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Abstract
The directional transport of the phytohormone auxin is required
for proper plant development and tropic growth. Auxin cell-to-
cell transport gains directionality through the polar distribution
of ‘canonical’ long PIN-FORMED (PIN) auxin efflux carriers. In
recent years, AGC kinases, MAP kinases, Ca2+/CALMOD-
ULIN-DEPENDENT PROTEIN KINASE-RELATED KINASEs
and receptor kinases have been implicated in the control of
PIN activity, polarity and trafficking. In this review, we sum-
marize the current knowledge in understanding the post-
translational regulation of PINs by these different protein
kinase families. The proposed regulation of PINs by AGC ki-
nases after salt stress and by the stress-activated MAP ki-
nases suggest that abiotic and biotic stress factors may
modulate auxin transport and thereby plant growth.

Addresses
Plant Systems Biology, School of Life Sciences, Technical University of
Munich, Emil-Ramann-Strasse 8, 85354, Freising, Germany

Corresponding author: Schwechheimer, Claus (claus.schwech-
heimer@wzw.tum.de)
a Equal contribution.
Current Opinion in Plant Biology 2022, 65:102146

This review comes from a themed issue on Growth and Development
2022

Edited by Moritz Nowack and Keiko Sugimoto

For a complete overview see the Issue and the Editorial

Available online 30 December 2021

https://doi.org/10.1016/j.pbi.2021.102146

1369-5266/© 2021 Elsevier Ltd. All rights reserved.

Introduction
The phytohormone auxin regulates essentially every
aspect of plant development from embryogenesis to
fruit formation [1]. As plant body architecture de-
termines a predominantly sessile lifestyle, develop-
mental plasticity vastly controlled by the spatiotemporal
distribution of auxin is key adaptive strategy of the plant
as a response to environmental signals, as well as to
abiotic and biotic stress factors.

Auxin is dynamically transported through the plant and

the directionality of its transport is achieved, to a large
part, through the polar distribution of so-called ‘long’ or
www.sciencedirect.com
‘canonical’ PIN-FORMED (PIN) proteins. These PINs
are composed of 10 transmembrane helices and an
approximately 320e360 amino acid-long cytoplasmic
loop, which bears a number of phosphosites for the regu-
lation of PIN activation, polar distribution and trafficking
(Figure 1). At present, four classes of protein kinases have
been implicated in PIN phosphoregulation and their
functional roles are understood at varying detail: AGC1

and AGC3 kinases activate PINs through phosphorylation
at, in part overlapping, serine residues, and AGC3 kinases
can also alter PIN polar distribution (Figure 2) [2e
4,**5,6]. MAP kinases phosphorylate threonine and
serine residues and the known role of MAP kinases in
abiotic and biotic stress responses suggest that MAP ki-
nases may regulate plant growth via PINs in response to
stress (Figure 2) [**7,8]. Finally, Ca2þ/CALMODULIN-
DEPENDENT PROTEIN KINASE-RELATED KI-
NASEs (CRKs), as well as the auxin-regulated receptor
CAMEL and its interactor CANALIZATION-RELATED

RECEPTOR-LIKE KINASE (CANAR) phosphorylate
PINs and may have a role in regulating PIN polar distri-
bution at the plasma membrane (Figure 2) [*9e13]. In
this review, the current understanding of these different
PINregulatorykinases is summarizedwith a focus on their
effects on PIN function.
Main section
The AGCVIII family of serine/threonine kinases
In vascular plants, the AGC1e AGC4 kinases constitute
subfamilies of the AGCVIII kinases (Figure 3) [14,15].
All AGCVIII kinases from land plants are evolutionarily
derived from PHOTOTROPIN2-like proteins that are
already present in algae [15,16]. In Arabidopsis thaliana,
the two phototropin (phot) blue light receptor kinases
form the AGC4 subfamily and regulate different pro-

cesses related to light response, including phototropic
stem bending [17,18]. Arabidopsis phot1 has an ascribed
role in auxin transport regulation as negative regulator of
the ATP-binding cassette B auxin transporter to inhibit
auxin transport and prime lateral auxin movement
during phototropic growth [19]. Members of the, in
A. thaliana, 13-member AGC1 kinase family have ac-
quired distinct regulatory functions in land plants. With
regard to their evolutionarily descendance from
PHOTOTROPIN2-like proteins, it is remarkable that
they have maintained roles at the plasma membrane as
regulators of auxin transport and tropic growth, cell
Current Opinion in Plant Biology 2022, 65:102146
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Figure 1

PIN1 can be phosphorylated at multiple phosphosites. a. Schematic representation of the Arabidopsis thaliana PIN1 auxin efflux carrier and its
phosphorylation sites on the PIN1 intracellular loop and the respective targeting kinases. The phosphosites are not positioned proportionally to the length
of the intracellular loop [27]. Bold lettering is used in cases where a phosphosite-preference for S1 – S5 had been reported for D6PK and PID, which may
have functional relevance for PIN polarity control [2–6]. b. Sequence alignment of the five Arabidopsis thaliana ‘canonical’ PINs and ‘intermediate’ PIN6.
Conserved AGC kinase-targeted S1 – S3 phosphosites as well as putatively MAP kinase-targeted T1 – T3 phosphorylation sites in the TPRXS motifs are
shown, together with other phosphorylation sites identified in this part of the intracellular loop. The conserved prolines (P) of the TPRXS motifs, proposed
to be the target of cis/trans prolyl isomerases, are marked in red [56].
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elongation or related processes [20e22]. AGC3 kinases
have acquired functions in PIN polarity control to
accommodate needs of the development and differen-
tiation of multicellular organisms [4e6]. AGC2 kinases,
in turn, have only been discussed as nuclear proteins and
are, thus, not directly implicated in the phosphor-

egulatory processes discussed here [23,24].

D6PK protein kinases from the AGC1 family
D6PK and the three related D6PK-LIKE1 e 3 are well-
characterized AGC1 family members (Figure 3a). d6pk
d6pkl1 double mutants are defective in phototropic and
negative gravitropic hypocotyl bending, which may be a
result of the loss of auxin transport from the cotyledon
to the hypocotyl [20,21]. d6pk d6pkl1 d6pkl2 triple and
d6pk d6pkl1 d6pkl2 d6pkl3 quadruple mutants are defec-
tive in lateral root formation, have twisted rosette leaves
and a spindly appearance [25]. d6pk d6pkl1 d6pkl2 d6pkl3
quadruple mutants, furthermore, have severe embryo

differentiation defects [26]. All mentioned phenotypes
can be explained or correlated to the described biolog-
ical functions of specific canonical PINs. In d6pk d6pkl1
d6pkl2 mutants, the auxin maximum is broadened and
shifted above the quiescent centre of the root when
compared to the wild type and the formation of auxin
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maxima, required for lateral root initiation, is severely
impaired [25]. Further, auxin transport is reduced in
stems and hypocotyls of different d6pk backgrounds and
the chemically induced functional impairment of D6PK
results in differential auxin accumulation, as validated
with auxin reporters, within 15e30 min [20e22].

D6PK and D6PKLs activate PINs through phosphory-
lation at four (PIN1 S1 e S4) or five (PIN3 S1 e S5)
serine residues in RXS motifs within the PIN intracel-
lular loop (Figure 1) [2]. In Arabidopsis PIN1, these
motifs are clustered within an w80 amino acid region
(Figure 1b) [27]. Phosphorylation of S4 appears to make
a strong contribution to PIN activation by D6PK [25].
Besides S1 e S5, there are also other uncharacterized
RXS motifs that may contribute to PIN activation by
D6PKs. Although not studied in detail in every case,

PIN phosphorylation regulation and the phosphosite
preferences of D6PK/D6PKLs may also apply to AGC1
family members such as PAX (PROTEIN KINASE
ASSOCIATEDWITH BRX/AGC1-3), as discussed later
in this review, and AGC1-12 (Figure 3a) [**3,22].

D6PK cycles rapidly to and from the basal plasma
membrane, independently from its PIN substrates, such
www.sciencedirect.com

www.sciencedirect.com/science/journal/13695266


Figure 2

Protein kinases targeting PIN auxin efflux carriers. Overview of the
different protein kinases and kinase families that have been implicated in
PIN phosphoregulation. Where known, upstream kinases and signals, as
well as protein kinases having been implicated in PIN regulation and
phosphorylation are shown, together with the described effects of the
phosphorylations on PIN function or PIN distribution. Distribution refers to
PIN distribution at the plasma membrane, trafficking refers to the obser-
vation of intracellular PIN accumulation.
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that PIN activation can only occur after phosphorylation
at the plasma membrane [21]. D6PK and other AGC1
kinases have an insertion loop between kinase subdo-
mains VII and VIII with a lysine/arginine-rich domain
(K/R) for phospholipid interactions and possibly coun-
teracting adjacent serine residues, whose phosphoryla-
tion may neutralize the positive charges of the K/R-rich
domain and contribute to kinase transport (Figure 3)
[21]. Presently unknown is the role of the repeated

CXX(X)P motifs occurring within the insertion loop in
varying numbers and at varying positions in different
AGC1 kinases [28].

The availability of heterologous PIN activation assays
with D6PK has made it possible to examine the physi-
ological function of the auxin transport inhibitor NPA,
whose application to wild type seedlings leads to exact
copies of pin mutant phenotypes [29]. In line with such
observations, NPA was found to directly inhibit PIN
function rather than inhibiting PIN-activating ki-

nases [*30].

During pollen formation, D6PKL3 localizes polarly at
the sites of pollen aperture formation but this polarity-
dependent process cannot be connected to PIN-
mediated auxin transport [31]. This suggests that
www.sciencedirect.com
D6PK and D6PKLs may also have functions other than
PIN activity control [31].

BRX regulation of the AGC1 kinase PAX
PAX is essential for protophloem development
(Figure 3) [**3,32,33]. pax mutants share their proto-
phloem differentiation phenotype with brevis radix (brx)
mutants and BRX interacts with PAX [**3]. In auxin
transport experiments conducted in Xenopus laevis oo-
cytes, BRX attenuates PAX-mediated PIN auxin trans-
port activation (Figure 4) [**3]. BRX exerts the same
attenuating function on PAX- and on D6PK-dependent

PIN activation but not on the AGC3 kinase PINOID
(PID), and BRX may, thus, selectively act on AGC1
kinases [3].

AGC kinases contain a so-called activation loop and
activation loop phosphorylation enhances kinase activ-
ity. In PAX, activation loop phosphorylation increases in
an auxin-dependent manner and BRX relocates from the
plasma membrane to the nucleus when auxin concen-
trations are high (Figure 4) [**3,32]. Indeed, PAX may
regulate BRX plasma membrane localization since it

phosphorylates BRX S228, a conserved serine residue
required for auxin-dependent BRX nuclear targeting, at
least in vitro [*32]. PAX and BRX function as positive
and negative regulators of PIN activation where BRX
reduces PIN-mediated auxin efflux at low auxin con-
centrations but relocates to the nucleus when auxin
accumulates such that PAX can activate PINs and auxin
efflux leading to a subsequent reset of the system
(Figure 4) [**3]. This module is suitable to explain
differences in auxin accumulation between the proto-
phloem and adjacent cell files [**3]. A further compo-

nent of this regulatory module is a class of
phosphatidylinositol-4-phosphate 5-kinases (PIP5Ks),
which catalyze the formation of phosphatidylinositol-
4,5-bisphosphate (PI4,5P) [**33]. PIP5Ks interact with
BRX and its targeting to the plasma membrane may
serve to locally enhance PI4,5P distribution as part of a
self-enhancing regulatory module (Figure 4) [**33,34].

Arabidopsis PAX shares 70% identity with ADI3 (AvrPto-
dependent Pto-interacting protein 3) from tomato. ADI3
is phosphorylated by its interactor Pto kinase and, like
PAX, also by 3-PHOSPHOINOSITIDE-DEPENDENT

PROTEIN KINASE1 (PDK1) [35,36]. Although ADI3
is, by all accounts, a tomato PAX orthologue, it has not
been linked to auxin transport but rather seems to exert a
critical function in the nucleus [37]. The K/R-rich
domain implicated in phospholipid interactions in the
case of AGC1 kinases, is essential for nuclear localization
in the case of ADI3 [37]. Indeed, nuclear localization of
AGCVIII kinases is not exclusive for ADI3, since nuclear
accumulation and function of Arabidopsis AGC2 kinases
OXI and UCN as well as maize PID-co-orthologue
BARREN INFLORESENCE2 and rice OsPID have

been reported [23,38e42]. Since other observations
Current Opinion in Plant Biology 2022, 65:102146
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Figure 3

AGC kinases target PIN auxin efflux carriers. a. Schematic representation of Arabidopsis thaliana AGCVIII kinases, as well as the PAX-orthologous
tomato ADI3 (SlADI3) and human HsPKC1. Shown are the protein kinase subdomains that are, in the case of AGCVIII kinases, separated by an insertion
loop. The insertion loop may contain CXX(X)P motifs (green), a K/R-rich polybasic motif for phosphoinositide interactions (orange), as well as serine
residues (red) whose phosphorylation may neutralize the positive charge of the K/R-motif. The C-terminal PDK1-interacting fragment (PIF, blue) is the
proposed PDK1 binding site [45]. LOV, light-oxygen-voltage light-sensing domain; PB1, Phox and Bem1p dimerization domain. Only two out of four
Arabidopsis AGC2 kinases are shown. b. Model of the AGC1 kinase D6PK with sequence features as shown in A. The model was calculated using
TrRefineRosetta [60]. c. Protein sequence alignment of the insertion loop of selected Arabidopsis thaliana AGC kinases with the different sequence
features marked. The sequence variation in the PIF motif may have functional significance only for D6PK, PAX, and SlADI3, that are proposed PDK1
targets [36,43,**44].

4 Growth and Development
related to AGC kinases suggest that they have functions
other than PIN regulation, e.g. Ref. [31], it cannot be
ruled out that, at least, some of these functions are

related to phosphoregulation in the nucleus.

PDK1 kinases activate PAX
PAX displays strong PIN activation in heterologous
auxin transport assays only when carrying a mutation
mimicking its activation loop phosphorylation [**3].
PDK1, in Arabidopsis encoded by the paralogous
PDK1.1 and PDK1.2, phosphorylates the activation
loops of PAX and D6PK and pdk double mutant phe-
notypes can be explained by reduced PAX and D6PK

functions (Figure 1; Figure 4) [**43,**44]. Expression
of a PAX variant with an activation loop
phosphorylation-mimicking mutation from a PDK1
promoter fragment can suppress the protophloem
phenotype in a pax mutant. In turn, no phenotype
reminiscent of pid mutants can be detected in pdk1
mutants, suggesting that a previously proposed func-
tional relationship between PDK1 and PID may not be
relevant in planta [45]. Similarly, the proposed role of
Current Opinion in Plant Biology 2022, 65:102146
the PDK1 C-terminal pleckstrin homology (PH)
domain for kinase activation was questioned as PDK1
variants lacking the PH domain could still comple-

ment the mutant phenotype [**44]. PDK1 is thus an
upstream protein kinase regulating PAX, D6PK and
possibly also other AGC1 kinases. How PDK1 activity
is regulated and acts as a regulatory kinase in the
context of BRX and PIP5Ks remains to be shown.
PIN phosphorylation by AGC3 kinases PID and WAG
Like AGC1 kinases, AGC3 kinases such as Arabidopsis

PID, WAG1 and WAG2 phosphorylate PINs at RXS
motifs [4,46]. pid mutants have a non-differentiated
pin-shaped inflorescence and therefore resemble pin1
mutants [47]. wag1 wag2 mutants are defective in root
growth control and display wavy roots [48]. Like AGC1
kinases, AGC3 kinases activate PINs. A K/R-rich motif
in the AGC3 insertion domain is essential for phos-
pholipid binding and phosphatidic acid-directed PID
and PIN2 activation in response to salt stress has been
described (Figure 3) [49,50].
www.sciencedirect.com
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Figure 4

Model for the regulation of PAX kinase by BRX, PDK1 and phos-
phoinositides. a. At low auxin concentrations, PAX-mediated PIN acti-
vation is attenuated by BRX interactions at the plasma membrane. BRX
may also modulate relevant phosphoinositide composition at the plasma
membrane by recruiting PIP5K and thereby positively enhance PAX
binding. b. At elevated auxin concentrations, BRX translocates to the
nucleus, in a BRX phosphorylation-dependent manner, allowing for PIN
activation and auxin efflux. PAX activation loop phosphorylation by PDK1
is essential for PAX activation and PIN phosphorylation. PAX may be the
protein kinase regulating BRX translocation.
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Unlike AGC1 kinase overexpression, AGC3 over-
expression correlates with a repolarization of PINs
(Figure 2) [2,4,**5,51]. PIN1 S1 e S3 had initially been
identified as AGC3-targeted sites and phosphorylation of
these sites had been proposed to directly control PIN
polarity [4,46]. However, PIN1 S1 e S3 phosphorylation
is independent from PIN1 polar distribution and PIN
polarity control must therefore be more complex than
previously thought [52]. One potential explanation for

the divergent effects of AGC3 and AGC1 kinases on PIN
polarity regulation may reside in the phosphosite-
preferences observed with PID and D6PK in in vitro
phosphorylation experiments [21,22], which are also re-
flected in differences at the level of PIN activation in
heterologous auxin transport assays (Figure 1) [2]. These
distinct phosphosite preferences and activation mecha-
nisms of AGC1 and AGC3 kinases, their differential
www.sciencedirect.com
regulation by upstream acting kinases [45] together with
the distinct subcellular distribution of the apolarly
distributed AGC3 kinases and the polarly localized AGC1
kinases, may account for their differential effects on PIN
polar distribution.

A recent study further showed that MAB4/MEL
(MACCHI BOU4/MAB4 (ENP1)-LIKE) proteins,

which are important for PIN polar localization, are
recruited to the plasma membrane in a PIN- and PIN
phosphorylation-dependent manner [53,**54]. Experi-
mental evidence strongly suggests that MAB4/MEL
proteins are recruited to the plasma membrane by PINs,
that they interact with AGC3, as well as with AGC1
kinases and that MAB4/MEL proteins preferentially
interact with phosphorylated PINs [**54]. The effects
of these components and PIN phosphorylation on PIN
lateral diffusion may explain changes in the plasma
membrane distribution and could be part of a self-

reinforcing module comprised of PINs, MAB4/MELs
and AGC kinases for PIN polarity maintenance [**54].

Phosphorylation by MAP kinases
MITOGEN-ACTIVATED PROTEIN (MAP) KINASES
(MPK) are protein kinases acting downstream of evolu-
tionarily conserved MAP kinase pathway that includes
upstream kinases such asMAP KINASEKINASE (MKK)
andMAP KINASEKINASEKINASE (MKKK) [55]. The
AGC kinase-targeted serines S1 e S3 reside within
TPRXSmotifs that are highly conserved among PINs and
three times repeated within ‘canonical’ PINs (Figure 1)
[4,46]. The threonines within the three TPRXS motifs,
T1 e T3, are proposed MAP kinase target sites and their

mutation to alanine essentially abolishes in vitro phos-
phorylation by the MAP kinases MPK4 and MPK6
(Figure 2) [*8]. Phenotypes of the Arabidopsis MKK7
gain-of-function mutant bushy and dwarf1 (bud1) were
explained by altered PIN regulation (Figure 2) [**7].
Remarkably, bud1 shoot and root mutant phenotypes can
be selectively suppressed by introducing mpk3 or mpk6
loss-of-function mutations [**7]. Activation of the MAP
kinase pathway by inducible MKK7 expression or appli-
cation of the pathogen-derived flg22 peptide, which ac-
tivates the MAP kinase pathway, results in the MPK6-

dependent intracellular accumulation of PIN1 in root
cells, that may be the consequence of altered PIN1
trafficking (Figure 2) [*8]. Mutation of PIN1 T1 e T3
led also to altered intracellular PIN distribution when
examined in transiently transformed protoplasts,
suggesting that activation of the MAP kinase pathway
may regulate PIN1 intracellular trafficking [*8]. A
further relevant regulatory module at the TPRXS motifs
may be cis/trans isomerization of the prolines (P) following
T1 e T3 in the TPRXS motifs [56].

A further link to MAP kinase regulation comes from
studies of PIN1 S337, whose phosphorylation was
Current Opinion in Plant Biology 2022, 65:102146
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associated with PIN polarity changes [57]. Finally, mu-
tation of two proposed MAP kinase-targeted sites, T392
and T393, present in the intermediate-length non-ca-
nonical Arabidopsis PIN6, affected PIN cellular distri-
bution [58]. T392 and T393 are, however, not conserved
in long ‘canonical’ PINs [58]. Taken together, there are
several indications that MAP kinase signaling regulates
PIN cellular distribution. MAP kinase signaling is

required for proper development but has also been
extensively studied in signaling events downstream from
abiotic and biotic stress [55]. Thus, modulation of auxin
transport by MAP kinase signaling may be an important
component of plant growth adaptation to stress. The
underlying molecular mechanisms and responses need,
however, to be understood at greater detail.

PIN2 regulation by CRKs
Most of the eight CRKs (Ca2þ/CALMODULIN-
DEPENDENT PROTEIN KINASE-RELATED KI-
NASEs) from A. thaliana localize at the plasma mem-
brane and phosphorylate PINs in vitro (Figure 2) [10e
12]. Among all canonical PINs, specifically the distri-

bution of PIN2 is altered in crk5 mutants [*9]. In crk5,
PIN2 is depleted from apical plasma membranes of
epidermal cells and shows basal to apical localization in
the cortex in the transition zone, and CRK5 phosphor-
ylation may thus control PIN2 stability or degradation
[*9]. In line with altered PIN2 distribution, crk5 mu-
tants have gravitropism defects [*9]. Somewhat sur-
prisingly, comparable gravitropism defects were
observed in single mutants of other Arabidopsis CRK
genes [12]. Which role the different mapped phos-
phorylation sites play for PIN2 function more precisely

and why crk mutants with defects in different genes
display the same phenotype, remains to be investigated.

Receptor kinases CAMEL-CANAR phosphorylate
PINs
The auxin-regulated receptor CAMEL (CANALIZA-
TION-RELATED AUXIN-REGULATED MALE-
CTIN-TYPE RECEPTOR KINASE) and its interactor
CANALIZATION-RELATED RECEPTOR-LIKE
KINASE (CANAR) are required for proper leaf vena-
tion, as well as for vasculature regeneration after
wounding [**13]. CAMEL phosphorylates PINs in vitro,
while CANAR lacks an RD motif found in many protein

kinases and does not display kinase activity in vitro.
CAMEL and CANAR may be part of a feedback regu-
latory system required for formation of the vascular
system [**13]. Mutation of the CAMEL-CANAR
phosphosites in PIN1 affects its polar distribution and
trafficking, as well as its ability to fully rescue the pin1
mutant phenotype [**13]. How precisely this PIN
phosphorylation event regulates PIN cellular distribu-
tion remains to be seen.
Current Opinion in Plant Biology 2022, 65:102146
Conclusions
In recent years, substantial progress has been made in

understanding PIN regulation by phosphorylation. Mo-
lecular determinants for PIN activation by phosphory-
lation as well as for the function of regulatory kinases
have been identified in the case of AGC1 and AGC3
kinases. The interplay of PAX kinases with other regu-
latory components can inspire research on other, as-yet
less well understood kinases such as the CRKs and re-
ceptor kinases, which likely are similarly complex.
Unraveling how these kinases regulate PIN distribution
and trafficking will be important for understanding plant
growth. The remarkable alignment of proposed MAP

kinase with AGC kinase phosphosites could suggest an
interplay between these kinase families in the regula-
tion of PIN activity and distribution that remains to be
understood. The role of MAP kinases as signal trans-
ducers downstream from abiotic and biotic stress re-
sponses could help understanding plant growth
responses during stress.
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