Polar-
Bar software.
For quantification of root bending rates (Figs. 5B and 6, sup-

plemental Fig. S6B), 5 dag seedlings, grown vertically on 0.5�
strength Murashige and Skoog medium, 0.7% agar, 1% sucrose
were transferred for an additional 12 h onto newplates contain-
ing 5 �M NPA or the solvent DMSO. Plates were rotated 90°
from the vertical for 7–12 h of gravity stimulation in the dark.
The angle of root tips from the vertical plane (root curvature)
was determined using Photoshop 7.0. (Adobe Systems), and the
rate of curvature was calculated as first derivative of root cur-
vature. The number of seedlings for each genotypewas between
72 and 96.
Analysis of IAA Responses—Homozygous T4 generations

(20) of A. thaliana wild-type (ecotypes Ws and Columbia
(Col)), pgp1, pgp19, pgp1/pgp19, and twd1 mutants (all in Ws
Wt) expressing the maximal auxin-inducible reporter ProDR5-
GFP (41) were grown vertically for 5 days as described above
and analyzed by confocal laser scanning microscopy (Leica,
DMIRE2) equipped with an argon laser (488 nm). In some
cases, seedlings were transferred for an additional 12 h onto
new plates containing 5 �M NPA or the solvent DMSO and
gravistimulated for 2 h by turning the plates 90°. For histologi-
cal signal localization, differential interference contrast and
GFP images were merged electronically using Photoshop 7.0
(Adobe Systems).
Recording of Root Apex Auxin Fluxes Using an IAA-specific

Microelectrode—A platinummicroelectrode was used to mon-
itor IAA fluxes inArabidopsis roots as described previously (20,
42). For measurements, plants were grown in hydroponic cul-
tures and used at 5 days after germination. Differential current
from an IAA-selective microelectrode placed 2 �m from the
root surface was recorded in the absence and presence of 5 �M
NPA. Relative NPA inhibition was calculated by dividing peak
influx values (at 200 nm from the root tip) in the absence of
NPA by those in the presence.
Data Analysis—Data were analyzed using Prism 4.0b

(GraphPad Software, San Diego, CA), and statistical analysis
was performed using SPSS 11.0 (SPSS Inc., Chicago). FKBD
structure alignment was performed using PyMol 0.99.

RESULTS

Establishment of a Yeast-based PGP1-TWD1 BRET System—
Despite the fact that FKBPs are well known subunits and mod-
ulators ofmultiprotein complexes (20, 37, 43), ABC transporter
regulation by FKBPs has been reported only for murine MDR3
and Arabidopsis PGP1 (20, 30, 34, 37). On the other hand, the
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mechanisms by which NPA or flavonoids interfere with auxin
efflux complex components, and hencewith PAT (7–9), are not
clear (1, 3, 5, 36).
Therefore, and in order to analyze PGP1-TWD1 interaction

and its impact on cellular auxin efflux at themolecular level, we
established a yeast-based BRET assay by co-expressing TWD1
and PGP1 fused to bioluminescence donor rLuc and acceptor
fluorophore YFP, respectively (Fig. 1A). In short, BRET is a
naturally occurring phenomenon based on the Förster reso-
nance energy transfer between a light-emitting luciferase and
an acceptor fluorophore and occurs when the donor and accep-
tor are below 100 Å apart (44). It has been shown to be inde-
pendent from substrate concentration and has been validated
by its usage in yeast (45) and other cells (39). In summary, BRET
offers the advantages of FRET but avoids the drawbacks of flu-
orescence excitation like photobleaching and direct excitation
of the acceptor fluorophore (44).
PGP1-YFP andTWD1-rLuc fusion proteins are functional as

shown by analysis of IAA export upon co-expression and
PGP1-YFP mediated detoxification of auxin analogs in yeast
(Fig. 1B, supplemental Fig. S1). Moreover, TWD1-rLuc inhib-
ited PGP1- or PGP1-YFP-mediated auxin efflux to the native
TWD1 level. As shownpreviously, TWD1has in yeast, unlike in
mammalian and plant cells, an inhibitory effect on PGP1 export
activity (20, 46). As discussed in detail below (see “Discussion”),
the difference might be due to the lack of higher eukaryote
components in yeast, the lower abundance of TWD1 in planta,
or competition of TWD1 with yeast FKBP12 for activation of
PGP1.
PGP1-YFP andTWD1-rLuc co-localize on the plasmamem-

brane and small plasma membrane-attached vesicles (Fig. 1, A
and C (20)) and co-expression results in a stable, highly repro-
ducible BRET signal (Fig. 1C), whichwas quantified as a ratio of
the light emitted by PGP1-YFP over that emitted by TWD1-
rLuc (BRET ratio (39)). This BRET signal was specific because,
first, no BRET was observed in the absence of PGP1-YFP (Fig.
1C) or with PGP1 minus YFP (not shown) or AtOSA-YFP, an
unrelated protein kinase that co-localized with TWD1-CFP
(Fig. 1A). Second, deletion of the interacting C terminus of
PGP1-YFP containing the second nucleotide-binding domain
(NBD) (PGP1�NBD2-YFP) abolished BRET entirely. And third,

FIGURE 1. A yeast-based BRET system of TWD1-PGP1 interaction. A, co-
localization of PGP1-YFP (yellow) and TWD1-CFP (blue) in yeast (upper panels).
The model illustrates PGP1-YFP and TWD1-rLuc interactions resulting in BRET

(lower panels). Black, NBDs; yellow, YFP; red, FKBD; green, tetratricopetide
repeat; blue, rLuc. The perpendicular orientation of the TWD1 C terminus,
forming a so-called amphipatic in-plane membrane anchor, is based on the
findings of Scheidt et al. (33). B, PGP1-YFP and TWD1-rLuc are active. PGP1-
YFP exports IAA comparably to native PGP1 (set to 100%), and co-expression
of TWD1-rLuc reduces PGP1-mediated IAA efflux to a similar extent as wild
type TWD1. Reductions in auxin retention (efflux) were calculated as relative
export of initial loading. Data are the means � S.E. (n � 4); means significantly
different from native PGP1 control (unpaired t test with Welch’s correction,
p � 0.05) are marked by an asterisk. C, PGP1-YFP-TWD1-rLuc interaction quan-
tified by BRET is specific. PGP1-YFP and TWD1-rLuc were co-expressed in
yeast, sequential light emission acquisition on microsomes in 410 � 80 nm
and 515 � 30 nm windows was quantified, and BRET ratios were calculated as
in Angers et al. (39). Inset, Western detection of PGP1/TWD1 on yeast micro-
somes (left) and structure comparison of native (red) and computed TWD1-
rLucC70D, L72E (gray) (exchanges shown in blue) FKBDs (right). Data are
means � S.E. (n � 5–10); means significantly different from PGP1-YFP/TWD1-
rLuc control (unpaired t test with Welch’s correction, p � 0.05) are marked by
an asterisk. D, PGP1-YFP/TWD1-rLuc interaction determined by BRET is stable
over time. Presented are means � S.E. from 6 –10 independent experiments
with four replicates each.
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introduction of two point mutations in the �2 sheet of the
TWD1 FKBD (47) (TWD1C70D, L72E-rLuc), which apparently
does not significantly affect the overall FKBD structure and
PGP1-YFP expression (Fig. 1C, inset), reduced BRET signifi-
cantly (46% reduction; Fig. 1C).

Moreover, the specificity of interaction was further validated
by the fact that a soluble FKBD-rLuc was specifically retained
by PGP1- but not by the related auxin importer, PGP4- (23), or
vector control membranes, and a soluble FKBD-rLuc restored
BRET when added to PGP1-YFP membranes (supplemental
Fig. S2).4 Together, these results unambiguously demonstrate
that PGP1 andTWD1 are compatible partners in yeast and that
BRET was specific.
Identification of Drugs That Alter PGP1-TWD1 Interaction

Using BRET—BRET signal stability and linearity over time (Fig.
1D) allowed us to screen a mini-library of putative ATIs for
drugs thatwere able to alter PGP1-TWD1 interaction. The syn-
thetic ATI, NPA, (4, 10–12) has been shown to bind to Arabi-
dopsis PGPs employing whole yeast assays and NPA affinity
chromatography (25, 26, 30).
NPA reduced BRET by about 50%, thus disrupting PGP1-

TWD1 interaction (Fig. 2A). This verifies previous in planta
datawhere an excess ofNPAwas shown to excludeTWD1 from
PGP-positive NPA chromatography fractions (30). Not unex-
pectedly, the ATIs 2,3,5-triiodobenzoic acid (TIBA) and 2-car-
boxylphenyl-3-phenylpropan-1,3-dione (CPD), known to
employ a different locus andmode of action than NPA (17, 48),
respectively, did not alter BRET significantly.
Next, we tested representative flavonoids that are known

inhibitors of PAT on one hand and of plant (20, 21, 24) and
mammalian PGPs (2) on the other. Interestingly, the flavonol
quercetin abolished BRET efficiently with an apparent IC50 of
�200 nM (Fig. 2B). With the exception of the flavonoid precur-
sor chalcone, all flavonoids tested disrupted PGP1-TWD1
interaction but were less efficient than quercetin. Interestingly,
quercetin-3-O-glucoside and kaempferol-3-O-glucoside, the
most common Arabidopsis flavonol glycoside derivates (5, 13),
were as effective as their aglycones in disrupting PGP1-TWD1
interaction. In summary, our data indicate that NPA and fla-
vonoids disrupt TWD1-PGP1 interaction with quercetin
being the most efficient.
TWD1 Confers Drug Modulation of PGP1 Efflux Activity—

With the intention of investigating the physiological impact of
these drugs, we quantified PGP1-mediated IAA transport in the
presence of TWD1 in yeast. As shown previously (20, 46) and
discussed above and under “Discussion,” TWD1 has in yeast,
unlike in mammalian and plant cells, an inhibitory effect on
PGP1 export activity. NPA and the flavonols quercetin and
kaempferol, shown to efficiently disrupt PGP1-TWD1 interac-
tion as monitored by BRET (Fig. 3A), therefore, as expected
reverted TWD1-mediated inhibition of IAA export catalyzed
by PGP1. This resulted in an enhanced IAA export, which is in
agreement with a dissociation and hence an activation of the
PGP-TWD1 transport complex in yeast. 2,3,5-Triiodobenzoic
acid, which is not a representative ATI (48) and which had no

significant effect on the TWD1-PGP1 complex (Fig. 2A), did
not alter IAA transport (Fig. 2A).
This modulatory effect was dependent on TWD1 because

drug treatments in the absence of TWD1 had no stimulating
and only mildly inhibitory effects (Fig. 3A) as reported recently
(20, 21). Indirect effects, like mistargeting or altered PGP1
expression caused by drug treatments, were excluded by co-
immunolocalization (supplemental Fig. S3) and Western blot-
ting analysis (results not shown) of yeast co-expressing TWD1-
CFP and PGP1-YFP.
Point mutations in the FKBD, bisecting the PGP1-TWD1

interaction (Fig. 1C), completely abolished transduction of the
regulatory effects of quercetin onPGP1 activity (Fig. 3B).More-
over, the soluble FKBD of TWD1 alone was sufficient to func-
tionally substitute full-length TWD1 in both PGP1 repression

4 Direct measurement of PGP1-YFP/FKBD-rLuc BRET was not possible
because of the high FKBD-rLuc expression and its strong light emission.

FIGURE 2. TWD1-PGP1 interaction is disrupted by auxin transport inhib-
itors. A, PGP1-YFP-TWD1-rLuc interaction quantified by BRET is disrupted by
ATI NPA and flavonoids (10 �M). Data are means � S.E. (n � 6 –10); means
significantly different from solvent control (unpaired t test with Welch’s cor-
rection, p � 0.05) are marked by an asterisk. B, dose dependence of complex
disruption by the flavonol quercetin. PGP1-YFP and TWD1-rLuc were co-ex-
pressed in yeast, sequential light emission acquisition on microsomes in
410 � 80 nm and 515 � 30 nm windows was quantified, and BRET ratios were
calculated as in Angers et al. (39). Presented are the means of BRET ratios �
S.E. (n � 6 –10).
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and quercetin-mediated reversal of PGP1 activity (Fig. 3C).
These results taken together indicate that TWD1 functions as
an associated modulator of PGP1-mediated auxin transport by
mediating the regulatory impact of ATIs via its FKBD.
NPA Binding to PGP1 and TWD1 Is Abolished in the PGP1-

TWD1 Complex—NPAwas shown to inhibit and bind to PGPs
(20, 21); however, an excess of NPA was shown to exclude
TWD1 from PGP-positive NPA chromatography fractions
(30). To test the hypothesis that TWD1 competes for NPA
binding on PGP1, we quantified the binding of radiolabeled
NPA using established whole yeast assays (26). NPA binding
was specific, as it was outcompeted by an excess of NPA (see
“Experimental Procedures”) but was not displaced by benzoic
acid (not shown). Moreover, whole yeast NPA binding assays
(WYNBA) are independent from transport events (supplemen-
tal Fig. S4).
PGP1-expressing yeast specifically bound NPA (Fig. 4A) as

was shown previously for the close homolog PGP19 (26). Sur-
prisingly, a lesser but significant NPA binding was also
observed for yeast expressing TWD1 or its FKBD (Fig. 4A).
NPA binding was specific, as neither PGP1 nor TWD1 bound

the organic acid BA, commonly used as a negative control in
auxin research. Indirect effects, likeTWD1-inducedNPAbind-
ing to yeast endogenous proteins, were excluded by demon-
strating NPA binding to highly purified Affi-Gel-immobilized
FKBD (Fig. 4B), which was used for crystallization studies (47).
In agreement, NPA binding was strongly enhanced inmicroso-
mal fractions prepared from TWD1 gain-of-function plants
(ProCaMV35S-TWD1-HA; Fig. 4C) compared with wild type.
twd1 microsomes showed reduced but not significant differ-
ences in NPA binding compared with wild type, most probably
because of the low expression level of TWD1 (Fig. 4C, inset)
(20, 30).
However, co-expression of PGP1 with TWD1 abolished

NPA binding to PGP1 and TWD1 (Fig. 4) but did not signifi-
cantly alter the expression level of the two proteins (Fig. 1B),
suggesting that the PGP1-TWD1 (FKBD) complex has a lower
affinity for NPA or that binding pockets were simply masked.
Again, in analogy to auxin transport assays, co-expression of
the FKBD eliminatedNPA binding to PGP1, indicating that the
N-terminal FKBD was sufficient to perform TWD1 function.
TWD1Mediates DrugModulation of P-glycoproteins in Vivo—

To test our conclusions derived from the yeast model and to
substantiate the physiological relevance of the proposedTWD1
function in planta, we investigated NPA sensitivity of twd1
roots in comparison with those of pgp plants using three differ-
ent assays.
First, we quantified the gravitropic responses, a hallmark of

auxin-controlled physiological responses, of twd1 andpgp roots
in the presence of NPA, known to disrupt gravitropism in the
wild type (49). Performing root gravitropism assays in the pres-
ence and absence of light (see “Experimental Procedures”)

FIGURE 3. TWD1 confers ATI modulation of PGP1-mediated auxin efflux
activity. A, effect of TWD1 on PGP1-mediated IAA export (20) assayed in the
presence of auxin transport inhibitors. Data are means � S.E. (n � 4 – 6).
Reductions in auxin retention (efflux) were determined as relative retention
of initial loading; PGP1-mediated IAA export was set to 100%. Data are
means � S.E. (n � 4 – 6). Single asterisks, significantly different from PGP-me-
diated IAA transport; double asterisks, significantly different from PGP/TWD1-
mediated IAA transport. (unpaired t test with Welch’s correction, p � 0.05).
TIBA, 2,3,5-triiodobenzoic acid . B, two point mutations in TWD1-rLucC70D, L72E

abolish the modulatory effect of quercetin on PGP1 activity. Data are
means � S.E. (n � 4 – 6). Reductions in auxin retention (efflux) were deter-
mined as relative retention of initial loading; PGP1-mediated IAA export was
set to 100%. Data are means � S.E. (n � 4 – 6); means significantly different
from solvent control (unpaired t test with Welch’s correction, p � 0.05) are
marked by asterisks. C, the FKBD of TWD1 is responsible for PGP1 regulation.
Co-expression of the soluble FKBD of TWD1 reduces PGP1-mediated IAA
efflux to a similar extent as membrane-bound, full-length TWD1. Quercetin
(10 �M) disrupts the inhibitory effect of TWD1 and FKBD on PGP1 activity.
Data are means � S.E. (n � 4 – 6); means significantly different from solvent
control (unpaired t test with Welch’s correction, p � 0.05) are marked by an
asterisk.

FIGURE 4. PGP1 and TWD1, but not the PGP1-TWD1 complex, bind NPA.
A, binding assays of whole yeast expressing TWD1 and PGP1 assay NPA and
BA in parallel. Reported values are means � S.E. of specific binding from 4 – 8
independent experiments with four replicates each. *, significantly different
from empty vector control; **, significantly different from PGP1 control
(unpaired t test with Welch’s correction, p � 0.05). B, NPA binding assay using
purified Affi-Gel-coupled TWD1 FKBD (PPIase Affi-Gel pulldown assays).
Reported values are means of specific binding � S.E. (n � 4 – 6). Inset, Coo-
massie stain of coupled FKBD. C, binding of organic acids (OA), NPA and BA (to
microsomal fractions of twd1 and ProCaMV35S-TWD1-HA 35S.TWD1-HA). Data
are means of specific binding � S.E. (n � 4). Inset, Western detection of TWD1
from microsomes (each 10 �g of protein). Data are means � S.E. (n � 4);
means significantly different from wild type (Col Wt) control (unpaired t test
with Welch’s correction, p � 0.05) are marked by an asterisk.
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revealed thatNPAaffected pgp1 andpgp19 root gravitropism to
a similar extent as in the wild type (supplemental Fig. S6). Of
special interest was a comparison of twd1 and pgp1/pgp19
plants because, based on interaction and transport studies,
TWD1 has been proposed to function as a positive modulator
of PGP1 and PGP19 auxin transport activities (20, 29, 30, 46).
This biochemical evidence is supported by widely overlapping
mutant phenotypes (20, 29, 30, 46). Compared with the single
pgpmutants (supplemental Fig. S6), pgp1/pgp19 roots were less
inhibited by NPA, which was most obvious during the initial,
first 3 h of bending (Fig. 5B). As shown previously (20, 30), twd1
showed a more variable and reduced curvature rates compared
with the wild type and pgp mutants. Interestingly, twd1 roots
were only slightly affected by NPA treatment compared with

the solvent control, which is most
obvious in the early rates (�3 h) of
root curvature (Fig. 5B), which were
calculated as the first derivative of
root curvatures (Fig. 5B, insets).

Second, asymmetric auxin accu-
mulation along the lower side of the
root tip, the primary cause of root
bending, was monitored by ex-
pression of the auxin-responsive
reporter construct ProDR5-GFP (20,
41) upon gravistimulation. Com-
pared with wild type, basipetal
reflux was reduced in pgp1 but was
abolished in pgp19 (supplemental
Fig. S6), pgp1/pgp19 and twd1 roots
(Fig. 3B), which is in line with the
reported roles for PGP19 and to
lesser extent for PGP1 in a coordi-
nated basipetal re-export of auxin
out of the root tip (21, 30, 36). How-
ever,NPAdisrupted basipetal reflux
and enhanced the DR5-GFP signal
in the quiescent center, the colu-
mella initials, the S1 cells in wild
type (41), pgp1, pgp19 (supplemen-
tal Fig. S6), and pgp1/pgp19 but not
in twd1 roots, which showed instead
a faint, diffuse columella DR5-GFP
signal (Fig. 5B).
Third, we employed an IAA-spe-

cific microelectrode that is able to
noninvasively record IAA influxes
into the root transition zone (20, 23,
42). IAA influx in this zone is char-
acterized by a distinct peak at �200
�m from the root tip and is consist-
ent with the current auxin “reflux
model” (53). Pgp1, pgp19 (supple-
mental Fig. S6), pgp1/pgp19, and
twd1 showed reductions of IAA
influx compared with wild type (Fig.
3C (20, 21)). In agreement with
DR5-GFP imaging, relative NPA

inhibition of IAA influx was significant in pgp1 in comparison
withwild type but low inpgp19 andpgp1/pgp19. However,NPA
had only a negligible inhibitory effect on IAA influx into twd1
roots (relative inhibition: wild type �� pgp1 � pgp19 � pgp1/
pgp19 � twd1).
To test the impact of TWD1 on PGP-mediated auxin trans-

port in gain-of-function alleles, we measured gravitropic
responses of ProCaMV35S-TWD1-HA roots (20). Plants overex-
pressing TWD1-HA (Fig. 4C) perform a more efficient and
sharper root curvature comparedwith wild type and agravitope
twd1–3 (Fig. 6A). The kinetics of root bending and rates of
curvature clearly indicate that ProCaMV35S-TWD1-HA roots
initially bend faster (149%) than those of wild type, whereas
twd1 roots respond more slowly (15%) (Fig. 6B). Together,

FIGURE 5. twd1 roots are less sensitive to the auxin transport inhibitor NPA. A and B, NPA disrupts grav-
itropic responses in wild type and, to a lesser extent, in twd1 roots. Root curvature of twd1 and pgp1/pgp19
alleles in comparison with wild type (Ws Wt). Seedlings were either grown under continuous light (A) as
described by Bouchard et al. (20) or in the dark (B) (see “Experimental Procedures”). Root curvatures were
assigned to one of twelve 30° sectors in the circular histograms; the length of each bar represents the percent-
age of seedlings showing the same direction of root growth. Data are means � S.E. (n � 3 with each 72–96
seedlings). Shown in B is the rate of curvature calculated as first derivative of root curvature (insets), with the
same description as in D. Arrows in A indicate the direction of light (�) and gravitropism (g). C, expression of the
auxin-responsive reporter ProDR5-GFP (20), shown in red, upon gravistimulation (from the top). Note that
asymmetric auxin accumulation is more pronounced in the commonly used Columbia than in the Was-
silewskija ecotype (Fig. S5). Scale bars, 200 �m. D, IAA influx profile along wild type, pgp1/pgp19, and twd1 roots
measured using an IAA-specific microelectrode (20, 23, 42); positive fluxes represent a net IAA influx. Data are
means � S.E. (n � 6 – 8).
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these data indicate that TWD1 loss-of-function results in
reduced sensitivities to NPA, whereas TWD1 gain-of-function
promotes root gravitropism and NPA binding.

DISCUSSION

Drug Modulation of P-glycoprotein Activity Is Conferred by
FKBPs—Previous work has established a role for FKBP42
TWD1 as a positive regulator of PGP-mediated auxin efflux by
means of protein-protein interaction (20, 29, 30, 46). Loss of
positive regulation of PGP1- and PGP19-mediated auxin efflux
activity on the cellular level blocks long range auxin transport in
planta (20, 36). As a consequence, PGP1 and PGP19 single, and
more strikingly, double loss-of-function alleles show elevated
root auxin levels and defects in root gravitopism (20).
Here, by employing yeast-based, specific TWD1-rLuc/

PGP1-YFP BRET and auxin transport systems, we have dem-
onstrated functional disruption of TWD1-PGP1 interaction by
NPAand flavonoids, synthetic and bona fidenative auxin trans-
port inhibitors, respectively. TWD1-PGP1 disruption by NPA
is in line with previous findings demonstrating NPA binding to
plant PGPs and inhibition of PGP-mediated auxin transport by
NPA (20, 23, 24). In contrast to NPA, the ATIs 2,3,5-triiodo-
benzoic acid and 2-carboxylphenyl-3-phenylpropan-1,3-dione
had no significant effect on the TWD1-PGP1 complex stability
and auxin transport. This is not unexpected, as 2,3,5-triiodo-
benzoic acid is structurally unrelated and has been shown to

displace NPA binding only partially and even to own weak
auxin activity, suggesting a different locus and mode of action
compared with NPA (48).
The flavonol quercetin (and its glucose conjugate), of the drugs

tested,was themost capable of disruptingTWD1-PGP1.This is of
interestbecausequercetinwas themostefficient flavonoid incom-
peting with NPA for auxin transporter binding sites (4). Further,
nanomolar IC50 values are inagreementwith theeffectiveworking
concentrationsof flavonols inblockingPAT(5).5Disruptionof the
TWD1-PGP1complexbyNPAand flavonols leads to activationof
auxin transport by the TWD1-PGP1 complex (Figs. 2 and 3),
which is reflected by reversal of TWD1-mediated inhibition of
PGP1 auxin transport activity. This reversing, inhibitory effect on
PGP1activity inyeast is, as shownpreviously (20,23,24), theoppo-
site of what has been found for mammalian and plant cells. This
(reversing, inhibitory) effect or finding either reflects a lack of reg-
ulatory components in the lower eukaryotic system (22, 46) or is
due to the higher abundance of TWD1 in yeast compared with
plant (compare Fig. 1C versus Fig. 4C) and mammalian cells (20).
Therefore, it has been speculated that theTWD1-PGP interaction
is of a transient nature in planta (20). Alternatively, TWD1might
compete with endogenous yeast FKBP12 for PGP1 binding.
scFKBP12 has been shown to activateArabidopsis PGP1 (20) and
murine MDR3 (37); assuming enhanced activation of PGP1 by
ScFKBP12 but lower affinities to PGP1 compared with TWD1,
PGP1-TWD1co-expressionwouldde facto result in an inhibition.
Despite this discrepancy, the disrupting effect of ATIs is in

agreement with its proposed inhibitory role in PAT (14). Inter-
estingly, and in opposition to what is seen in planta, the inhib-
itory effect of �M concentration of ATIs on PGP1 expressed
alone in yeast is low (around 20–30%), whereas the reversing
effect on the TWD1-PGP1 complex is far higher (Fig. 3).
Interaction, transport, and NPA binding studies suggest that

the TWD1 FKBD provides the surface for PGP1-TWD1 inter-
action (21) and is responsible for PGP1 regulation (20, 46) but
also confers drug-mediated regulation of PGP1. The soluble
FKBD alone can fully complement the full-length, membrane-
bound TWD1 in respect to both PGP1 regulation and drug
binding and sensing. However, two amino acid exchanges that
minimally affect the overall structure and only bisect the inter-
action (Fig. 1C) fully destroy the impact of quercetin onTWD1-
PGP1 activity (Fig. 3B).
Based on specificity patterns, PGP as a common protein (or

protein complex) that mediates hormone efflux as well as hor-
mone action has been proposed (55). Indeed our data support a
sensor-like function of TWD1 in PGP regulation by integrating
the modulatory impact of flavonoids, the intracellular key sig-
naling molecules of auxin transport and action (1, 7, 9). This
concept is sustained by in planta data demonstrating reduced
NPA sensitivities for TWD1 modulation of root gravitropism
and PAT (Fig. 5). Moreover, TWD1 gain-of-function alleles
show highly improved initial root-bending performance. These
findings together suggest that TWD1 controls PGP-mediated
gravisensing by ATIs.

5 D. Santelia, S. Henrichs, V. Vincenzetti, M. Sauer, L. Bigler, M. Klein, A. Bailly, Y.
Lee, J. Friml, M. Geisler, and E. Martinoia, manuscript in preparation.

FIGURE 6. Overexpression of TWD1 promotes root gravitropism. A, grav-
itropic root responses of TWD1 loss- (twd1–3) and gain-of-function,
ProCaMV35S-TWD1-HA (35S-TWD1-HA) alleles in comparison with wild type
(Col. Wt). Triangle indicates direction of gravitropism (g); triangles mark time
point of 90° plate rotation (upper panel). Root curvatures was assigned to
one of twelve 30° sectors in the circular histograms; the length of each bar
represents the percentage of seedlings showing the same direction of root
growth. Data are means � S.E. (n � 3 with each 72–96 seedlings). B, time
series of root curvature (left panel) and rate of curvature calculated as first
derivative of root curvature (right panel).
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TWD1 and PGP1 Are Key Components of the NPA-binding
Auxin Efflux Complex—NPA binding to PGP1 and TWD1,
shown by employing binding studies using either whole yeast,
immobilized, highly purified FKBD protein or plant micro-
somes, respectively is in line with past and recent findings on
the regulatory roles ofNPA (and flavonoids) on auxin export (7,
10, 14). Until today the identity, number, and affinity of puta-
tive NBPs is still controversial (11, 16, 17, 56). But there is
apparently a consensus that PIN-formed proteins (57),
recently shown to interact functionally with PGPs in auxin
transport (58), do not act as NBPs (10). However, our data
are in agreement with the broadly accepted current concept
that the efflux complex consists of at least two proteins, a
transporter and an NPA-binding regulatory subunit (11, 12,
48). Binding to PGP1 (this work and Refs. 25 and 30) and
PGP19 (25, 26, 30, 60) support the idea that P-glycoproteins
represent the integral, membrane-embedded, NPA-binding
proteins identified previously (15, 61). On the other hand,
TWD1 might be the peripheral NPB described previously
(16), which is in line with the recently proposed perpendic-
ular orientation of the TWD1C terminus forming a so-called
amphipathic in-plane membrane anchor (33). However, this
perception is also supported by the fact that the NBP has
been suggested to be required for auxin efflux transporter
positioning (62). Interestingly, a low-affinity NPA binding
site has been associated with the transporter because its
block results in transport inhibition, whereas the high-affin-
ity site does not interfere directly with auxin transport (17).
However, binding affinities for TWD1 from Arabidopsis
total microsomes seem to be lower than found for the
peripheral NBP from zucchini hypocotyls (16), which might
reflect species- and/or tissue-dependent differences in bind-
ing affinities.
NPA binding to PGP1 and TWD1 is abolished in the yeast

PGP1-TWD1 (FKBD) complex, suggesting that the FKBD
apparently competes for NPA binding sites on PGP1. The fact
that NPA binding to pgp (26, 60) and twd1microsomes (60) is
reduced compared with the wild type suggests that NPA inter-
rupts transient TWD1-PGP1 interaction in planta before they
take place and argues against a tight complex as apparently
found in yeast. However, individual functional domains on the
FKBD are apparently independent, as TWD1C70D, L72E-rLuc
showed reduced affinities to PGP1 (Fig. 1B) but was fully capa-
ble of blocking NPA binding to PGP1 (Fig. 4A). Twomore lines
of evidence support the identity of more than one NBP: dis-
placement of NPA from microsomes by flavonoids is biphasic
(6), but in Arabidopsis the membrane-integral NPA-flavonoid
interaction site was shown to be associated with PGP1, PGP2,
and PGP19, whereas a weaker interaction site correlated with
periperal membrane proteins TWD1 and aminopeptidase
APM1 (25). Finally, our data provide amechanistic explanation
for the fact that an excess of NPA during washing steps leads
to loss of TWD1 in NPA chromatographies (30). Although
the exact role of two individual NBPs remains open (see
below), our data provide good evidence that TWD1 and
PGP1 represent the high- and low-affinity NPA binding
sites, key components of the long sought after NBP auxin
transport complex (15, 17, 25).

Flavonoid Modulation of P-glycoprotein-mediated Auxin
Transport Conferred by TWD1—Our data highlight the func-
tional importance of the PGP1-TWD1 complex but also sup-
port a novel mode of action for ATIs, namely the drug-medi-
ated modulation of transport activity conferred by means of
protein-protein interaction. In this scenario, plant endogenous
or synthetic ATIs would compete with TWD1 for NPA binding
sites on the PGP1 nucleotide binding folds, keeping theTWD1-
PGP efflux complex in a dissociated, inactive state, thus allow-
ing flexible fine modulation of activity. However, our data do
not unambiguously clarify whether NPA and flavonols employ
the same or adjacent, but functionally related, binding sites of a
multifaceted ligand binding region (54).
Disruption and inhibition of the TWD1-PGP complex by

flavonoids, as supported by our data, is an intriguing option
supported by several findings. 1) Lesions in the genes encoding
for PGP1 homologs result in reductions in long-distance trans-
port of auxin and consequent dwarfism inmutant plants. These
data together with tissue-specific accumulation of flavonols in
Arabidopsis seedlings that coincide with regions of high auxin
levels (5, 6) suggest that flavonols affect polar auxin transport in
apical tissues by modulating auxin loading into the long-dis-
tance auxin stream (5). Moreover, genetic evidence that fla-
vonoids generally act on PGPs transporting auxin is provided
by the epistatic relationship of pgp4 (mdr4, abcb4) to the tt4
phenylpropanoid pathwaymutation (36). 2) Aglycone flavonols
were localized in a developmentally and tissue-specific manner
in the plasmamembrane (13, 50) of tissues that strongly overlap
with PGP1 and PGP19 expression (30, 58). Accordingly, flavo-
nol glucoside contents are drastically altered in twd1 and pgp1/
pgp19mutants (results not shown).
Agronomic and Clinical Implications of Drug-mediated

ABC Transporter Modulation via Immunophilins—Loss-of
PGP1 gene function has been shown to increase stem diam-
eter in the agriculturally important brachytic2 and dwarf3
mutants in maize and sorghum (51). Our yeast-based BRET
system will allow rapid and sensitive chemical genetic
screens to be performed to identify novel growth promoters
or inhibitors that influence plant development and thus
plant productivity (agrochemicals) in efforts to confer struc-
tural stability to crops.
Moreover, two findings imply that this novel mode of ABC

transporter regulation via sensor-like immunophilins might be
of interest beyond the plant field. Flavonoids have, as in plants,
a modulatory impact on mammalian PGP activity and thus on
MDR (27, 52), but the data support both inhibitory and stimu-
lating effects (52). Our findings that inhibitory flavonoid mod-
ulation is conferred by interacting FKBPs might explain the
conflicting results of flavonoid action, which might be due to
tissue-specific immunophilin-PGP complex formation.
Moreover, the mammalian TWD1 homolog, FKBP38, is
localized to the outer membrane of mitochondria where it
helps to anchor the anti-apoptosis proteins Bcl-2 and Bcl-xL
(59). Taken together, membrane-anchored FKBPs and their
interactive partners might be a promising target for genetic
or chemical manipulation for new drug development and
disease treatments.
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