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Molecular genetic and structural studies have revealed the mechanisms of fundamental
components of key auxin regulatory pathways consisting of auxin biosynthesis, transport,
and signaling. Chemical biology methods applied in auxin research have been greatly ex-
panded through the understanding of auxin regulatory pathways. Many small-molecule
modulators of auxin metabolism, transport, and signaling have been generated on the basis
of the outcomes of genetic and structural studies on auxin regulatory pathways. These chem-
ical modulators are now widely used as essential tools for dissecting auxin biology in diverse
plants. This review covers the structures, primary targets, modes of action, and applications of
chemical tools in auxin biosynthesis, transport, and signaling.

he plant hormone auxin plays a crucial role
Tin almost every aspect of plant development
and is implicated in cell division, elongation,
and differentiation. At the whole-plant level,
auxin regulates embryogenesis, apical domi-
nance, lateral root formation, tropic responses
to light and gravity, and vascular tissue differ-
entiation (Woodward and Bartel 2005; Enders
and Strader 2015). The term auxin was initially
derived from the Greek word “auxein,” meaning
“to grow,” and auxin was defined as a growth-
promoting substance that promotes cell elonga-
tion in shoots before the identification of
indole-3-acetic acid (IAA) as a genuine natural
plant hormone (Abel and Theologis 2010). IAA
is a simple small molecule that displays pro-
found and pleiotropic effects on plant growth.
During the 1940-1970s, many synthetic com-
pounds were extensively screened for auxin-
like activity using physiological bioassays, such
as hypocotyl elongation and rooting promotion

assays, leading to the identification of chemicals
referred to as synthetic auxins (Abel and Theo-
logis 2010; Quareshy et al. 2018b). Synthetic
auxins, strictly defined as auxin receptor ago-
nists, are now widely used as agrochemicals, es-
pecially as herbicides (Busi et al. 2018).

The diverse auxin responses can be modu-
lated by three major pathways: auxin metabo-
lism, polar auxin transport, and signal transduc-
tion. TAA is mainly biosynthesized from
tryptophan via indole-3-pyruvic acid (IPA)
through the IPA pathway (Zhao 2014; Kasahara
2016). IAA is then transported by the AUXIN1/
LIKE-AUX1 (AUXI1/LAX) auxin influx trans-
porters, PIN-FORMED (PIN) efflux facilitators,
and ATP-BINDING CASSETTE B (ABCB)
transporters to form auxin concentration gradi-
ents in plant tissues (Petrasek and Friml 2009;
Peer et al. 2011). IAA is perceived by a nuclear-
localized auxin coreceptor complex comprising
TIR1/AFB F-box proteins and Aux/IAA tran-
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scriptional repressors, leading to the transacti-
vation of auxin-responsive genes (Hayashi 2012;
Salehin et al. 2015; Leyser 2018). IAA is
metabolized by several inactivation pathways.
GRETCHEN HAGEN3 (GH3) proteins syn-
thesize IAA-amino acid conjugates, such as
IAA-Asp and TAA-Glu, as inactive conjugates
(Ludwig-Miiller 2011). IAA is also oxidized to
2-oxo-indole-3-acetic acid (0xIAA) by DIOXY-
GENASE FOR AUXIN OXIDATION 1 (DAO1)
(Porco et al. 2016; Zhang and Peer 2017). These
pathways all contribute to the spatiotemporal
dynamics of IAA distribution and allow the
broad but subtle range of auxin responses to
environmental and developmental cues.

In chemical biology, small-molecule modu-
lators play a central role in dissecting biological
functions in living systems (Dejonghe and
Russinova 2017; Kinoshita et al. 2018). Small-
molecule modulators used in auxin biology are
frequently referred to as auxin chemical probes,
and they can modulate all the redundant func-
tions of cognate gene families in auxin biosyn-
thesis, transport, and signaling, thus enabling us
to dissect the physiological and developmental
roles of redundant genes (De Rybel et al. 2009;
Ma and Robert 2014). Additionally, fundamen-
tal components of auxin pathways have been
conserved as pivotal genes over evolutionary
history across diverse land plants such as liver-

Table 1. List of key modulators of auxin regulatory pathways

Target protein(s)/  CAS registry ~ Molecular ~ Commercial
Compound name pathway number? weight source” References
4-Cl-iMT TIR1 2244499-31-6 233.6 N Quareshy et al. 2018a
RN1 TIR1/AFBs 428446-82-6 370.3 B Vain et al. 2019
RN2 TIR1/AFBs 2349373-16-4 426.7 B Vain et al. 2019
RN3 TIR1/AFBs 425609-03-6 444.7 B Vain et al. 2019
RN4 TIR1/AFBs 433950-87-9 364.2 B Vain et al. 2019
Fipexide Unknown 34161-24-5 388.8 B Nakano et al. 2018
AAL1 Unknown 868215-48-9 320.4 B Lietal. 2018
Auxinole TIR1/AFBs 86445-22-9 3214 A Hayashi et al. 2008
PEO-IAA TIR1/AFBs 6266-66-6 293.3 A Hayashi et al. 2008
cvxIAA ccvTlIR1 2127037-35-6 281.3 A Uchida et al. 2018
5-Adamantyl-TAA ccvTIR1 2244426-40-0 309.4 A Uchida et al. 2018
L-Kynurenine TAA1/TARs 2922-83-0 208.2 A He et al. 2011
KOK1169/AONP  TAA1/TARs 1394950-09-4 231.3 N Narukawa-Nara et al.

2016

Pyruvamine 2031 TAA1/TARs 1394950-16-3 2733 N Kakei et al. 2017
BBo YUCCA 5122-94-1 198.0 A Kakei et al. 2015
PPBo YUCCA 51067-38-0 214.0 A Kakei et al. 2015
Yucasin YUCCA 26028-65-9 211.7 A Nishimura et al. 2014
Yucasin DF YUCCA 1094690-87-5 2132 N Tsugafune et al. 2017
BUM ABCB transporters 5809-23-4 3134 A Kim et al. 2010
Gravacin ABCB19/PGP19 188438-05-3 283.1 A Rojas-Pierce et al. 2007
Bz-IAA AUX1, PIN, ABCB 4382-53-0 281.3 A Tsuda et al. 2011
Bz-NAA PIN, ABCB 1270002-60-2 292.3 N Tsuda et al. 2011
CHPAA AUX1/LAX 33697-81-3 186.6 A Parry et al. 2001
1-NOA AUXI1/LAX 2976-75-2 202.2 A Parry et al. 2001

*The CAS registry number is a unique numerical identifier assigned by the Chemical Abstracts Service to every chemical
substance. The compounds in the online catalog of multiple chemical suppliers can be searched by the CAS registry number.
The compound name and its abbreviation are not listed in some catalogs.

P(A) commercially available from multiple suppliers, (B) commercially available as a rare chemical from a few suppliers, (N)
commercially unavailable, contact author.

Cite this article as Cold Spring Harb Perspect Biol 2021;13:a040105



fco;ﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

worts, mosses, ferns, and vascular plants
(Eklund et al. 2015; Flores-Sandoval et al.
2015; Kato et al. 2018; Tao and Estelle 2018).
Mutations in these pivotal genes cause severe
pleiotropic defects in plant development. Auxin
chemical probes can be applied as essential tools
for the elucidation of auxin biology in diverse
plants, as molecular genetic and genomic ap-
proaches are often not available for nonmodel
plants.

This review introduces the recent list of rep-
resentative synthetic auxins and chemical
probes that target auxin signaling, biosynthesis,
and transport. Additionally, I will summarize
the mechanisms of action of some key chemical
probes in auxin pathways (Table 1).

SYNTHETIC AUXINS AND AUXIN
PRODRUGS

During the 1940-1970s, the potent pleiotropic
hormonal activities of TAA led to a rush to ex-
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plore synthetic chemicals exhibiting IAA-like
activity. The synthetic chemical approach was
initially applied to the chemical modification
of the natural auxins phenylacetic acid (PAA)
and TAA. Over time, many structurally diver-
gent chemicals have been screened using phe-
notype-based bioassays based on auxin-like re-
sponses (Quareshy et al. 2018b). Synthetic
chemicals with IAA-like activities are designat-
ed as synthetic auxins, many of which are widely
used as agrochemicals, especially as herbicides
to control weeds in arable crops. The synthetic
auxins have been categorized into five groups
(Ferro et al. 2010): (1) naphthalene-1-acetic ac-
ids (NAA); (2) phenoxyacetic acids (e.g., 2,4-
dichlorophenoxyacetic acid) (2,4-D); (3) picoli-
nate-type auxins (e.g., picloram); (4) benzoic
acids (e.g., dicamba); and (5) indoles (e.g., hal-
oganated IAA) (Fig. 1). The common structural
features of synthetic auxins are an aromatic ring
and the anion moiety attached to the aromatic
ring, which are essential requirements for aux-
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Figure 1. Structure of auxins and modulators of auxin signaling.
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inic activity. These structurally divergent syn-
thetic auxins are expected to bind to the TIR1/
AFB-Aux/IAA coreceptor complex and conse-
quently activate auxin signaling, but each syn-
thetic auxin is likely to show different biological
behaviors because they present distinct profiles
of metabolic stability, polar transport in tissues,
and affinity toward specific sets of auxin recep-
tor complexes. Diverse synthetic auxins have
been evaluated in the auxin responses of roots
and hypocotyls, auxin-responsive gene expres-
sion, and auxin transport profiles (Simon et al.
2013), and this comprehensive analysis under
identical assay conditions confirms that these
synthetic auxins show distinct transport profiles
and induce strikingly diverse phenotypes.

Two major synthetic auxins, NAA and 2,4-
D, are widely used for plant research because
both are chemically stable and show profound
hormonal activities similar to TAA. Membrane-
permeable NAA can passively move into cells
and is actively exported by efflux transport pro-
teins. NAA can rescue the impaired root pheno-
types of auxl auxin influx mutants (Marchant
etal. 1999). The AUX1 symporter takes up [AA
and 2,4-D into the cell (Yang et al. 2006; Singh
et al. 2018). PIN and ABCB efflux transporters
export NAA as actively as IAA, but 2,4-D is a
poor substrate for efflux transport proteins
(Yang and Murphy 2009; Simon et al. 2013).
Thus, NAA and 2,4-D can be useful diagnostic
tools for dissecting the auxin polar transport
machinery. For example, the yuc quintuple mu-
tant (yuc 3, 5,7, 8, 9) shows severe defects in root
phenotypes (Chen et al. 2014). IAA and NAA
can fully restore defects in both root growth and
gravitropic responses. However, 2,4-D only re-
stores the defects in root growth, not in root
gravitropism, suggesting that root gravitropic
responses require an asymmetric auxin concen-
tration gradient formed by polar efflux transport
(Sugawara et al. 2015). On the other hand,
AUX1 does not mediate the uptake of other
synthetic auxins, such as picloram and dicamba
(Hoyerova et al. 2018).

IAA homeostasis is regulated by two major
pathways involving GH3, IAA-amino acid con-
jugate synthases, and DAO, 2-oxoglutarate-de-
pendent IAA oxidases. 2,4-D and dicamba have

been shown to be very poor substrates of GH3
enzymes (Staswick et al. 2005; Chiu et al. 2018).
Similarly, non-indole-type synthetic auxins are
not oxidized by DAOL1 oxidases. Thus, synthetic
auxins induce a selective auxin response based
on distinct transport and metabolic profiles
(Busi et al. 2018; Hoyerova et al. 2018).
Precursors of a synthetic auxin (auxin pro-
drugs) release active auxin molecules via meta-
bolic activation, for example, through hydrolysis
by cellular enzymes. By employing auxin-related
phenotype-based screening, auxinic compounds
that selectively induce auxin responses were iden-
tified from a chemical library. The active com-
pounds were found to be auxin prodrugs (WH-
7, compounds 533 and 602 in Fig. 1) that release
phenoxyacetic acid-type auxins after metabolic
activation by plant amidohydrolases (Christian
et al. 2008; Savaldi-Goldstein et al. 2008). These
auxin prodrugs preferentially elicit auxin re-
sponses in the shoots, although 2,4-D shows aux-
in activity in both the roots and shoots. It is pos-
sible that these auxin prodrugs might be
selectively activated in shoots where the hydro-
lases are expressed. Sirtinol was initially identified
as a synthetic activator of auxin signaling because
of its distinct structure from known synthetic
auxins, but sirtinol was later found to be an auxin
prodrug (Zhao etal. 2003). Sirtinol is metabolized
to 2-hydroxy-1-naphthoic acid, which is an active
auxin (Dai et al. 2005). Auxin prodrugs have im-
portant applications in agriculture. For example,
auxin prodrugs IBA, 2,4-dichlorophenoxybutyric
acid (2,4-BD), and naphthalene-1-acetamide (1-
NAA amide) are widely used as agrochemicals.

SELECTIVE MODULATORS OF SCF''RVAT®
SIGNALING

In canonical SCF™™! auxin signaling, IAA is
perceived by TIR1 auxin receptors. The SCFT™®!
E3 ubiquitin ligase complex consisting of TIR1,
Skpl (ASK1), and Cullin (CUL1) catalyzes the
ubiquitination of Aux/IAA repressor proteins.
Auxin promotes the ubiquitination of Aux/
IAAs by enhancing the interaction between
Aux/TAA and TIR1 receptors (Leyser 2018).
Consequently, auxin induces the degradation
of Aux/IAA repressors via the 26S proteasome

4 Cite this article as Cold Spring Harb Perspect Biol 2021;13:a040105
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pathway to activate ARF transcriptional activity
regulating auxin-responsive gene expression.
The crystal structure of the TIR1-auxin-Aux/
IAA ternary complex shows that auxin acts as
molecular glue through which the two proteins
are tightly bound together. In the crystal struc-
ture, the domain II motif (WPPV) from the
degron peptide of Aux/IAAs covers the auxin-
bound cavity in TIR1. The tryptophan and sec-
ond proline residues of the degron are involved
in the hydrophobic interaction with IAA. In this
scenario, the auxin-agonist activities of a small
molecule are determined by the binding affinity
to a hydrophobic cavity formed within the
TIR1-Aux/IAA coreceptor.

This perception model suggests that auxinic
compounds can be relatively simple small mol-
ecules such as TAA and PAA that fit within a
small binding cavity. In Arabidopsis, TIR1 and
five homologous proteins (AFB1-5) redundant-
ly function as nuclear auxin receptors (Prigge
et al. 2020). Interestingly, the afb4 and afb5
loss-of-function mutants are resistant to picoli-
nate-type auxins, picloram and DAS534, but not
to2,4-D orIAA, suggesting that AFB4 and AFB5
are the major targets of picolinic acid-based her-
bicides (Walsh et al. 2006; Prigge et al. 2016).
The binding affinity of synthetic auxins to
TIR1/AFB-Aux/IAA coreceptors has been com-
prehensively investigated through surface-plas-
mon resonance analysis (Calderén Villalobos
et al. 2012; Lee et al. 2014). NAA and 2,4-D
show a lower affinity for both TIR1 and AFB5
receptors than IAA, and 2,4-D obviously prefers
TIR1 to AFB5. Consistent with genetic evidence,
picolinates display a higher affinity for AFB5
than the TIR1 receptor. This indicates that the
receptor selectivity of synthetic auxins could be
important for the design of auxinic herbicides.
The tetrazole group functions as a bioisostere of
carboxylic acid. The bioisostere analog of IAA,
indole-3-methylene tetrazole was found to be a
TIR1-selective agonist that is not recognized by
AFB5 (Quareshy et al. 2018a). Through the
optimization of indole-3-methylene tetrazole,
4-chloroindole-3-methylene tetrazole (4-Cl-
iMT) was identified as a potent TIR1-selective
agonist. Interestingly, the tetrazole group of 4-
Cl-iMT is not conjugated with amino acids and

Chemical Tools in Auxin Biology

glucose by the GH3 enzyme and UGT84Bl1
(IAA-glycoside synthase), suggesting that 4-ClI-
iMT is more metabolically stable than IAA.

Depending on the auxin perception module,
6 TIR/AFB receptors and 24 Aux/IAAs harbor-
ing a domain II motif (WPPV) could establish
specific subsets of TIR/AFB-Aux/IAA corecep-
tor complexes that could regulate specific ARFs
(Parry et al. 2009). However, the physiological
roles of each pair of TIR1/AFB-Aux/IAA core-
ceptor complexes cannot be easily dissected due
to the redundant function of each Aux/IAA and
TIR1/AFB. Vain et al. performed a chemical
biology screen to identify auxin-like small mol-
ecules (Vain et al. 2019). A synthetic chemical
library was screened based on the root and shoot
phenotypes of wild-type (WT) and auxin-resis-
tant 1 (axrl) mutants. Four chemicals, RN1-
RN4, were identified as active compounds that
showed auxin-like activity specific to roots or
shoots. RN compounds are derivatives of phe-
noxyacetic acids (Fig. 1), and physiological and
biochemical analyses showed that RN1, RN3,
and RN4 partially function as prodrugs of 2,4-
D or 2,4,5-T in planta. Pull-down experiments
with TIR1 and Aux/IAA demonstrated that
RN3 and RN4 selectively induce the interaction
of specific TIR1-Aux/TAA pairs. Therefore,
RN3 and RN4 appear to act as selective molec-
ular glues that can assemble specific subsets of
TIR1 and Aux/IAA. These RN probes could
be useful to dissect the physiological function
of specific combinations of TIRI/AFB and
Aux/IAAs.

Another phenotype-based systematic screen
from a large chemical library identified two syn-
thetic compounds exhibiting auxin-like activity.
From screening 24,275 compounds, fipexide
(FPX) was shown to inhibit hypocotyl elonga-
tion of etiolated Arabidopsis seedlings (Nakano
et al. 2018). The inhibition of etiolated hypo-
cotyl elongation is a typical auxin response, sug-
gesting that FPX exhibits auxin-like activity. In
general, efficient callus formation requires both
auxin and cytokinin. Interestingly, FPX alone
promotes potent callus formation and shoot re-
generation. FPX contains a 4-chlorophenoxya-
cetyl amide moiety that can be converted by
certain amidases to 4-chlorophenoxyacetic

Cite this article as Cold Spring Harb Perspect Biol 2021;13:a040105 5
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acid, a synthetic auxin. The complete molecular
mechanism of FPX action has remained elusive.
However, FPX shows structural similarity to
RN3, implying that FPX might also be a selective
agonist of particular sets of TIR1-Aux/IAA co-
receptors. AALI was also identified as an inhib-
itor of etiolated hypocotyl extension from a set of
12,000 structurally diverse compounds (Li et al.
2018). A chemical genetic screen for an AALIL-
resistant mutant identified a gain-of-function
iaa3/shy2 Aux/IAA mutant. AALI induces
DR5::GUS expression and promotes the degra-
dation of DII-VENUS auxin-reporter proteins.
Interestingly, auxl mutation and NPA treat-
ment reduce hypocotyl inhibition by AALL, sug-
gesting that the auxin-like activity of AAL1 de-
pends on polar auxin transport.

RATIONALLY DESIGNED AUXIN AGONISTS
AND ANTAGONISTS OF THE TIR1/AFB
RECEPTOR

Synthetic chemistry approaches have improved
the selectivity, affinity, and stability of synthetic
auxins and greatly contributed to auxin biology.
Uchida et al. (2018) created a new engineered
TIR1-auxin module referred to as “concave-
TIR1-convexIAA.” The modified IAA molecule
and engineered TIR1 mutant receptor were de-
signed according to a bump-and-hole strategy.
The crystal structure of the TIR1-IAA complex
suggests that phenylalanine 79 (F79) in the aux-
in-binding site is essential for the interaction
with the aromatic ring of IAA. Indeed, the point
mutation (F79G) resulted in a small hole in the
TIR1 pocket, thereby disrupting the binding af-
finity for IAA. This TIR1 (F79G) mutant was
designated concaveTIR1 (ccvTIR1), and it was
also found to enable the binding of 5-aryl-sub-
stituted IAAs (Fig. 2A), including 5-methoxy-
phenyl IAA (convexIAA, cvxIAA). The large
phenyl group (bump) of cvxIAA orients toward
glycine 79 (G79) and fills the hole caused by
G79 in ccvTIR], thereby forming the ternary
complex of ccvTIR1-cvxIAA-Aux/IAA. Thus,
cvxIAA can selectively elicit auxin responses in
transgenic plants expressing ccvTIR1 but can be
completely inert in WT plants. ccvITRI-cvxIAA
can recover the impaired auxin responses of tirl

afb2 mutants, suggesting that the ccvTIR1 and
cvxIAA pair can function as a surrogate auxin
signaling system. The highlights of the use of this
system include its application for auxin-induced
rapid hypocotyl elongation, referred to as acid
growth. The ccvTIR1-cvxIAA system elegantly
demonstrates that cvxIAA-induced acid growth
is fully dependent on ccvTIR1, implying that
TIR1 might mediate the rapid elongation re-
sponse through a noncanonical pathway. Thus,
the ccvTIR1-cvxIAA system can be an excellent
tool for studying transcription-independent
auxin signaling via TIR1 (Fendrych et al. 2016,
2018). The structural optimization of 5-substi-
tuted cvxIAA led to the generation of 5-adaman-
tyl-IAA as a super-strong cvxIAA in a yeast two-
hybrid system expressing another cvxTIRI
(F79A) with activity in the picomolar concen-
tration range (Yamada et al. 2018). 5-Adaman-
tyl-TAA and cvxTIR1 (F79A) are additional
promising candidates for bump-and-hole syn-
thetic auxin switches.

Detailed knowledge of the molecular mech-
anism of auxin perception has also allowed the
structure-based design of TIR1/AFB auxin an-
tagonists. A crystal structure showed that the
formation of the ternary complex TIR1-IAA-
Aux/TAA did not affect the conformation of
TIRI, indicating that the IAA-binding site was
a rigid and inflexible structure (Tan et al. 2007).
Therefore, ligands specific to TIR1/AFB could
be rationally designed according to the rigid
structural model of the ternary complex. BH-
IAA, tert-butoxycarbonylaminohexyl-IAA, was
demonstrated as the first rationally designed
TIR1 antagonist (Hayashi et al. 2008). BH-
IAA inhibited almost all the typical auxin re-
sponses of Arabidopsis plants in a competitive
manner with auxin. The crystal structure of the
complex of BH-IAA and TIR1 demonstrated
that the IJAA moiety of BH-IAA sits in the aux-
in-binding site of TIR1 in the same binding po-
sition as IAA, and the long alkyl chain is orient-
ed toward the Aux/IAA-binding cavity. This
flexible long alkyl chain occupies the Aux/
IAA-binding site to efficiently prevent access
of the Aux/IAA WPPV degron motif (Fig. 2B).
TIR1-Aux/IAA coreceptors tightly capture aux-
in within a small cavity in the coreceptor. On the

6 Cite this article as Cold Spring Harb Perspect Biol 2021;13:a040105
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Figure 2. Examples of the structure-based design of auxin analogs. (A) cvxIAA was designed as a specific agonist
of the engineered ccvTIR1 (F79G) receptor. The methoxyphenyl group can fit within a vacant pocket in the TIR1
mutant (F79G). 5-Adamantyl-IAA is a more potent analog of cvxIAA. (B) The IAA moiety in BH-IAA binds to
the auxin-binding site of TIR1 in the same manner as IAA. The flexible long alkyl chain is oriented toward the
Aux/TAA-binding site and blocks the access of the WPPV motif to the binding pocket. (C,D) Auxinole shows
high affinity for the TIR1 auxin-binding site via a strong hydrophobic interaction between the dimethylphenyl
ring and F82, which is essential for the interaction with the WPPV degron motif of Aux/IAAs. PEO-IAA is alead
compound of auxinole.

other hand, TIR1 receptors interact solely with
the JAA moiety of BH-IAA and not with the
flexible alkyl chain. Thus, BH-IAA is not a po-
tent antagonist (Hayashi et al. 2008). To explore
potent TIRI antagonists, an in silico molecular
docking screen was performed with an indole-
focused chemical library, and o.-( phenylethyl-2-

o0x0)-IAA (PEO-IAA) was identified as a lead
compound (Fig. 2; Hayashi et al. 2012). Auxi-
nole, the most potent derivative of PEO-TIAA,
was generated by the modification of the phenyl
group of PEO-IAA. A phenyl ring at the a-po-
sition of auxinole interacts with the phenylala-
nine residue (F82) of the TIR1 auxin-binding

Cite this article as Cold Spring Harb Perspect Biol 2021;13:a040105 7
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site via a strong n-n stacking interaction. This
F82 residue is conserved in TIR1/AFB members
in diverse land plants and plays a crucial role in
the interaction with the WPPV motif in domain
IT of Aux/TAAs. Thus, auxinole shows a high
affinity to TIR1 and efficiently blocks Aux/TAA
binding, explaining its strong antagonistic
activity in auxin-responsive gene expression.
Auxinole spatiotemporally blocks all the auxin
responses mediated by redundant TIR1/AFB
members in diverse land plants, including
monocots, rice, and the moss Physcomitrella
patens, and has been widely used as a TR1/
AFB blocker in plant biology.

INHIBITORS OF AUXIN SIGNALING
PATHWAYS

Several auxin derivatives, such as p-chlorophe-
noxyisobutylic acid (PCIB) (Oono et al. 2003),
indole-3-isobutyric acid (ABerg 1951), and o-
(5,7-dichloroindole-3-) isobutyric acid (Hatano
et al. 1989), have been reported to be antiauxins
that are expected to bind to a receptor in com-
petition with auxin and thereby block the action
of auxin (Fig. 1). The molecular mechanism of
the antiauxin activity of PCIB has been exten-
sively investigated in Arabidopsis plants. PCIB
represses the IAA-induced degradation of Aux/
IAAs, auxin-responsive gene expression, and
typical physiological auxin responses, such as
lateral root formation and root gravitropism.
However, IAA-induced root phenotypes are
not restored by PICB, suggesting that PCIB is
not only an antagonist in auxin signaling but
might also affect auxin transport and metabo-
lism. Before the structural determination of the
TIR1-TAA-Aux/IAA complex, auxin signaling
inhibitors were screened from natural products
using transgenic Arabidopsis auxin-responsive
reporter systems (BA3:GUS and DRS5:GUS)
(Oono et al. 1998). These reporter assays are
highly specific, rapid, and sensitive to auxin,
making them very powerful for large library
screens. Yokonolide A and B are macrolide-
type compounds and were the first auxin signal-
ing inhibitors isolated from the soil bacterium
Streptomyces diastatochromogenes (Fig. 2; Haya-
shietal. 2001, 2003). Similarly, microbial-origin

terfestatin A and toyocamycin were identified by
an auxin-responsive reporter screen (Fig. 1; Ya-
mazoe et al. 2005). All these signaling inhibitors
block Aux/IAA degradation and auxin-induced
gene expression and repress various auxin re-
sponses in planta. However, the target proteins
of these signaling inhibitors have not yet been
determined.

TIR1/AFB are also thought to mediate non-
transcriptional auxin signaling. This type of
noncanonical auxin signaling is related to the
very rapid inhibition of root elongation (Fen-
drych et al. 2018), vacuolar remodeling (Lofke
et al. 2015), and auxin-induced Ca** signaling
(Dindas et al. 2018; Li et al. 2019). However,
little is known about the downstream
pathway(s) of noncanonical TIR1/AFB signal-
ing. A chemical screen for inhibitors of auxin-
induced cytosolic Ca** dynamics was carried
out using transgenic tobacco BY-2 cell lines ex-
pressing vellow fluorescent protein-apoae-
quorin as a reporter of Ca®* signaling (De Vriese
etal. 2019). Bepridil, a calcium channel blocker,
was found to inhibit auxin-induced cytosolic
Ca®" accumulation in root cells and to affect
auxin-induced vacuolar remodeling. Bepridil
thus represents a valuable tool for exploring
auxin-regulated Ca®" signaling in plants.

AUXIN BIOSYNTHESIS INHIBITORS

The IPA pathway is the predominant IAA
biosynthetic pathway and is composed of
two sequential enzymatic steps (Mashiguchi
et al. 2011; Won et al. 2011). In the initial
step, TRYPTOPHAN AMINOTRANSFERASE
OF ARABIDOPSIS1/TRYPTOPHAN AMINO-
TRANSFERASE RELATED (TAA1/TAR) con-
verts Trp to IPA. The YUCCA (YUC) flavin
monooxygenases then catalyzes the oxidative
decarboxylation of IPA to IAA. YUC genes be-
long to a large redundant gene family including
11 genes in Arabidopsis and 14 genes in Zea
mays and Oryza sativa. Therefore, auxin biosyn-
thesis inhibitors would be powerful tools for
studying auxin biology. Both TAA1 and YUC
in the IPA pathway can be considered as targets
for auxin biosynthesis inhibitors. L-Kynurenine
(L-Kyn), which is the major metabolite of Trp in
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animals, was identified as the first competitive
TAALI inhibitor (He et al. 2011). L-Kyn was ini-
tially identified from a screen for an inhibitor of
ethylene responses in Arabidopsis roots. Consis-
tent with the structural similarity of L-Kyn and
Trp, L-Kyn is regarded as an analog of Trp and
shows competitive inhibition (Ki=11 pM) of
TAAL activity. Intriguingly, other Trp deriva-
tives, such as o-methyltryptophan and 5-meth-
yltryptophan, have never been reported as IAA
biosynthesis inhibitors, although TAA1 shows
broad substrate specificity in vitro and will ac-
cept alternative amino acids such as Phe and
Tyr. L-Kyn is commercially available and has
been widely used to block IAA synthesis in var-
ious land plants, including the liverwort Mar-
chantia polymorpha and the moss Physcomi-
trella patens (Eklund et al. 2015; Tsugafune
et al. 2017). L-2-aminooxy-3-phenylpropionic
acid (AOPP) was initially identified as an inhib-
itor of pyridoxyl-5-phosphate (PLP)-dependent
enzymes, such as phenylalanine ammonia-lyase.
Subsequently, AOPP was reported to inhibit the
PLP-dependent enzymes TAA1/TAR (Soeno
et al. 2010) and to reduce both endogenous
IAA levels and root gravitropism in Arabidopsis.
However, AOPP is not specific to TAA1/TAR
enzymes and also represses other PLP-depen-
dent enzymes, such as phenylalanine ammo-
nia-lyase. Aminooxy-naphthylpropionic acid
(AONP/KOK1169) was designed as a specific
inhibitor of TAA1l (Narukawa-Nara et al
2016). AONP confers typical auxin-deficient
phenotypes and inhibits auxin-responsive gene
expression. AONPs competitively inhibit TAA1
(Ki=76.8 nM). Another aminooxy compound,
pyruvamine 2031 (KOK2031), has also been
identified as a potent inhibitor of rice OsTAR1
and represses endogenous IA A synthesis, result-
ing in apparent auxin-deficient phenotypes in
rice (Kakei et al. 2017).

YUCs are flavin-containing monooxygen-
ases that function at final step in the IPA path-
way, making YUCs important targets of IAA
biosynthesis inhibitors. Yucasin was discovered
as a YUC inhibitor through a chemical library
screen in maize coleoptiles (Nishimura et al.
2014). Yucasin has a similar structure to methi-
mazole, another inhibitor of flavin-containing

Chemical Tools in Auxin Biology

monooxygenases (Eswaramoorthy et al. 2006).
Although yucasin counters the high-auxin phe-
notype of YUC overexpression lines, severe aux-
in-deficient phenotypes are not induced in WT
plants by yucasin treatment. To improve the in-
hibitory activity of yucasin, the structure of yu-
casin was optimized by chemical modification
(Tsugafune et al. 2017). Difluorinated yucasin,
yucasin DF (YDEF), causes severe auxin-deficient
phenotypes in WT plants, but YDF shows slight-
ly less inhibitory activity than yucasin against in
vitro YUC1 enzyme. YDF was shown to be a
chemically and metabolically stable compound,
probably because of the difluorinated phenyl
ring, suggesting that cellular YDF levels are sus-
tained long enough to fully inhibit IAA biosyn-
thesis. YDF was found to be effective in the moss
Physcomitrella patens and the liverwort Mar-
chantia polymorpha, demonstrating that YDF
is a promising tool for modulating auxin biosyn-
thesis in various land plants.

The phenylboronic acids 4-biphenylboronic
acid (BBo) and 4-phenoxyphenylboronic acid
(PPBo) have been reported to be potent IAA
biosynthesis inhibitors targeting YUCs (Kakei
etal. 2015). BBo and PPBo cause auxin-deficient
phenotypes in Arabidopsis seedlings. These
boronic acids competitively inhibit YUC en-
zyme activity against the substrate IPyA. Addi-
tionally, these boronic acids recover the extreme
high-auxin phenotype of 35S::YUCI seedlings
and repress IAA biosynthesis and growth in
the model monocot plant Brachypodium dis-
tachyon.

SYNTHETIC MODULATORS OF AUXIN
TRANSPORT

N-1-naphthylphthalamic acid (NPA) and 2,3,5-
trilodobenzoic acid (TIBA) are classical phyto-
tropins and auxin polar transport inhibitors that
have been widely used to study plant biology
(Fig. 3). NPA blocks the auxin export activity
of ABCB transporters expressed in both yeast
and mammalian cells (Geisler et al. 2005;
Blakeslee et al. 2007; Yang and Murphy 2009).
Additionally, NPA represses PIN2-mediated
TIAA efflux in cultured tobacco cells (Barbez
et al. 2013). However, the direct binding of
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Figure 3. Structures of auxin biosynthesis inhibitors and auxin polar transport modulators.

NPA to PIN proteins has been unclear because
of inconsistent results for NPA in relation to the
activity of PINs in heterologous systems. The
immunophilin-like protein TWDI1 interacts
with ABCBs to modulate auxin efflux. NPA
binds to TWDI to perturb the interaction of
TWDI with ABCBI1 (Balilly et al. 2008; Wang
et al. 2013). Additionally, NPA modulates the
membrane localization of PINs and ABCBs by
affecting the TWD1-ACTIN?7 axis (Zhu et al.
2016). Thus, NPA efficiently inhibits polar aux-
in transport by modulating multiple targets of
the polar auxin transport machinery. Interest-
ingly, TIBA was also shown to disrupt PIN ves-
icle trafficking by perturbing the stability of
actin (Dhonukshe et al. 2008). However, the
molecular target of TIBA has remained elusive.

Gravacin (3-(5-[3,4-dichlorophenyl]-2-fur-
yl) acrylic acid) and BUM (2-[4-(diethylamino)-
2-hydroxybenzoyl] benzoic acid) (Fig. 3) were
identified from a phenotype-based screen of
synthetic chemicals. Gravacin perturbs root
and shoot gravitropism in Arabidopsis. The pri-
mary target of gravacin was identified as
ABCBI19 by a chemical genetic approach (Ro-
jas-Pierce et al. 2007), with gravacin requiring

ABCB19 for its activity. BUM selectively targets
ABCB transporters and causes pleiotropic de-
fects in auxin-related phenotypes similar to
what is observed in NPA-treated plants. BUM
was demonstrated to compete at the NPA-bind-
ing sites of ABCB1 and ABCB19 (Kim et al.
2010). Two other auxin transport inhibitors,
37-H4 and 48-F9, were discovered by screening
a chemical library using an IAA transport assay
in maize coleoptiles (Nishimura et al. 2012).
These two inhibitors exert NPA-like effects on
Arabidopsis seedlings, but 37-H4 and 48-F9 are
structurally distinct from the inhibitors NPA
and BUM. All of these synthetic inhibitors
inhibit polar auxin transport and affect the aux-
in-regulated response of plants. However, the
molecular mechanisms of these inhibitors are
still poorly understood due to the complicated
regulation of IAA efflux and the interplay of
PINs, TWD1, and ABCBs.

The auxin analogs 5-benzyloxy-IAA (Bz-
IAA) and 7-benzyloxy-NAA (Bz-NAA) are
inactive auxin analogs that cannot bind to the
auxin-binding pocket of TTR1/AFB auxin recep-
tors (Tsuda et al. 2011). The benzyloxy group of
Bz-TIAA and Bz-NAA (Bz-auxins) would likely
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compete with Phe79 in the binding pocket of
TIR1/AFB in a similar way to cvxIAA (Tsuda
etal. 2011). Bz-auxins do, however, show similar
effects to NPA regarding auxin-regulated phe-
notypes in Arabidopsis, such as the inhibition of
the gravitropic response and primary root
growth. Additionally, Bz-auxins inhibited IAA
movement in Arabidopsis and maize, but Bz-
auxins do not affect the subcellular localization
of PIN proteins in Arabidopsis. Bz-auxins inhib-
it the transport activity of PINs, ABCBs, and
AUXI1 expressed in yeast cells. Consistent with
the transport profiles of the synthetic auxin
NAA, Bz-NAA selectively acts on PINs and
ABCBs, but not on AUX/LAX proteins. There-
fore, Bz-auxins could be reorganized as active
auxin analogs by auxin transport proteins and
reduce endogenous IAA transport by competing
with endogenous IAA movement, indicating
that Bz-auxins are a new class of transport in-
hibitors.

1-Naphthoxyacetic acid (1-NOA) and 3-
chloro-4-hydroxyphenylacetic acid (CHPAA)
have been found to be selective inhibitors of
auxin influx transport by the AUX1 importer
(Hoyerova et al. 2018). 1-NOA and CHPAA
repress the root gravitropic response without af-
fecting root growth; phenocopying the auxI
mutant (Parry et al. 2001) and 1-NOA can in-
hibit auxin uptake by AUXI expressed in Xen-
opus oocytes (Yang et al. 2006).

Pinstatic acid, 4-ethoxyphenylacetic acid
(PISA), was identified as another disruptor of
auxin transport from a screen of modulators of
PIN localization (Oochi et al. 2019). PISA shows
auxin-like activity, such as the promotion of
hypocotyl elongation and adventitious root for-
mation. Interestingly, PISA does not directly ac-
tivate the SCF™™®! pathway as an active auxin.
PISA inhibited gravitropic response and root
hair formation in a manner similar to that ob-
served when PINI1 is overexpressed in roots. It
appears that PISA enhances the auxin flow by
blocking PIN endocytosis and reorientation.
PISA dramatically increases lateral root devel-
opment under cotreatment with IAA, suggest-
ing that PISA enhances the rate of shootward
auxin transport, making PISA notably different
from other known auxin chemical tools. There-

Chemical Tools in Auxin Biology

fore, PISA represents a promising tool for study-
ing the complicated regulation of PIN traffick-
ing by auxin.

MODULATORS OF AUXIN POLAR
TRANSPORT FROM NATURAL
PRODUCTS

cis-Cinnamic acid has been reported as a natural
auxin efflux inhibitor. cis-Cinnamic acid re-
presses the efflux transport of NAA in tobacco
BY-2 cells and inhibits root gravitropism in Ara-
bidopsis (Steenackers et al. 2017). Intriguingly,
cis-cinnamic acid promotes lateral root forma-
tion, in contrast to the effects of NPA and TIBA,
probably because cis-cinnamic acid disrupts
shootward auxin transport, leading to the accu-
mulation of endogenous IAA in the root meri-
stem. Flavonoid-deficient transparent testa4
mutant shows enhanced basipetal auxin trans-
port, demonstrating that flavonoids such as
quercetin and naringenin are endogenous neg-
ative regulators of auxin transport (Peer and
Murphy 2007). However, the mode of action
and the primary targets of these natural inhibi-
tors have remained obscure.

The polar localization of PIN proteins at the
plasma membrane is crucial for the regulation of
the rate and direction of cellular auxin export,
which ultimately determines auxin gradients in
the tissue. The polar distribution of PIN is
maintained by the recycling of PIN between
endosomal compartments and the plasma
membrane. Clathrin-mediated endocytosis is
involved in the internalization of PIN proteins
from the plasma membrane (Adamowski and
Friml 2015). Brefeldin A (BFA) is a fungal toxin
that has been widely used to dissect auxin carrier
trafficking pathways. BFA inhibits ADP ribo-
sylation factor guanine nucleotide exchange
factors (ARF-GEFs), which are modulators of
vesicle formation. Thus, in tissues with BFA-
sensitive ARF-GEFs, BFA represses the exocyto-
sis of PIN by inhibiting ARF-GEFs, leading to
the accumulation of PINI in artificial intracel-
lular aggregates referred to as “BFA bodies”
(Doyle et al. 2015). TIBA inhibits the accumu-
lation of PINs in BFA bodies by disrupting the
endocytosis of PINs (Geldner et al. 2001).
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CONCLUDING REMARKS

Fundamental molecular mechanisms of auxin
regulatory pathways involving metabolism, sig-
naling, and polar transport have been unveiled
by extensive genetic and structural biology stud-
ies in Arabidopsis. The core modules of all auxin
regulatory pathways are well conserved in land
plants. Small-molecule modulators of these aux-
in regulatory pathways have been generated as
auxin chemical probes and are widely used in
Arabidopsis biology. Given pathway conserva-
tion, auxin chemical probes can specifically
modulate the auxin-related pathways of diverse
land plants from the liverworts to vascular
plants, making these probes valuable tools for
research over a broad range of species, including
in agriculture and horticulture. Furthermore,
auxin chemical probes can be efficiently applied
for the dissection of cross talk mechanisms be-
tween auxin and other hormones and environ-
mental cues. The structural study of TIR1-Aux/
IAA has led to the rational design of auxin ago-
nists and antagonists, and structural informa-
tion related to auxin biosynthesis (TAA1) (Tao
et al. 2008) and metabolism (DAO, GH3, and
ILL2) (Bitto et al. 2009; Peat et al. 2012; Take-
hara et al. 2020) could be applied to design more
potent inhibitors of these pathways.

How rapid auxin responses are mediated by
nontranscriptional auxin signaling remains one
of the major questions in auxin biology (Kube$
and Napier 2019). By a chemical biology ap-
proach using the ccvTIR1-cvxIAA system,
TIR1 was demonstrated to be involved in rapid
auxin responses such as hypocotyl elongation
and primary root growth inhibition, some of
which are likely nontranscriptional (Fendrych
et al. 2016, 2018; Uchida et al. 2018). In combi-
nation with new tools from synthetic biology,
chemical biology continues to offer promising
approaches for the elucidation of such new sig-
naling pathways. Novel auxin chemical tools will
continue to provide us with novel insights into
auxin-regulated developmental processes.
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