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Abstract

Auxins, a group of central hormones in plant growth and development, are
transported by a diverse range of transporters with distinct biochemical and
structural properties. This review summarizes the current knowledge on all
known auxin transporters with respect to their biochemical and biophysical
properties and the methods used to characterize them. In particular, we fo-
cus on the recent advances that were made concerning the PIN-FORMED
family of auxin exporters. Insights derived from solving their structures have
improved our understanding of the auxin export process, and we discuss
the current state of the art on PIN-mediated auxin transport, including the
use of biophysical methods to examine their properties. Understanding the
mechanisms of auxin transport is crucial for understanding plant growth and
development, as well as for the development of more effective strategies for
crop production and plant biotechnology.
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Transporter: orders
of magnitude slower
than a channel;
specificity is conferred
by its substrate-
binding site,
sequentially exposed to
the two sides of the
membrane to facilitate
transport (known as
alternating access)
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AUXIN AND POLAR AUXIN TRANSPORT

Auxins are a class of phytohormones that regulate almost every aspect of plant development and
growth. Indole-3-acetic acid (IAA) is the most abundant and common auxin in most plant species,
but other endogenous auxins, such as the IAA precursor indole butyric acid (IBA) as well as pheny-
lacetic acid (PAA) or chlorinated IAA (4-Cl IAA), are typically found in lower concentrations in
several plant species (83, 112, 122, 150). Some species prefer other auxins over IAA. For example,
in legumes, 4-Cl IAA seems to be the principal auxin (83, 112, 113, 146). Over the years, many
synthetic auxins have been developed, and they formed a major component of the green revo-
lution (48). Several of these are still used in agriculture today, and synthetic auxins account for
about 20% of all herbicide-treated farmland worldwide (24). IAA and several other auxins are di-
rectionally distributed in plant tissues, a phenomenon called polar auxin transport (PAT) (47, 55).
By controlling local auxin concentrations, PAT regulates a variety of developmental responses,
including gravitropic and phototropic organ growth, as well as embryogenesis, de novo postem-
bryonic organogenesis, phyllotaxis, apical dominance, and organ development (15, 52, 78, 121,
140, 141). It is noteworthy that both endogenous and synthetic auxins have a carboxylic acid as a
central component of their chemical structure (48, 122). The carboxylate of IAA (pKa = 4.75) is
partially protonated in the apoplast (pH∼5), allowing the acid to diffuse across themembrane into
the cytosol (pH ∼7), where it becomes deprotonated (110, 114). All auxins are believed to be im-
ported and trapped to some extent in the cytosol by this ion trapmechanism, but protein-mediated
uptake has been shown to also be a central contributor to auxin import (16, 105, 131, 133, 154).
Within the cell, auxins are bound by intracellular receptors, such as F-box protein TRANSPORT
INHIBITOR RESPONSE 1 (TIR1) and its AUXIN SIGNALING F-BOX (AFB) paralogs, to
initiate the cellular auxin response; transported across endogenous membranes, such as the mem-
brane of the endoplasmic reticulum (ER) and the tonoplast; or exported out of the cell in a polar
fashion to maintain PAT (34, 51, 95, 137).

In this review, we revisit the biophysical principles underlying transport processes across
membranes and discuss them in the context of auxin transport.We summarize the current knowl-
edge about known auxin transporters and their biochemical properties and critically discuss the
available data with respect to the biophysical properties and the limitations of the experimental
approaches that were used to obtain the results. Finally, we review the recent progress that was
made in our understanding of auxin export and its contribution to PAT by the recent solving of
the structures of three different auxin exporters of the PIN-FORMED (PIN) family.
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BIOPHYSICAL FUNDAMENTALS OF MEMBRANE TRANSPORT

Membrane Potential and Proton Motive Force

All living cells have a membrane potential (19) that results from the uneven distribution of ions
across membranes. The membrane potential is analogous to a battery, with the negative pole on
the cytosolic side and the positive pole on the noncytosolic or extracellular side (94) (Figure 1).
Typically, the animal plasma membrane resting potential ranges between −40 to −95 mV and
is formed mainly by adenosine triphosphate (ATP) hydrolysis coupled to the generation of
sodium and potassium gradients (96, 124). By contrast, plants and fungi use ATP hydrolysis to
drive primary active proton pumps (discussed in the section titled Mechanisms of Transport) to
acidify their external milieu (57, 125). This leads to the generation of a proton motif force (PMF)
across the plasma membrane, trans-Golgi membrane, or tonoplast (vacuole membrane), (88, 89,
120). The PMF has two components: the chemical concentration gradient of protons (1pH or
1[H+]) and the electrical component that is due to the charge of the protons that adds to the
19 originating from the uneven distribution of ions across the membrane. The plant and fungal
plasma membrane potential is generally much more negative than that of animals and usually
ranges between −110 and −160 mV,with potentials as low as −250 mV reported (21, 49, 90, 104).
At 1pH = 2 and 19 = –200 mV, the free energy (1G) yield from one proton passing through the
membrane can be calculated to be −30.5 kJ/mol, with contributions from 1pH of −11.2 kJ/mol
and from the membrane potential of −19.3 kJ/mol (1G = Gchemical + Gelectrical, as reported in,
e.g., 58). This is equal to about half of the free energy released by ATP hydrolysis under cellular
conditions, highlighting the substantial energy available from the PMF for proton-coupled
secondary active transport in plants (Figure 1b).

19 and 1pH vary significantly across other cellular membranes. For example, 19 across the
tonoplast is very low at −30 to 0 mV and across the ER is found to be 0 mV (54, 88, 120, 126).
By contrast, the chemical gradient of protons can be significant in some internal organelles, with
the extreme example of the citrus vacuole, which has a pH of around 1 to 2 with a 1pH to the
cytosol of about 5 pH units (134). This highlights that the ion distribution generating the 19

across endogenous membranes can be markedly different from the ion distribution generating
the 19 across the plasma membrane. As a result, the contribution of 19 to the transport of
charged substrates in these endogenous membranes is small, but the contribution of the chemical
proton gradient is still considerable for proton-coupled transport processes.

The strong driving force of the PMF across the plasmamembrane and its comparatively smaller
driving force across some internal membranes due to lack of 19 have fundamental impacts on
the transport rates and properties of structurally very closely related transporters that use the
PMF, or one of its components, to concentrate their primary substrate using different transport
mechanisms.

MECHANISMS OF TRANSPORT

Protein-mediated transport across membranes is commonly classified according to its energy re-
quirements. Passive transport occurs with the electrochemical potential (ECP) gradient.The ECP
is the sum of the concentration gradient of the primary substrate, as well as the 19 acting on the
substrate if it is charged. By contrast, active transport is defined as transport against the ECP gra-
dient of the primary substrate. It is important to appreciate that for uncharged substrates only
the concentration gradient influences the ECP, whereas for charged substrates 19 also must be
considered. As a result, charged substrates can be chemically concentrated on one side of a mem-
brane even if the transport process itself is thermodynamically passive along the ECP gradient
(71) (Figure 1c).

www.annualreviews.org • Structure and Function of Auxin Transporters 187
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Figure 1

Schematic representation of three categories of substrate-concentrating mechanisms. (a) Primary active
transport exemplified by an ABCB transporter (using analogy to the animal PGP exporter). In the
ATP-bound state (T) the transporter is outward open and can release substrate (red sphere). ATP hydrolysis
causes the rearrangement of the transporter into the inward-open configuration in which ADP (D) is still
bound. Substrate binding triggers the exchange of ADP for ATP to form the occluded state and transport
the substrate to the outside, thus completing the transport cycle. (b) Coupled transport. Symport and
antiport catalyze the movement of a primary substrate against its ECP through a series of conformational
states. Symporters and antiporters can support the movement of a primary substrate by utilizing both the
19 and the energy gained by moving protons down their 1pH toward the cytosol (in). In symport,
substrates are moved in the same direction. In antiport, substrate movement and proton movement take
place in opposite directions. (c) Uniporters only move a primary substrate. If the substrate is charged, the
membrane potential can result in increased substrate concentration. [S], H+, and 9 are represented
schematically to the right. The DF that is used to concentrate the primary substrate is indicated for each
example. Abbreviations: ABCB, ATP-BINDING CASSETTE group B; ADP, adenosine diphosphate; ATP,
adenosine triphosphate; D, ATP; DF, driving force; ECP, electrochemical potential; [H+], proton gradient;
PGP, P-glycoprotein; Pi, inorganic phosphate; [S], substrate concentration; T, ATP-bound state; 1pH,
concentration gradient; 19, membrane potential; 9, electric potential.
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Primary active
transporters: use
energy (typically by
ATP hydrolysis) to
transport one or more
substrates against the
ECP

Coupled transporter:
symporter or
antiporter that makes
use of the coupled
transport of at least
one proton along the
electrochemical
potential to
concentrate a substrate
against its
electrochemical
potential

Symporter: possesses
a proton-binding site
and substrate-binding
site; transports
substrate and protons
in the same direction
(into cytosol)

Antiporter: proton-
and substrate-binding
sites can be shared;
transports substrate
and protons in
opposite directions
(protons into cytosol,
substrate out of
cytosol)

Active transport is further divided into primary and secondary active or,more precisely, coupled
transport (14, 45). In primary active transport, redox potential, light energy, or chemical energy,
commonly in the form of ATP hydrolysis, is used to pump substrates against their electrochemical
potential. The generation of the PMF across membranes is a major function of several primary
active transporters. Proton P-type ATPases maintain the PMF at the plasma membrane, while
V-type ATPases and pyrophosphatases (PPases) acidify internal organelles (43, 85, 100, 103, 119).

In plants, coupled transporters, that is, symporters and antiporters, couple the movement of
protons along the PMF gradient into the cytosol to drive the transport of a primary substrate
against its electrochemical gradient (Figure 1b). As mentioned in the section titled Biophysical
Fundamentals of Membrane Transport, the PMF (both 1pH and 19) across the plant plasma
membrane is considerable and will allow for the concentration of charged substrates, such as auxin,
by several orders of magnitude, as illustrated in Figure 2 (127).

AUXIN TRANSPORTERS

The Advantages, Disadvantages, and Limitations of Experimental
Approaches to Characterize the Biochemical and Biophysical Properties
of Auxin Transporters

A challenge when characterizing membrane transporters in any experimental setup is that the
amount of active protein is in most instances not known, but transport rates depend directly on
this parameter. As a consequence, the maximal transport rate (analogous to the maximum velocity,
Vmax, in enzyme kinetics) cannot be determined precisely in any system.This hampers the detailed
characterization of transport kinetics including reliable turnover numbers (kcat). Often, therefore,
the only reliable parameter is substrate affinity because it is independent of the protein amount.
In analogy to enzyme kinetics, it can be defined as the substrate concentration needed for half-
maximal activity and is normally called the Michaelis-Menten constant (Km) or the half-maximal
effective concentration (EC50). This value is often reported but should be interpreted with some
care. Often, transport involves more than one substrate (e.g., symport of the primary substrate
and driving substrate), and the use of one-substrate kinetic models can become misleading (30).

Another key insight when trying to characterize the affinity of the substrate-binding site by
measuring dissociation constants (Kd) is that the substrate-binding site of the transporter will se-
quentially be exposed to two different sides of a membrane, known as the alternating access model,
which will be linked to structural changes in the binding site as well as different chemical envi-
ronments (64). This often converts a high-affinity binding site to a low-affinity binding site and
thus facilitates the release of a substrate in an environment with high substrate concentration, as
exemplified by the SUC sucrose transporters in plants (10). The result is that both the association
rate constant (kon) and dissociation rate constant (koff) are expected to differ between the inward-
and outward-facing conformation of the transporter, and therefore also that the protein can have a
conformation-dependent dissociation constant (Kd). Often when a Kd is reported in the literature,
it is in fact the mixture of a minimum of two different Kd dissociation constants (K inwardstate

d and
K outwardstate
d ) with an unknown ratio between them.Only if the transporter is fixed in one conforma-

tion (e.g., by mutagenesis or allosteric inhibitors) can the reported Kd be said to represent the true
Kd of the substrate in that particular conformation.Kd values can be determined by several methods
if purified membrane proteins are available. The most relevant are isothermal titration calorime-
try, considered the gold standard for dissociation constants, and microscale thermophoresis
(22, 108, 128).

Due to the challenges of obtaining useful quantities of any membrane protein with a high
level of purity and quality, transporters are often characterized by expression in cell-based systems

www.annualreviews.org • Structure and Function of Auxin Transporters 189
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Figure 2

Schematic representation of auxin transporters identified to date in a plant cell. The localization of transporters in the plasma
membrane or in internal membranes, as well as the direction of auxin transport (arrows), are shown. Colors represent the transporter
families and the protein fold as indicated. 19 and pH values are taken from references cited in the section titled Biophysical
Fundamentals of Membrane Transport. Abbreviations: AAAP, AMINO ACID/AUXIN PERMEASE; AEC, AUXIN EFFLUX
CARRIER; AUX/LAX, AUXIN RESISTANT/LIKE AUX1; ER, endoplasmic reticulum; IAA, indole-3-acetic acid; LeuT, LEUCINE
TRANSPORTER; MFS, major facilitator superfamily; NPF, NITRATE TRANSPORTER1/PEPTIDE TRANSPORTER family;
PfCRT, Plasmodium falciparum CHLOROQUINE RESISTANCE TRANSPORTER; PIN, PIN-FORMED; PILS, PIN-LIKE;
TOB1, TRANSPORTER OF IBA1; UmamiT, USUALLY MUTIPLE ACIDS MOVE IN AND OUT TRANSPORTER; WAT1,
WALLS ARE THIN1; 19, membrane potential.

with low background transport activity, thus avoiding isolation and purification. Generally, yeast
(Saccharomyces cerevisiae or Schizosaccharomyces pombe), plant cells [typically tobacco Bright Yellow-
2 (BY-2) cells or Arabidopsis cell culture], endosomal vesicles isolated from overexpressing cells,
cultured animal cells [e.g., human embryonic kidney (HEK) cells], or Xenopus laevis oocytes are
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Table 1 Overview over Arabidopsis auxin transporters and their properties

Transporters
Transport
directiona

Known
substrates

Transporter
familyb

Protein
foldb

Functional
characterizationc

Biochemical
properties Reference(s)

AUX1, LAX2,
LAX3

Import IAA, 2,4-D AAAP LeuT-like Xenopus oocytes, root hairs High-affinity
importd

36, 105, 131,
154

ABCB4/ABCB21 Import IAA, NAA ABC ABC Schizosaccharomyces pombe,
Saccharomyces cerevisiae, root
hairs

Unknown 28, 65, 115,
135, 153a

WAT1 Import IAA UmamiT PfCRT-like Xenopus oocytes, S. cerevisiae Unknown 109

TOB1 Import IBA, nitrate NPF MFS Xenopus oocytes, S. cerevisiae Low-affinity
importe

92

NRT1.1/NRT1.5 Import IAA, 2,4-D,
nitrate

NPF MFS Xenopus oocytes, S. cerevisiae Low-affinity
importe

74, 148

ABCB1, ABCB4,
ABCB14,
ABCB15–21

Export IAA, NAA ABC ABC S. pombe, S. cerevisiae,
protoplasts, ER vesicles

Unknown 24a, 46a, 65,
74a, 115,
135, 153a

ABCG36/ABCG37 Export IBA ABC ABC Protoplasts, S. cerevisiae, HeLa
cells, S. pombe, root tips

Unknown 5a, 114a

PILS2, PILS5 Export IAA, NAA AEC Crossover Protoplasts Unknown 7a

PIN1, PIN3, PIN8 Export IAA, NAA AEC Crossover Protoplasts, S. pombe,
S. cerevisiae, ER vesicles,
HeLa cells, Xenopus
oocytes, ITC, SSM

Low-affinity
exporte

36a, 75a, 107,
129, 139,
155, 162

PIN2, PIN4, PIN5,
PIN6, PIN7

Export IAA, NAA AEC Crossover Protoplasts, S. cerevisiae,
ER vesicles, HeLa cells,
S. pombe, Xenopus oocytes

Low-affinity
exporte
(inferred)

1, 75a, 107,
147

aImport defined as transport into the cytosol and export as transport away from the cytosol.
bClassification according to references in the section titled Auxin Transporters.
cListed in no particular order.
dHigh-affinity defined as Km < 10 µM.
eLow-affinity defined as Km > 10 µM.
Abbreviations: AAAP, amino acid/auxin permease; ABC, ATP-BINDING CASSETTE; ABCB, ABC transporter group B; ABCG, ABC transporter group
G; AEC, AUXIN EFFLUX CARRIER; AUX1, AUXIN RESISTANT 1; ER, endoplasmic reticulum; IAA, indole-3-acetic acid; IBA, indole butyric acid;
ITC, isothermal titration calorimetry; LAX, LIKE-AUX1; LeuT, Leucine transporter; MFS, major facilitator; NAA, naphthyl acetic acid; NPF, NITRATE
TRANSPORTER1/PEPTIDE TRANSPORTER; NRT, NITRATE TRANSPORTER; PfCRT, Plasmodium falciparum Chloroquine Resistance Trans-
porter; PILS, PIN-LIKE; PIN, PIN-FORMED; SSM, solid supported membrane–based electrophysiology; TOB1, TRANSPORTEROF IBA1; UmamiT,
USUALLY MULTIPLE ACIDS MOVE IN AND OUT TRANSPORTER; WAT1,WALLS ARE THIN1; 2,4-D, 2,4-dichlorophenoxyacetic acid.

used for this purpose, and all these systems have been applied to characterize auxin transporters
(see references in Table 1).

Cell-based expression systems are well suited for the characterization of importers because
the starting substrate concentration can be easily controlled. Linear transport rates over time at
different experimental conditions allow for a detailed investigation of affinities for substrates and
pH dependence, for example.

The characterization of exporters in cell-based systems, however, is challenging because the
substrate needs to get into the cells before the efflux assay. This is generally done by incubating
the cells in the substrate to allow it to permeate passively into the cells and then rapidly isolating
the cells and putting them in a new, label-free solution to measure efflux. The main problem
with this approach is that the initial internal substrate concentration cannot be controlled. As a
result, the initial substrate concentration and thus the outward-directed driving force often vary
considerably between different samples. To be able to compare transport rates directly between
samples, identical starting concentrations of substratemust be used and absolute linear export rates
provided. Nonlinear transport rates, expressed as values relative to the initial concentration, are

www.annualreviews.org • Structure and Function of Auxin Transporters 191
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Facilitator: also
known as uniporter;
transports one
substrate along the
ECP, and can drive the
substrate against the
concentration gradient
if an appropriate
membrane potential is
present

essentially of no use in understanding the transporter in question or in comparing the transport
rates of different transporters.

Xenopus oocytes are extremely well suited to express transporters and characterize their activ-
ity because they contain very few endogenous membrane proteins in their plasma membrane and
allow transporters to be characterized with improved signal-to-noise ratio (23, 41). Their size of
∼1 mm at stages V and VI, which are generally used for transport assays, makes them particularly
well-suited to characterize exporters because defined amounts of substrate can be injected into
the cells to reach identical initial conditions, thus eliminating the abovementioned problems asso-
ciated with passive loading (39). Xenopus oocytes have been used to characterize auxin importers
and exporters (1, 87, 139, 147, 149, 162). Xenopus oocytes are also used to perform voltage clamp
experiments, a method that allows 19 to be controlled and has been used to characterize many
transporters (145). This method, however, requires comparatively large amounts of charge move-
ment due to the resolution limit of the instrumentation. The only auxin transporter characterized
using this approach so far is the low-affinity nitrate/IBA TRANSPORTER OF IBA1 (TOB1)
(92).

Purified membrane proteins can be reconstituted into liposomes to form proteoliposomes.
The characterization of transport from such proteoliposomes represents the gold standard of
transporter activity characterization since the results are derived solely from the activity of the
transporter.This method has a further advantage in that lipid composition, known to impact trans-
port properties, is experimentally adjustable and its effects can be characterized (for instance, see
60). In addition, both the inside and outside environments are controlled, thus allowing for total
experimental control in principle. The main challenges are that large amounts of purified and
stable protein are required, reconstitution of the transporter into liposomes is not trivial, and the
orientation of the transporters in the liposomes can bemixed.To characterize transport properties,
flux studies using labeled substrate and/or solid supported membrane (SSM)-based electrophys-
iology can be performed (11). SSM-based electrophysiology can be used to characterize charged
substrates, but since detecting electrogenic events (i.e., charge movement in the protein due to
substrate binding) is also possible, transport and binding of uncharged substrates by facilitators
have also been characterized successfully (12). One challenge of SSM-based electrophysiology is
that transport and binding events are often convoluted, requiring careful data analysis and proper
controls to distinguish binding from transport (13).

Finally, for primary transporters utilizing ATP to drive substrate transport, proteoliposomes
and even detergent-solubilized protein samples or isolated membrane fractions can be used to
study ATPase activity as a function of substrate concentration. These assays provide valuable
insights into the kinetics and mechanism of substrate translocation but have so far not been ap-
plied to ATP-BINDING CASSETTE group B (ABCB) and ABCG transporters from plants to
demonstrate ATP hydrolysis in response to auxins as a substrate (80, 116, 117).

Mechanisms and Properties of Known Auxin Transporters from Arabidopsis

Auxin transporters’ physiological role,mutant phenotypes, and subcellular localizations have been
intensively studied, and numerous excellent reviews on these topics exist (2, 5, 51, 52, 132). We
therefore limit our discussion strictly to general mechanisms and biophysical properties of pub-
lished transporters with a focus on the cellular repertoire of Arabidopsis since these features are
expected to be conserved in homologs from other species (Figure 2; Table 1).

A general challenge in the discussion of auxin transport properties is that the auxin concen-
trations in vivo are not well known. Contradicting reports of apoplastic versus cytosolic IAA
concentrations have been published for tomato, squash, and cotton, and very low values in the
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mid-nanomolar range were reported for the apoplast (53, 69, 70, 136). Single-cell studies using
cell sorting to establish the internal IAA concentration in single cells of Arabidopsis roots found
the intracellular concentrations to be in the nanomolar to lower-micromolar range (e.g., 106). It
should also be noted that these values represent the whole cell and do not distinguish between or-
ganelles, possibly leading to the dilution of a large IAA concentration in one compartment when
the concentration in other compartments is low. The 1pH and 19 values of a generalized plant
cell (Figure 2) make it clear that there is a strong driving force for IAA− from the cell into the
apoplast as has already been shown in Mary Goldsmith’s milestone review on this topic (47). The
driving force of the19 has been calculated to be sufficient to passively accumulate IAAmore than
1,000-fold toward the apoplast, strongly supporting the hypothesis that physiologically relevant
auxin export levels can be reached by thermodynamically passive transport along the ECP gra-
dient (127). The same calculation demonstrates that IAA import into the cytosol is mediated by
active transport moving IAA against its ECP gradient. Transport between the cytosol and internal
organelles will likewise depend on 1pH and 19 values, which differ significantly from the values
at the plasma membrane, and this means that auxin transporters can perform strikingly differently
depending on intracellular localization (137).

Auxin import: AMINO ACID/AUXIN PERMEASE family.The AUXIN RESISTANT
(AUX1) protein and its LIKE-AUX1 (LAX) homologs, LAX1, LAX2, and LAX3, were initially
identified because of the aux1 mutant’s resistance to exogenously applied auxins (16). AUX1
is a member of the AMINO ACID/AUXIN PERMEASE (AAAP) family of transporters, and
the AUX/LAX clade is a plant-specific protein family that can be traced back to the strepto-
phyte and chlorophyte algae (32, 144, 151). The close phylogenetic relationship between the
AUX/LAX family and the amino acid permeases makes it tempting to speculate that auxin import
originated from the import of its metabolic precursor, tryptophan. AUX1 mediates high-affinity
(Km ≈ 1 µM) IAA transport in Xenopus oocytes (154). It also transports the auxin herbicide 2,4-
dichlorophenoxyacetic acid (2,4-D) but not naphthyl acetic acid (NAA), shows a pH optimum at
apoplastic pH (pH 5.5–6), and is sensitive to the IAA influx inhibitors naphthoxy-1-acetic acid
(1-NOA) and naphthoxy-2-acetic acid (2-NOA) (154). The protein has a LEUCINE TRANS-
PORTER (LeuT)-like fold with 11 membrane-spanning α-helices (68, 73). AUX1 operates by a
H+-coupled symport mechanism,which is in line with the preexisting hypothesis that auxin trans-
port is carrier mediated and depends on the PMF (36, 47, 82). Besides AUX1,Arabidopsis has three
homologs, LAX1–LAX3. LAX3 has been shown to promote lateral roots and is a high-affinity
(Km ≈ 0.8 µM) IAA importer in Xenopus oocytes, comparable to AUX1 (131). AUX/LAX proteins
therefore very likely represent the major system using a symport mechanism to concentrate IAA
in the cytosol against the outward-directed ECP.

Auxin import: the NITRATE TRANSPORTER1/PEPTIDE TRANSPORTER FAMILY.
The NITRATE TRANSPORTER1/PEPTIDE TRANSPORTER FAMILY (NPF) is a part of
the major facilitator superfamily (MFS), a very large and diverse superfamily of transporters (101).
MFS transporters have a core of 12 transmembrane helices divided into two domains with a central
substrate-binding site between them, and they catalyze uniport, symport, or antiport by a rocker-
switch mechanism (38, 76, 101, 111, 157). The NPF transporters in plants are notorious for their
highly diverse substrates (including nitrate, peptides, sugars, and hormones), and several members
have been shown to transport a main substrate, generally a dipeptide or nitrate and additionally a
hormone (27, 31).

NITRATE TRANSPORTER1.1 (NRT1.1)/NITRATE TRANSPORTER1/PEPTIDE
TRANSPORTER FAMILY6.3 (NPF6.3)/CHLORINA1 (CHL1) has long been recognized as
one of the principal nitrate uptake systems, and its structure has been resolved (102, 130).NRT1.1

www.annualreviews.org • Structure and Function of Auxin Transporters 193



D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  C
am

br
id

ge
 U

ni
ve

rs
ity

 (
ar

-1
82

57
9)

 IP
:  

13
1.

11
1.

18
5.

81
 O

n:
 T

hu
, 2

4 
A

pr
 2

02
5 

17
:2

0:
39

PP75_Art07_Hammes ARjats.cls June 25, 2024 14:5

was shown to be able to import IAA in the absence of nitrate, which could be an elegant way to
combine the input regarding nutrient and hormone availability at the level of plasma membrane
transport (74). Kinetic parameters of IAA transport have so far not been established, but, similar
to nitrate transport, the transport is against the ECP gradient and requires a proton-driven
symport mechanism (102, 130).

Another nitrate transporter,NTR1.5/NPF7.3, has also been implicated in the transport of IAA
and, in particular, its precursor IBA (148). The apparent Km values, determined in yeast cells for
both auxin substrates, were similar at 11 µM and 14 µM, but IBA transport appeared to be about
10 times as fast as IAA transport at saturating concentrations, indicating that IBA may be the
preferred substrate for NRT1.5. Transport was dependent on an acidic external pH underlying
the proposed proton-driven symport mechanism. Yet another nitrate-transporting NPF family
member, TOB1/NPF5.12, was shown to be electrogenic and displayed proton-driven symport of
IBA and nitrate into Xenopus oocytes with a very low affinity of ∼2 mM for IBA (92). The other
transporters in this group that were found to transport auxin so far also transport nitrate with high
µM affinity, indicating that substrate affinities are similar for both substrates. It will be interesting
to see in further studies if more members of this family are also devoted to the transport of auxins
in addition to their metabolic substrates and to investigate the physiological implications of this
phenomenon.

Auxin import: USUALLY MUTIPLE ACIDS MOVE IN AND OUT TRANSPORTER
family.The USUALLY MULTIPLE ACIDS MOVE IN AND OUT TRANSPORTER
(UmamiT) family of transporters is part of the drug/metabolite transporter (DMT) superfamily
(63, 109). UmamiTs are found in plant genomes in large numbers (e.g., 47 members in Arabidop-
sis), and were already present in early land plants and chlorophyte algae (161). The only UmamiT
known to transport auxin is WALLS ARE THIN1 (WAT1).WAT1 localizes to the tonoplast and
was shown to import IAA, its degradation product 2-oxoindole-3-acetic acid (oxIAA), and the syn-
thetic auxin NAA, but not tryptophan, into yeast cells and Xenopus oocytes (109). This suggests
that in vivo WAT1 transports IAA from the vacuole to the cytoplasm. Initially, some UmamiTs
were identified as bidirectional amino acid transporters and recently also as transporters for glu-
cosinolates, including indole glucosinolates (75, 98, 153). The investigations onWAT1 so far have
not determined kinetic parameters and insights into its transport mechanism.

Auxin import and/or export: ATP-BINDING CASSETTE transporter family. In plants,
the primary ATP-BINDING CASSETTE (ABC) transporters are divided into eight groups
(37, 66). IAA transport has been described for several members of ABCB, and transport of IBA
has been published for two members of the ABCG (specifically ABCG36 and ABCG37) (see
references in Table 1). ABCB transporters are related to the well-studied multidrug efflux trans-
porter P-glycoprotein (PGP) found in animals and therefore are expected to function by a similar
mechanism (3). So far, plant ABC transporters have not been isolated and purified, and the mea-
surement of ATP hydrolysis in response to substrate, a standard assay that is used to demonstrate
substrate specificity and primary transporter activity, has not been conducted for any of these
ABCB/ABCG transporters in response to auxin.Thus, it is unknown whether the identified trans-
porters hydrolyze ATP, but from sequence analysis it is clear that all the structural elements
needed for normal ABC transporter function are present. Therefore, the assumption that the
ABCB/ABCG transporters use ATP for their transport function is reasonable.

The majority of the ABCB/ABCG transporters examined have been suggested to export auxin
from the cell, as expected from the link to multidrug efflux transporters (Table 1). In virtually all
of the studies that suggest ABCB-mediated auxin export, researchers used cell-based expression
systems, with the associated shortcomings due to passive substrate preloading, and therefore the
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electrochemical
potential; the
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channels, and others
are normally
nonselective

biochemical properties of these transporters are still unknown. It remains unclear if IAA export is
a specific physiological property or if these ABCB transporters, similar to their homologs in other
kingdoms of life, are polyspecific proteins with a role in the general export of complex chemical
compounds with a range of affinities for multiple compounds.

In addition to auxin export, conditional, expression system–dependent auxin import has been
suggested for ABCB4 and ABCB21 (28, 65, 115, 135). Given that auxin import requires an active
transport process due to the constrains of the membrane potential, auxin import by primary active
transporters makes physiological sense, but it does pose a mechanistic conundrum: The mecha-
nism employed by PGP and other ABC transporters from the multidrug efflux group involves an
expected irreversible step, assuming that ATP molecules are hydrolyzed during transport, with a
free energy, 1G, of −50 to −70 kJ/mol per ATP hydrolyzed (81) (Figure 1a). At face value, if
these transporters can both import and export auxin, it would mean that either these particular
ABCB transporters do not utilize ATP or the cytosolic domains are decoupled from the transport
mechanism when running in reverse or are able to drive ATP synthesis by IAA transport. Overall,
the determination of ATP hydrolytic activity in the presence of auxin will be pivotal to understand
the role of ABC transporters in auxin transport.

It was recently suggested that both PIN and ABCB transporters can exhibit channel-like prop-
erties, and an interactive effect was described (33). These observations are inconsistent with the
PIN structures (see the section titled PIN Structure and Function), and they would be at odds
with the basic principles of transporters, such as a defined binding site with alternating access.

Auxin export: AUXIN EFFLUX CARRIER family.The AUXIN EFFLUX CARRIER (AEC)
family contains the PIN auxin transporters and the structurally related PIN-LIKE (PILS) trans-
porters as well as bacterial and fungal homologs (25, 86). PIN auxin transporters play a pivotal role
in plant morphogenesis and adaptive tropic growth by establishing asymmetric auxin distribution
and are the best studied of all the auxin transporters (15, 52, 78, 107, 140, 141, 143). They localize
to the plasma membrane or ER to facilitate directional auxin transport and maintain auxin ho-
meostasis. The first members of the PIN family were identified in Arabidopsis as genes underlying
typical auxin export–related phenotypes (26, 46, 84, 97). Arabidopsis harbors eight annotated PIN
transporters (PIN1 to PIN8), divided into two structural types: long-loop PINs, characterized by
a central long autoinhibitory loop separating the two transmembrane domains, and short-loop
PINs that do not have this long autoinhibitory loop (reviewed in 72) (discussed in the section ti-
tled The Regulatory Loop of PINs). The short-loop PINs and the PILSs are thought to transport
IAA between the cytoplasm and the ER. Given the lack of a membrane potential across the ER
membrane, they would be expected to transport IAA only in a concentration-dependent manner
in this location (137).

Significant knowledge of PIN-mediated auxin transport and its regulation by kinases and other
interacting proteins has accumulated over the years (reviewed in 8, 9, 51). Recently, it was shown
that 1-naphtylphthalamic acid (NPA), an inhibitor of auxin efflux that has been instrumental in the
characterization of PAT for decades, directly targets and inhibits PINs, an observation that now
explains the phenotypic alignment of NPA treatment and the pin1 shoot phenotype (1, 56, 99).

PIN Structure and Function

In 2022, the structures of Arabidopsis thaliana PIN1, PIN3, and PIN8 were published (129,
139, 155). For each, three different states—substrate-free, IAA-bound, and NPA-bound—were
presented, for a total of nine structures. In 2023, a follow-up study presented an additional
structure showing the binding of the human anti-inflammatory drug naproxen to PIN1 (152).
All seven PIN1 and PIN3 structures, as well as one of the three PIN8 structures, adopt the same
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Figure 3

Inward- and outward-facing conformations of PINs. (a) Side view of the PIN dimer with M1–M10 labeled and colored by domain in
monomer A. The central crossover is highlighted in red in monomer B, with the transporter domain in green, and the scaffold domain
in blue. The cytosolic vestibule entrance is shown in yellow with the binding chamber in red. In the outward-open state, the binding
chamber opens up directly to the noncytosolic side. The (long/short) cytosolic loop of PINs could not be resolved and is shown as a
dotted line. PIN8 is used here as the representative structure since it was the only structure solved in both inward- and outward-facing
conformations. (b) Membrane topology of the PIN monomer shows the inverted repeat of 5 transmembrane helices and their relation
to the transporter and scaffold domains. (c) View of the crossover formed by M4 and M9, the position of IAA, the support site (light
blue) with central residues highlighted, and the binding chamber (light red) in the PINs. Residue numbers correlate to PIN8 sequence.
The crossover helix dipoles are highlighted in red and blue. Abbreviations: IAA, indole-3-acetic acid; PIN, PIN-FORMED.

inward-open conformation and are very similar,with a root-mean-square deviation (RMSD) of Cα

atoms of only 1.0–1.2 Å between them. Interestingly, PIN8 was also solved in an outward-facing
conformation in the substrate-free and IAA-bound states, providing the other central confor-
mation found during transport, and this data allowed for a detailed description of the transport
mechanism (139).

The PIN1, PIN3, and PIN8 structures are all homodimers in which each monomer comprises
10 membrane helices with two inverted repeats: M1–M5 and M6–M10 (Figure 3a,b). The long
loops of PIN1 and PIN3, as well as the short loop of PIN8, were disordered, and the structural
data and analysis are focused on the transport mechanism of the transporter and not its regula-
tion by the loop. Each of the PIN monomers can be divided into two: the scaffold domain and
the transporter domain (Figure 3a,b). The scaffold domain is formed by the first two helices of
each repeat (M1–M2 and M6–M7) and forms the interface of the homodimer. The transporter
domain comprises two three-helix bundles (M3-M4-M5 and M8-M9-M10) with helices M4 and
M9 disrupted in themiddle of themembrane around a conservedmotif, leading to two interrupted
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helices (M4a/M4b and M9a/M9b) that cross over each other (Figure 3a,b). This crossover is a
key structural feature of the PIN transporters, and the two three-helix bundles of the transporter
domain are related by internal pseudosymmetry with an axis through the crossover. Essential for
transport, the broken helices form positive and negative dipoles that are focused at two sites re-
lated to each other by the pseudosymmetry. The auxin-binding chamber is located on the side of
the crossover where the positive dipoles are found, while a pseudosymmetrical site is present on
the other side interacting with the negative dipoles. This pseudosymmetrical site is visible in all
PIN structures but only described in the PIN8 work, where it was named the support site and was
shown to be crucial for transport function (139) (Figures 3c and 4a).

a b Identical NPA position (PIN1, PIN3, PIN8)
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Figure 4

Transport of IAA in PINs. (a) View of the crossover and the position of NPA and the support site with central residues highlighted
(PIN8 numbers). Dashed lines show the hydrogen bond network that links the support site (blue) to the binding chamber (red). The
vestibule is shown in yellow. NPA binds in both the binding chamber and the vestibule and forms hydrogen bonds to both Asn117 and
Asn223. (b, left) The overlay of NPA binding poses from PIN1, PIN3, and PIN8 shows that NPA is identical in all structures solved so
far. (Right) The overlay of IAA binding position and poses from PIN1 and PIN3 in the inward state with NPA are shown for reference.
(c) Overview of the hydrogen-bonding network linking the binding chamber to the support site through Gln145. The movement of
IAA between current structures, from PIN1 to PIN3 and ending at PIN8, is shown. (d) Inward- and outward-facing structures
superposed on the scaffold domain (blue) reveal the mechanism of transport: an elevator movement, with the substrate-binding site
moving 5 Å. NPA and IAA positions are shown to highlight the change in position of the transporter domain and the binding site.
Abbreviations: IAA, indole-3-acetic acid; NPA, 1-naphtylphthalamic acid; PIN, PIN-FORMED.
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In the inward-facing conformations of all three PINs, the inhibitor NPA is bound in an
identical fashion, split between the binding chamber and a vestibule leading from the cytosol
(Figure 4a,b). The binding of NPA in both the vestibule and binding chamber explains why NPA
is a competitive inhibitor and must bind from the cytosolic side, as demonstrated previously (1).
NPA has multiple strong interactions in both the binding chamber and the vestibule that locks it
in place and precludes the structural transition from inward- to outward-facing state.

By contrast, the pose and position of IAA in the three different PINs varies (discussed in de-
tail in 138). PIN3 in the inward conformation and PIN8 in the outward conformation agree on
IAA binding in the binding chamber with the carboxyl acid coordinated by a central and fully
conserved asparagine (Asn117 in PIN8 and Asn112 in PIN1 and PIN3) and the positive dipole
of the crossover. Notably, charge compensation from helix dipoles is seen in numerous mem-
brane transporters and seems to be a motif in the PIN transporters also (59, 118). In PIN1, IAA
is modeled outside the binding chamber in the vestibule in an unexpected, inverted pose with
the carboxyl pointing away from the Asn112(PIN1) and the crossover (138) (Figure 4b,c). However
weak experimental map density produces uncertainty about this inconsistent binding pose for IAA
in PIN1. Notably, in all the structures of PINs with inhibitors, the carboxylate of the inhibitor is
oriented toward the crossover, as is observed for IAA in PIN3 and PIN8. Together, the structures
support the idea that the coordination of the auxin carboxyl by the Asn117(PIN8) residue and a
charge neutralization by the dipole of the broken α-helices of the crossover are key features of
transport.

Combining the structural data suggests that IAA binding to the inward conformation could
involve multiple steps with prebinding in the vestibule (as seen in PIN1) followed by binding in
the binding chamber prior to transport (as seen in PIN3). In the outward-facing state, it seems that
the indole ring is released by hydration (as seen in PIN8), while protonation of the carboxyl of IAA
facilitates substrate release (Figure 4c).However, further structural work is needed to confirm this.

Superposition of the inward and outward structures shows that the scaffold domain is largely
unchanged (RMSD = 0.9 Å), while the transporter domain from each monomer undergoes an
elevator-like movement associated with the transition during transport. This movement involves
a rotation of about 20°, resulting in the translation of the crossover and the substrate-binding site
by 5 Å away from the cytosolic side of the membrane (Figure 4d).

The support site is located across from the binding chamber, on the pseudosymmetrical side of
the crossover (Figures 3c and 4a,c). Mutations at this support site provide evidence that it plays
a crucial role in transport. A positively charged and fully conserved residue (lysine or arginine),
named the dipole-neutralizing residue, is in a position to be able to neutralize the negative dipole
of the crossover and is central for transport function (137, 138). A glutamine residue (Gln145 in
PIN8 and Gln140 in PIN1 and PIN3) is of interest as the only residue bridging the support site to
the binding chamber, thus providing a site for coordination between the two positions (Figure 4c).

In transport assays, PIN8 activity showed no evidence for Na+ or K+ dependence, displayed
minimal pH dependence, and appeared to be insensitive to PMF decouplers (139). This was not
examined for the other PINs, but the evidence so far supports the hypothesis that PIN transporters
are capable of uniport to concentrate the negatively charged IAA, driven by19 as described in the
section titled Biophysical Fundamentals of Membrane Transport and elsewhere (4). Nevertheless,
a role for proton binding to the support site or elsewhere cannot be excluded at this point. If any
proton binds, it would be expected to follow the PMF gradient into the cytosol in an antiport
transport scheme.

Possible cooperativity between the PINmonomers is an open question.Notably, the crossover
elevator fold found in PINs is well known from several other transporter families where it me-
diates the symport or antiport of different substrates with either protons or sodium ions as the
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driving substrate (138, 139). As with PINs, structures of these transporters are found to be mostly
dimers and trimers and have so far been solved with the individual monomers of these oligomeric
states in identical inward or outward conformations (40, 61, 62, 77, 79). Notably, superposing in-
ward and outward conformations shows the scaffold domain to be invariant in all these cases. This
supports the idea that protein-mediated communication between monomers is unlikely.However,
it is not unreasonable to speculate that the annular lipids around the transport domain that move
during transport can lead to local deformation of the membrane. This type of membrane defor-
mation could easily be seen to affect the kinetics of the transport domain of the other monomer
in the dimer, and whether this would enhance or decrease conformational cooperativity remains
to be examined. The scaffold domain in PINs has distinct binding sites for lipids (139). It appears
to be firmly anchored in the lipid bilayer, again reinforcing the elevator mechanism, where the
transporter domain is moving with respect to the membrane, and thus further supporting the hy-
pothesis that any deformations in the membrane caused by the transporter domain moving could
be translated to the adjacent monomer.

The dimeric nature of the PINs raises the question of whether PIN heterodimers are possi-
ble. The scaffold domain of each monomer in all cases has a very large surface area bound to its
corresponding monomeric neighbor. Thus, it seems that significant activation energy would be
required to break this interface to create dynamic heterooligomeric states. However, the lipid en-
vironment might reduce this activating cost. Furthermore, while dynamic shift between different
hetero- and homooligomers might be unlikely once the proteins are mature, individual monomers
of PINs could possibly join together in heterodimers during maturation in the ER and Golgi ap-
paratus. The PIN proteins are translated as monomers and search for a partner to dimerize with
during this process. There are no distinct interaction features in the hydrophobic surfaces of the
scaffold domainwhen comparing PIN1,PIN3, and PIN8, suggesting that PINheterodimers could
theoretically be possible. Notably, for PIN7, it has been shown that two splice isoforms exist and
that these two isoforms very likely do come together to form PIN7 heterodimers (67). However,
in this case the interface would be exactly identical for the two PIN7 isoforms.

This idea has implications also for regulation by the autoregulatory loop in the long-loop PINs.
Since it is not known whether the loop will inhibit only its corresponding monomer or function
by some other mechanism, for example, by cross-inhibiting the associated monomer in the dimer,
one could imagine a situation where heterodimers could display a mixed regulation signal that is
a combination of the regulatory responses expected from distinct homodimer populations. The
possible complex transport patterns derived from heterodimer formation remain speculative and
need to be tested.

There have also been suggestions of complex formation between ABCB transporters and PIN
transporters that regulate PIN specificity. Recently, a modeling approach suggested that PINs
would not transport IAA in roots on their own and that interaction with ABCBs would be required
for codependent auxin transport (7, 20, 33, 91). The biochemical and structural data available so
far do not support this notion. PINs are clearly able to function without ABCBs in biochemical
assays, and there is so far no convincing evidence or argument why they should not be able to do
so in plants. All PINs are dimers with no obvious interface that would allow for larger complex
formation with ABCB transporters. If ABCB transporters should indeed modulate the substrate
specificity of PINs, such a modulation would most likely necessitate the physical change of the
substrate-binding site. So far, all structural and biochemical evidence points to substrate specificity
being mediated by the binding chamber of PINs, and it is very hard to see how this binding
chamber would be changed by any external protein complex partner, even if such a complex exists.
It remains to be shown how any codependent auxin efflux of PINs and ABCBs can be explained
alternatively.
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The regulatory loop of PINs.The cytoplasmic loop between M5 and M6 in PINs is the distin-
guishing feature to nonphylogenetically classify the PINs into long-loop (or canonical) PINs and
short-loop (or noncanonical) PINs. In Arabidopsis PINs, the long loop ranges between 297 aa (in
PIN4) and 329 aa (in PIN2), while the short loop is 29 aa in PIN5 and 44 aa in PIN8. A. thaliana
PIN6 possesses a loop of intermediate size (250 aa). The classification scheme based on loop
length, while quite convenient, has some limitations. On a phylogenetic level, the PINs clearly do
not cluster according to loop size. For instance, PIN8 (a short-loop PIN) is most closely related
to PIN3 (a long-loop PIN) and not PIN5, the other short-loop PIN in Arabidopsis, which appears
to be very distinct from other Arabidopsis PINs (17, 18, 137–139, 142, 144). This is also evident
if one simply counts the number of identical residues in other long-loop PINs and PIN8. Here,
PIN3 shares 204 identical residues with PIN8, while PIN5 shares only 139 identical residues with
PIN8. Long- and short-loop PINs with comparable sizes can also be found in bryophytes (17, 18,
32, 42, 142, 144). The most ancient PIN characterized in some detail is from the charophyte alga
Klebsormidium nitens (123).

No regulatory elements have been identified in short loops so far, while the long loops have
clear regulatory roles. The long loops analyzed so far are autoinhibitory, and this inhibition
can be released by the phosphorylation of multiple sites on the loop (129, 139, 155, 162). Since
auxin transport is mediated by the transmembrane part of the protein, the loop can be seen as a
separate functional unit, likely with multiple distinct functions, that can readily be interchanged
between PIN proteins. This perspective is supported by studies showing that functional chimeric
constructs of PINs where the loop is swapped between proteins will have transport properties
that relate to the transmembrane sequence and regulatory features that are related to the loop
sequence (158–160).

The long loops are predicted to be intrinsically disordered (19). In the structures of PIN1 and
PIN3 this was also the case, except for a short ∼40-aa β-sheet domain directly following M5.
Presently the function of this domain is unclear, but from the structures it appears to interact with
M6 of the scaffold domain. Immediately after the β-sheet domain, there is a conserved region that
is found in all canonical PINs that contains at least five elements for PIN regulation by phos-
phorylation, which have been functionally characterized in Arabidopsis. The main five elements
(called S1–S5) are key sites of phosphorylation, but several more specific phosphorylation sites
have been proposed in the loops so far (9).

In vitro, the loop is directly phosphorylated by AGC1 and AGC3 kinases, MITOGEN-
ACTIVATED PROTEIN (MAP) kinases, and Ca2+/calmodulin-dependent protein kinase–
related kinases (CRKs), as well as by CANALIZATION-RELATED AUXIN-REGULATED
MALECTIN-TYPE RLK (CAMEL) together with CANALIZATION-RELATED RECEP-
TOR LIKE KINASE (CANAR) (see 9 for a recent review).

Among these, the phosphorylation of PINs by AGCVIII kinases, such as D6 PROTEIN
KINASE (D6PK, a AGC1 kinase) and PINOID (PID, a AGC3 kinase), has received the most at-
tention. PIN phosphorylation in vitro and PIN activation in oocyte transport assays are eliminated
if the target serines on the S1–S5 regions are mutated to alanine.Notably, phosphomimickingmu-
tations to aspartate or glutamate cannot rescue activation, indicating that phosphorylation of the
residues is strictly required (149, 162). The same components of phosphoregulation are found in
long-loop PINs from the moss Physcomitrium patens and the liverwortMarchantia polymorpha, and
these PINs are most likely subject to the same activity regulation, indicating that this mechanism
appeared early in the evolution of land plants (42).

Even though D6PK and PID phosphorylate the same phosphosites, mutations of specific ser-
ines have different effects on each kinase’s ability to activate PINs in vitro and in oocyte-based
auxin transport assays, suggesting a different mode of PIN binding (50, 162). Notably, PID also
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regulates the polar distribution of PINs (29, 35, 44, 93, 156). Phosphatases that act antagonisti-
cally to the kinases have also been identified. At present, which features in the loop govern PIN
localization and/or the interaction with other factors that control localization is unknown, and
the loop clearly requires study to produce a better understanding of the biological context of
PIN-mediated auxin export.

Lessons from the PIN structure and the transport mechanism. Recent progress has opened
the door to address the regulation of PINs, the possible interactions among PINs and between
PINs and kinases, the physiological relevance of dimerization and cooperativity between the
monomers, and substrate recognition. The transport mechanism and the biochemical proper-
ties have far-reaching consequences. PIN transport rates scale with protein levels and membrane
potential. Firstly, this means that the cell can increase or decrease transport rates by increasing
or decreasing the amount of transport competent protein in the membrane. For long-loop PINs
this can be achieved quickly by activation through phosphorylation or deactivation by dephos-
phorylation. Another way is to control the amount of transporter in the membrane. Secondly, the
dependency of PIN-mediated IAA export on 19 also implies that modulation of this parameter,
most importantly by changing proton P-type ATPase activity, will inevitably lead to a change of
IAA transport rate given permissive PIN phosphorylation. It may therefore be worthwhile to con-
sider that effects of any treatment or stress on auxin export and cellular levels may be secondary
and a result of changing the driving force rather than a direct effect on the transporter.

CONCLUSIONS

Polar auxin transport is an important process in plant biology, and many transporters apparently
involved in this process have been identified as genes underlying mutant phenotypes. Here, we
have focused on the relatively sparse biochemical data available on these transport proteins in
order to change the focus from cellular-level and organism-level knowledge derived from the
analysis of mutants in different plant species to the biophysical properties of the proteins. We
note that there is clearly a gap between these two approaches. While genetic approaches are ex-
tremely powerful to address organism-level properties, they cannot answer biochemical questions
about protein properties, and this is needed to better understand and refine plant growth and
development. The number of transporter families linked to auxin transport in plants is large and
growing.While significant progress has been made in some cases, we are still in the very early days
of understanding the biophysics of auxin transport. In addition, to fully understand auxin fluxes
it is also necessary to further investigate the role of plasmodesmata in symplastic auxin transport.
While the role of plasmodesmata in auxin transport has been appreciated in many studies, the
division between apoplastic and symplastic transport remains critically understudied (see 6 for a
review). Auxin flux is a dynamic process, and modeling will be needed to address its complexity.
For these models to work, parameterizing the transport steps as precisely as possible is a critical
first step. This includes determining auxin concentrations on a subcellular scale and understand-
ing the biophysics of the network of transporters involved in auxin distribution. Clearly, we need
more and better structural, biochemical, and biophysical data for all transporter types, as well as
for the symplastic transport pathway.

SUMMARY POINTS

1. The biochemical and biophysical data available for indole-3-acetic acid (IAA) trans-
porters are scarce.
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2. Auxin transport has evolved in members of many different and diverse families of
transporters.

3. Based on themembrane potentials of the plasmamembrane and endogenousmembranes
as well as the data available for the concentration gradients of IAA, the import of IAA
requires active transport, whereas the export step does not.

4. PIN-FORMED (PIN) transporters form dimers and operate by a crossover elevator
mechanism to export IAA from cells by a uniport mechanism.

5. The substrate affinities of all PINs determined so far are surprisingly low. This suggests
that the amount of active transporter in the membrane is the decisive criterion by which
the cell controls the IAA efflux rate.

FUTURE ISSUES

The characterization of IAA transporters has until recently relied on correlative evi-
dence derived from the characterization of mutant phenotypes and transport data derived
from the expression of the transporters in cell-based expression systems with low resolu-
tion. Advances in cryogenic electron microscopy and novel methods to characterize IAA
transporters will and must fuel research on the characterization of their biochemical and
biophysical properties. The following are the key questions to be answered:

1. How did substrate selectivity evolve in the diverse transporter families?

2. What are the different mechanisms by which these transporters work?

3. Can PINs work as monomers, and is the monomer/dimer status functionally relevant?

4. Do PIN heteromers exist, and, if so, do they have unique properties?

5. How does PIN autoinhibition through the loop domain work mechanistically?

NOTE ADDED IN PROOF

During the publication process of this review, an article that used substrate-induced ATP hydroly-
sis in ABCB19 was published (155a). The study demonstrated that BL stimulated ATP hydrolysis,
but IAA did not. This underlines that the rudimentary biochemical characterization of ABCB
transporters needs critical reevaluation that relies on something other than passive substrate
preloading in cell-based export assays to show a convincing role in IAA transport.
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