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he term “chemical biology” is inherent to the
Tﬁeld of plant biology as plants use an extraordi-

narily vast range of small molecules (chemical) to
adapt their developmental and physiological programs
(biology) in response to ever-changing environmental
conditions. The absence of cell movement in plants
means that these low molecular weight mobile com-
pounds have a vital role as signaling molecules. Plants
are literally packed with endogenous small molecules
such as hormones (auxin, cytokinins, ethylene, brassi-
nosteroids, gibberellic acid, jasmonic acid, and others)
and secondary metabolites. Because of their impor-
tance for plant growth and development, it is not surpris-
ing that research has turned to the immense chemical
repertoire of small molecule libraries as an alternative
way to study particular processes. Although the use of
bioactive small molecules is still considered as an inno-
vative approach in plant research, the two fields have a
longer association than one might at first expect. Auxin
research in particular has always been reliant on the
use of many synthetic auxin analogues, antagonists,
and transport inhibitors (Figure 1, Table 1). Screening
for resistance to a range of auxin probes has built on
this early work to provide most of the key players in
auxin biosynthesis, signaling, and transport. Here, we
give an overview of the small molecules used in auxin
biology and indicate their site of action throughout the
known auxin pathway.

Use of Auxin and Auxin-Like Molecules. Our current
understanding of how the auxin signal is transduced is
based largely on a collection of mutants resistant to 2,4-
dichlorophenoxy acetic acid (2,4-D, Figure 1), a syn-
thetic auxin invented more than 60 years ago (1). This
auxinic herbicide is an aryloxyacetate molecule strik-
ingly different from the indole ring structure of the most
abundant auxin in plants (indole-3-acetic acid, 1AA,
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ABSTRACT Research into the plant hormone auxin has always been tightly
linked with the use of small molecules. In fact, most of the known players in auxin
signaling and transport in the model plant Arabidopsis thaliana were identified
by screening for resistance to auxin analogues. The use of high-throughput screen-
ing technologies has since yielded many novel molecules, opening the way for
the identification of new target proteins to further elucidate known pathways. Here,
we give an overview of well-established and novel molecules used in auxin re-
search and highlight the current status and future perspectives of chemical biol-
ogy approaches to auxin biology.
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N & Ohe c N ¢l rectly related to the control of the stability
of a family of transcriptional repressor pro-
alkyl IAA probes Dicamba Picloram Sirtinol teins called Aux/IAAs (e.g., AXR2, -3, and

-5) (3, 4). The ubiquitination and conse-
quent proteolysis of Aux/IAA proteins in
the 26S proteasome is catalyzed by an SCF-
type E3 ubiquitin—ligase complex, of which
SCF™! js the prototype, There are pre-
dicted to be several hundred different SCF
complexes in Arabidopsis, and the specific-
ity of each complex for particular target pro-
teins is determined by a subunit of the com-
plex known as an F-box protein. In the case
of the Aux/IAA repressors the F-box protein
N” is TIR1 or one of a small family of closely re-
lated F-box proteins called AFBs (for auxin-
related F-box protein). Importantly the inter-
action between TIR1/AFBs and Aux/IAAs is
promoted by the direct binding of auxin,
placing SCF™* and SCF*™s at the hub of a
transcriptional derepression mechanism in
which auxin prompts the rapid destruction
of Aux/IAAs and thus the relief of repression
of genes to which they are targeted

(Figure 2). Structual analysis has shown
why synthetic auxins such as naphthalene-1-
acetic acid (1-NAA, Figure 1) and 2,4-D can
act as auxins at the TIR1/AFB receptors: by
binding to the base of an Aux/IAA pocket in
TIR1, beneath the docked Aux/IAA, they in-
crease the extent of hydrophobic interac-
tions in the ternary complex, acting as a
kind of “molecular glue” (Figure 3) (5) (also
see refs 6 and 7 for detailed reviews).

Figure 1. Overview of small molecules used in auxin research (also see Table 1). Grey substruc-
tures indicate known active core structures of the originally identified molecules; compounds

A—D from ref 34.

Figure 1) but has an extremely potent auxin-like action.
Its high stability made it the molecule of choice for a se-
ries of Arabidopsis genetic screens for auxin resistance
in the early 1980s (1, 2). This early example of a “chemi-
cal genetics” approach, in which the application of
chemicals is combined with a search for suppressor mu-
tants, revealed ubiquitin-mediated proteolysis to be a
central mechanism in the regulation of gene expression
by auxin. In fact, of six loci named AXR1 (for auxin resis-
tant1) to AXRé6, only one (AXR4) was found not to be di-
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These findings defined a new class of re-
ceptor in which an otherwise generic mech-
anism for protein ubiquitination is regu-
lated by the direct binding of a small
molecule. Recent chemical biological approaches
have shed more light on the functioning of TIR1/AFB
family of receptors. Capitalizing on the crystallographic
data of TIR1 in complex with various auxins and an
Aux/IAA degron, Hayashi and colleagues (8) designed
and synthesized a range of small molecule agonists
and antagonists of the TIR1-Aux/IAA interaction
(Figures 1 and 2). Interestingly, their rational design ap-
proach resulted in the production of the first auxin
probes that interacted specifically with TIR1 and most
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1ABLE 1. Overview and classification of all molecules used in auxin research- (also see Figure 1)

Type Common name IUPAC name Target Reference
Endogenous auxins
I1AA indole-3-acetic acid TIR1/AFB1—3 4
IBA indole-3-butyric acid TIR1/AFB1-3 4
Synthetic auxins and herbicides
1-NAA naphthalene-1-acetic acid TIR1/AFB1-3 4
2,4-D 2,4-dichloro-phenoxyacetic acid TIR1/AFB1—3 4
2,4,5-T 2,4,5-trichloro-phenoxyacetic acid TIR1/AFB1—3 4
Picloram 4-amino-3,5,6-trichloropicolinic acid AFB4—5 4
Dicamba 2-methoxy-3,6-dichlorobenzoic acid AFB4—5 4
Sirtinol 2-[(2-hydroxy-naphthalen-1- ylmethylene)-amino]-N-(1-phenyl- Unknown 23, 55
ethyl)-benzamide
DAS534 4-amino-3-chloro-6-(4-chlorophenyl)-5-fluoro-pyridine-2- AFB5 10
carboxylic acid
Inhibitors of auxin signaling
PCIB p-chloro-phenoxy-isobutyric acid Unknown 56
Yokonolide B complex natural product Unknown 29
Terfestatin A active core: 3-butoxy-4-methylbiphenyl-2,6-diol Unknown 30
Compound A [2-0x0-2-[(5-propyl-1,3,4-thiadiazol-2-yl)amino]ethyl]3-(furan-2-yl) ~ Unknown 34, 53
prop-2-enoate; active core: 2-FAA, 2-furylacrylic acid
Compound B 2-(5-cinnamylidene-4-oxo-2-sulfanylidene-1,3-thiazolidin-3-yl)-2- Unknown 34
phenylacetic acid
Compound C 4-[(3-hydroxyphenyl)methylidene]-3-phenyl-1,2-oxazol-5-one Unknown 34
Compound D 6-amino-4-(6-nitro-3-hydroxyphenyl)-1,4-dihydropyranol[2,3- Unknown 34
clpyrazole-5-carbonitrile
Toyocamicin complex natural product Unknown 31
Inhibitors of auxin transport
NPA naphthylphthalamic acid PIN and PGP 57
TIBA 2,3,5-triiodobenzoic acid Unknown 5Y4
Gravacin 3-(5-[3,4-dichlorophenyl]-2-furyl)acrylic acid PGP19 42, 43
Other functions
Juglone Inhibitor of Aux/IAA-SCF™! interaction PPlases 58, 59
ES1 Inhibitor of endocytosis Unknown 41
BFA Inhibitor of GNOM dependent exocytosis GNOM 39, 40
a-Alkyl IAA Agonists or antagonists of Aux/IAA-SCF™®! interaction TIR1/AFB1-3 8
Trichostatin A Inhibitor of chromatin remodeling Histone deacetylases 60

“The common name, IUPAC name, and target proteins, if identified, are listed.

likely other members of the AFB family of proteins. Im- by the existence of specific activation or inhibition of
portantly, these small molecules could not bind the only  auxin responses in the moss Physcomitrella patens,
other putative auxin receptor, auxin binding protein 1 suggesting that the TIR1-like-mediated auxin response

(ABP1) (9). These TIR1-specific probes opened the way ~ might represent an ancient mechanism (8). This work
for chemical biological analysis of auxin-regulated pro-  also supported the “molecular glue” hypothesis of Tan
cesses in a wide range of plant species as demonstrated et al. by demonstrating that in order to function as an
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Figure 2. Overview of known small molecule interactions within active auxin transport, auxin (12).
signaling, and other auxin-related pathways. Red arrows and text indicate the discussed small The synthetic auxinic herbicide 2,4-D pro-
molecules. vides a useful complementary tool for under-
auxin, the active ring-structure core of the auxin probes standing the role of auxin movement in spe-
needs to bind the receptor beneath the docked Aux/IAA ~ Cific developmental events. In complete contrast to
degron (5). 1-NAA, 2,4-D can be imported into the cell via the AUX1/
Chemical specificity within the TIR1/AFB family could
be demonstrated by Walsh et al. (10), who used a pro- Aux/IAA
prietary picolinate molecule, related to the herbicide domain Il
picloram, to show that loss of function of AFB5, a puta-
tive member of the auxin receptor family, was sufficient
to confer resistance to picolinates but, crucially, not to
2,4-D or IAA. Intriguingly, the afb5 mutant also showed
slightly increased sensitivity to IAA, hinting at the possi-
bility that AFB5 may possess a negative regulatory func-
tion in terms of responses to IAA (10). The absence of
naturally occurring picolinate molecules involved in
auxin response raises questions about the significance
of this chemical specificity. Furthermore, it is not clear
whether picloram can actually bind AFB5 and if so, if it
can bind in a manner similar to IAA and 2,4-Din TIR1. It Figure 3. Auxin binding pocket of TIR1. The LRRs that form
is also possible that AFB5 and the putative SCFA™> act ~ the auxin and Aux/IAA binding pocket are shown as a gray
in an unknown and picloram-regulated way to affect mesh. The IAA molecule (green) nestles ir] the base of the
. . . . . . pocket beneath the bound Aux/IAA domain Il degron
auxin perception and signaling via the canonical recep- (shown as a surface representation in orange). IAA or one
tors TIR1/AFB1—3. of a range of auxinic molecules including 2,4-D and 1-NAA
In addition to their role in identifying the molecular are auxins because they fit into the base of this pocket
basis of transcriptional responses to auxin, auxin-like while still allowing the Aux/IAA to dock, increasing the ex-
molecules have also been extremely important in unrav- terft of hy.dmphObic interadion.s in the ‘er“i,,’}{ complex.
This detains the Aux/IAA protein at the SCF™®! complex
eling the events of auxin movement and uptake by the  and thereby promoting its ubiquitination. Figure adapted
cell. IAA can enter cells by at least two routes. First, be-  from ref 5 and reprinted with permission.
Q990 | VOL.4 NO.12 « 987-998 + 2009 DE RYBEL ET AL. www.acschemicalbiology.org




LAX carriers, but crucially and also unlike 1-NAA, it is a
very poor substrate for active auxin efflux via a system of
transmembrane proteins known as the PIN/ABCB efflux
facilitator system (11, 15, 16). The subcellular asymmet-
ric localization of PIN efflux facilitators in particular is ex-
tremely important in development because it provides
a mechanism to orientate the flow of auxin within tis-
sues and thereby generate the gradients and accumula-
tions of auxin that control so many developmental phe-
nomena (11, 17). Therefore 2,4-D has provided a
particularly effective way to disrupt these gradients of
auxin; in addition to being difficult to move out of the
cell, it is also metabolically stable (Box 1).

Chemical Tools for Auxin Research. The example of
the auxin analogue picloram described above hints at
the existence of at least some level of functional speci-

ficity among the TIR1/AFB receptors. This demonstrates
that the application of auxin-like compounds that inter-
fere with auxin binding at specific TIR1/AFB receptors
can be used to study specific auxin-related processes.
However, in general, auxin and auxin-like molecules ex-
ert a broad spectrum of activity and are involved in virtu-
ally every aspect of plant growth and development
(Figure 4), mainly because many downstream processes
diverge from the TIR1/AFB receptors. Therefore, interfer-
ing at the level of these receptors makes it extremely dif-
ficult to analyze one particular pathway without perturb-
ing other closely connected processes. Targeting distinct
auxin-related processes is more conveniently accom-
plished by interfering at the level of auxin signaling.
Standard genetic techniques have been extremely infor-
mative in defining the basics of auxin signaling. In some

Box 1. What makes an auxin?

Although auxin is often mistakenly considered as one molecule, the word “auxin” in fact refers to a range
of molecules with sometimes little in common structurally. Furthermore, application of common auxins
such as indole-3-acetic acid (IAA), indole-3-butyric acid (IBA), napthalene-1-acetic acid (NAA), and 2,4-
dichlorophenoxy acetic acid (2,4-D) (Figure 1) result in strikingly divergent phenotypes on, for example, lat-
eral root development (4). Also, the ways these auxins are transported through the plant are very different
(14). Nevertheless, the most useful definition of an “auxin” is of a molecule that prompts plant responses
qualitatively similar to those elicited by IAA, the predominant naturally occurring auxin. On this basis, sev-
eral synthetic molecules (like 2,4-D, picloram, and dicamba; Table 1, Figure 1) have been developed and char-
acterized as auxins, often because of their potential as herbicides. The question remains, why are these mol-
ecules auxins?

Much work has gone into trying to understand the structure—activity relationships of these molecules (18)
but ultimately it is the cellular site and mode of action of the molecule that gives the greatest insight. The most
complete picture is for perception and signaling via the TIR1/AFB family of auxin receptors. Any molecule
that can fit into the base of the binding pocket in TIR1 and increase the extent of the hydrophobic interac-
tion with the Aux/IAA will induce a physiological auxin response and can be considered an “auxin” (Figure 3).
Molecules that can occupy the auxin-binding pocket with even a moderate affinity and either do not en-
hance or even preclude Aux/IAA interaction should act as anti-auxins. For events in the binding pocket of
the TIR1/AFB receptors this is an excellent definition of what molecules must do to be an “auxin”. However,
and in keeping with the philosophy of chemical biology, there are an unknown number of ways to affect the
other crucial events between receptor and phenotype, some of which may be modulated by the vast diversity
of chemical probes available. Thus in the case of TIR1/AFB-mediated control of transcription, any molecule
that negatively affects the function of Aux/IAA repressor proteins could mimic IAA when whole-plant re-
sponses are considered. It is important to note that TIR1/AFB-mediated auxin perception and signal transduc-
tion is not the only mechanism through which auxin can act. There are several auxin responses which can-
not be adequately accounted for by this signaling network. For example, certain membrane responses to IAA
seem likely to be too fast to be mediated by genomic responses, suggesting that other putative receptors
are at work (a good candidate is ABP1, which binds IAA in a different orientation) and hence that other types
of auxin-like molecules might be found.

www.acschemicalbiology.org
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Figure 4. Roles of auxin on plant growth and development. In Arabidopsis, the plant hor-

sue if compounds are applied that interact with
conserved regions in protein families, which is
nicely illustrated by chemical biology studies in
the abscisic acid (ABA) and brassinosteroid fields
(21, 22). Genetic analysis of auxin signaling mu-
tants is also hampered by the fact that the muta-
tion is already present at the embryonic stage,
which could lead to defects and severe pleiotro-
pic phenotypes before the auxin-regulated devel-
opmental program in question has begun. The ap-
plication of chemical tools circumvents these
problems as they can be applied at a particular
stage of development. Furthermore, unlike genetic
tools, the application of chemicals is tunable, both
in dosage and in treatment times. Taken together,
the advantages of applying one or a combination
of small molecules acting downstream of the auxin
receptor at specific targets allows studying spe-
cific auxin-related processes at certain develop-
mental stages without affecting other closely re-
lated pathways.

Screening CompoundCollections To Identify

mone auxin has been implicated in virtually every aspect of growth and development

throughout the lifespan of the plant. Chemical genetics offers a novel opportunity to dis-

sect these distinct signaling pathways.

KEYWORDS

Auxin: A molecule that induces plant responses
similar to the plant hormone indole-3-acetic
acid; see also Box 1

Aux/IAA: Aux/IAA proteins are labile repressors
of auxin signaling. In the presence of auxin,
they are quickly targeted for degradation by
the proteasome through poly-ubiquitination

Auxin probe: Any synthetic molecule that
interacts with TIR1/AFB proteins

F-box protein: A subunit of an E3 ubiquitin—

ligase complex

Indole-3-acetic acid (IAA): The predominant
naturally occurring auxin in plants

TIR1/AFB: F-box proteins that act as auxin
receptors and interact with Aux/IAA proteins
in the presence of auxin

VOL.4 NO.12 « 987-998

cases, however, these approaches are less readily ap-
plied to study the details of specific auxin responses be-
cause many signaling components belong to gene fami-
lies (19, 20) with high levels of functional redundancy
and partly overlapping tissue-specific expression pat-
terns. The Aux/IAA and ARF families, for example, con-
tain 29 and 23 members, re-
spectively (19, 20), forming
a highly complex network of
regulators of auxin signal
transduction. This complex-
ity can be dissected by the
use of small molecules that,
unlike auxin and auxin ana-
logues, are able to target dis-
tinct signaling cascades con-
trolling specific aspects of
plant growth and develop-
ment (Figure 4). A chemical
biology approach can also
overcome the redundancy is-

e 2009 DE RYBEL ET AL.

New Chemical Tools. The rational design of chemi-
cal probes can be very powerful if detailed struc-
tural information is available, as in the case of the
TIR1-specific auxin probes discussed above. How-
ever, in the majority of cases the identification of
new small molecules for auxin research is dependent
on the ability to screen large compound collections. Ul-
timately, the goal of this type of screening is to have
small molecules available that target specifically the ac-
tivity of each protein of the proteome and to affect that
protein’s function in vivo in a conditional fashion. This
implies the screening of not only a large but, even more
importantly, a diverse collection of compounds to cover
a wide range of chemical space with a minimal number
of compounds. In addition, to be usable as a condi-
tional research tool to study physiological processes in
model organisms, compounds should be bioavailable,
stable in in vivo conditions, and efficacious at low con-
centrations to reduce off-target effects. Since the mid-
1990s, an increasing number of diverse commercial
compound collections became available through sev-
eral vendors (e.g., Asinex, ChemBridge, Maybridge),
making small molecule screening feasible in an aca-
demic setting. In addition, rapidly evolving technolo-
gies for high-throughput screening allowed the evalua-
tion of larger compound collections.

www.acschemicalbiology.org



Next to high-quality and diverse chemical libraries, a
robust screening assay is essential to address specific
biological questions. In agrochemical companies, much
effort has been placed in pure phenotype-based “spray
and pray” methodologies to identify new pesticides, in-
secticides, and fungicides. Although this strategy has
proven its usefulness in plant biology and in the devel-
opment of agrochemicals, it is a “brute force” approach
that is not practical in an academic setting and does
not always offer insight in the underlying molecular
mechanisms. As an alternative strategy, biomarker-
based assays can be applied in model organisms in
which changes in expression of a marker gene report
particular physiological or developmental events. This
more sophisticated approach allows specific pathways
to be targeted and more specific fundamental biological
questions to be addressed.

Chemical Tools To Study Auxin Signaling. Some of
the earliest chemical biology screens in auxin research
were focused on finding modulators of auxin signaling
with a biomarker-based approach by using auxin-
inducible promoter-reporter constructs. Both yokonol-
ide B (YkB) and terfestatin A (TrfA) (Figure 1 and Table 1)
were isolated from yeast extracts and used in screens
for inhibitors of BA3::GUS expression (29, 30). More re-
cently, by screening culture extracts of Actinomycetes,
toyocamycin was identified as an inhibitor of auxin re-
sponsive DR5::GUS and BA3::GUS expression (31). It
was demonstrated that YkB, TrfA, and toyocamycin
(Figure 1 and Table 1) interfered with Aux/IAA proteoly-
sis but had no effect on 26S proteasome activity. In ad-
dition, these compounds inhibited the expression of
auxin-induced genes and blocked physiological auxin
responses in planta. Although it was shown that TrfA has
no direct effect on auxin-mediated interaction between
Aux/IAA proteins and TIR1 and YkB blocks Aux/IAA deg-
radation upstream of TIR1, the exact mechanism of ac-
tion and target proteins of these compounds have not
yet been revealed. However, the molecules remain of
further interest for the auxin research community as they
provide new chemical tools to further dissect auxin
signaling.

As exemplified with YkB, TifA, and toyocamycin,
screenings of natural product collections have yielded
interesting tools to study auxin signaling. The chemical
diversity of natural products is quite profound, in part
due to the presence of three-dimensionality in their mo-
lecular structures (32, 33). Nevertheless, the bioactive

www.acschemicalbiology.org

component of a natural product extract is difficult to pu-
rify and synthesis of the molecule is hampered due to
large structural complexity. This inspired Armstrong and
co-workers (34) to combine a screen for the inhibition
of the auxin-inducible BA3::GUS construct with a com-
mercial synthetic library in a genuine high-throughput
approach. Analysis of 10,000 molecules yielded 30 mol-
ecules that inhibited auxin induced BA3::GUS expres-
sion in the root, demonstrating the applicability of small
synthetic molecules to identify novel and synthetically
tractable signaling inhibitors. Four potent and structur-
ally distinct molecules (compounds A—D) were studied
in more detail (Figure 1 and Table 1). Compounds A, B,
and Cinhibited Aux/IAA proteolysis, as was also demon-
strated with YkB, TrfA, and toyocamycin. Interestingly,
compounds A and B induced similar developmental
phenotypes and displayed similar global effects on gene
expression, despite their structural dissimilarity. |dentifi-
cation of the protein target of these compounds will
aid in understanding the underlying molecular mecha-
nism of this finding. The availability of synthetic tracta-
bility of the compounds can be advantageous in this re-
spect, because structure—activity analysis and the
generation of optimized and more potent variants of
these compounds can be more easily achieved.

Chemical Tools To Study Auxin Transport. As de-
scribed above, auxin is unique among plant hormones
in that it can be moved directionally within tissues by a
system of membrane proteins consisting of the AUX1/
LAX family of amino acid permeases for auxin influx (12,
13) and the PIN and ABCB (or PGP) proteins for auxin ef-
flux (35). NPA and TIBA have long been used for their in-
hibitory effect on polar auxin transport (PAT) via these
families of membrane proteins (36, 37). Although it has
been shown that NPA can bind to PIN and ABCB pro-
teins (38), the exact mode of action remains to be deter-
mined. Even though many of the earliest screenings
were designed to target auxin signaling, auxin trans-
port has also become a popular screening target.

One of the most used small molecules in auxin trans-
port research is brefeldin A (BFA, Figure 1, Table 1), a
well-studied inhibitor of secretion and subcellular traf-
ficking. In plants, BFA has specifically been shown to in-
hibit PIN exocytosis to the plasma membrane by target-
ing the ARF-GEF GNOM (39, 40) (Figure 2). As a
consequence, PIN proteins are retained in so-called BFA-
bodies, resulting in auxin-dependent phenotypes, such
as reduction in lateral root number and root agravitro-
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pism (39). Recently, endosidin 1 (ES1, Figure 2, Table 1)
was identified in a screen for inhibitors of pollen tube
growth and was shown to selectively interfere with endo-
cytosis of specific membrane proteins such as PIN2,
AUX1 and BRI1, but not others, by inducing rapid ag-
glomerations into a novel compartment (41). Although
the target is unknown, the remarkable specificity of ES1
offers a selective tool to study endocytosis of these pro-
teins involved in polar auxin transport.

Also the compound gravacin (Figure 1, Table 1) has
an effect on auxin transport. Gravacin was identified as
an inhibitor of vacuolar sorting and gravitropic response
in planta (42) and was later shown to inhibit polar auxin
transport mediated by the ABCB protein PGP19 and
PGP19-PIN complexes (43). Although probably not the
only target, PGP19 was convincingly shown to be a di-
rect target of gravacin. Interestingly, gravicin was also
shown to compete with NPA for binding sites on PGP19,
suggesting a common target residue. As PIN proteins ap-
peared not to be affected, gravacin was suggested to
be more specific than NPA, providing a tool to study po-
lar auxin transport at higher resolution.

Chemical Tools To Study Auxin Biosynthesis and
Metabolism. Next to the regulation of auxin response at
the level of auxin signaling and transport, auxin activity
is also tightly controlled by diverse mechanisms includ-
ing biosynthesis and metabolism. IAA is synthesized
through tryptophan-dependent and tryptophan-
independent pathways, and in each case the existence
of multiple IAA biosynthetic cascades provides numer-
ous opportunities to regulate IAA production (4). At the
metabolic level, direct oxidation of the indole ring can
occur providing a means to permanently inactivate IAA
(4, 44). As an additional regulatory mechanism of I1AA
activity, the pool of IAA can be subjected to conjugation
processes, which modify the carboxyl group of IAA,
thereby leading to loss of biological activity. IAA can be
conjugated to sugars through ester linkages (ester con-
jugates) or to peptides through amide linkages (amide
conjugates). As these conjugates are inactive metabo-
lites of auxin, the conjugation process reduces the size
of bioactive auxin pool (45). However, a recent study has
shown that, as well as merely reducing active auxin lev-
els, tryptophan conjugates of IAA additionally affect
auxin sensitivity, representing a previously unrecog-
nized mechanism to regulate auxin action (46). Unfortu-
nately, until now, there have been no compounds iden-
tified that specifically act on auxin biosynthesis or
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metabolism. The importance of such compounds is
demonstrated by brassinazole, an inhibitor of the
brassinosteroid biosynthesis protein DWF4 (47). Brassi-
nazole is widely used as a tool in brassinosteroid re-
search and played a key role in the identification of a
new component in the signaling pathway, BZR1 (48). In
addition, the physiological role of brassinosteroids in
planta has been partially unraveled by using brassina-
zole (49, 50). Also in the field of ABA research, com-
pounds that act on ABA metabolism have proven use-
ful in understanding the role of ABA degradation in the
regulation of ABA responses. Screening of known cyto-
chrome P450 inhibitors in tobacco cell suspensions led
to the identification of uniconazole as a potent inhibi-
tor of ABA catabolism. Subsequent SAR analysis
showed that diniconazole was a more effective ABA
catabolic inhibitor (51). Treatment of Arabidopsis plants
showed increased levels of ABA in planta and revealed
that regulating ABA content through the degradation
process can confer drought stress tolerance.

Target Identification: Which Way To Go? Identifying
a compound bioactive for a specific phenotype or physi-
ological response can be exciting, but the full potential
of a chemical biology approach emerges only when the
target of a compound is discovered. This is nicely illus-
trated by target identification of trapoxin, a natural com-
pound that inhibits histone deacetylation, a process for
which, at the time, the molecular entities responsible
had not been identified. By using a trapoxin affinity ma-
trix, Taunton and co-workers (52) isolated two trapoxin-
binding proteins that co-purified with enzymatic histone
deacetylase activity. Subsequent protein sequencing re-
vealed the identity of both proteins of which one was
molecularly and biochemically characterized as the mo-
lecular player responsible for histone deacetylation and
was designated HD1 for histone deacetylase 1. HD1 was
shown to be related to the yeast Rpd3p protein, a tran-
scriptional regulator whose biochemical function was
unknown, supporting a role of histone deacetylases as
key regulators of eukaryotic gene transcription (52).

In plant biology and, more specifically, in auxin re-
search, target identification and mechanism of action
studies have been mainly accomplished by genetic ap-
proaches (10, 23, 43). In these cases, forward genetic
screens resulted in the identification of compound-
resistant mutants that are supposed to carry a muta-
tion in the target protein or in a downstream compo-
nent of the pathway in which the compound acts.
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Box 2. Identification of sirtinol

Chemical genetics in plant biology and specifically in auxin research took a complicated turn with the identi-
fication of sirtinol (23), originally discovered as an inhibitor of the sirtuin family of NAD-dependent deacety-
lases in yeast (24) (Figure 1). Although sirtinol did not have the desired effects in mammalian systems, it did
affect root and vascular development in Arabidopsis by inhibiting auxin signaling (23). The sirtinol resistant
mutant, sirl, showed auxin-related developmental phenotypes and auxin-inducible genes were activated.
The SIR1 gene, annotated as a molybdopterin synthase sulfurylase, was shown to contain homology to an E1-
like ubiquitin activating domain (23), making it a possible candidate as a mediator of the targeted degrada-
tion of Aux/IAA transcription factors at a time when TIR1 was not yet identified an auxin receptor. However,
chemical analysis of sirtinol derivatives showed striking structural similarity between the synthetic auxin NAA
and the active moiety of sirtinol (2-hydroxy-1-naphtoic acid or HCN) (25). Mapping other sir mutants re-
vealed that the mutated genes also share a common role as enzymes in the biosynthesis of the molybdopt-
erin cofactor, involved in the degradation of sirtinol into HCN, which acts as an auxin (25) (Figure 1). Never-
theless, many of the identified sirtinol- and auxin-resistant mutants were revealed to be part of the SCF™®!
complex, which was later identified as an auxin receptor (26, 27). Another mutant carried mutations in
CAND1, required for assembly and disassembly of the SCF complex (28).

Genetic mapping and subsequent mutational analysis
eventually leads to the identification of the mutated
component. Walsh and colleagues (10) screened for
specific resistance to a picolinate-type of synthetic
auxin, while sensitivity to NAA or 2,4-D was still intact.
They identified two loci conferring resistance encoding
AFB5, a TIR1 homologue, and SGT1b, encoding a protein
associated with SCF-mediated ubiquitination. In the
study by Rojas-Pierce and colleagues (43), positional
cloning of EMS mutagenised plants that were insensi-
tive to gravacin identified four different mutant alleles in
the ABCB membrane protein PGP19, a multidrug resis-
tance ABC transporter implicated in auxin efflux (38).
While it was shown that gravacin interacts directly with
PGP19, the effect on protein trafficking was indepen-
dent of PGP19 activity, indicating that PGP19 is not the
only target of gravacin (43). Although this study shows
that screening for insensitive mutants can lead to the
identification of a target that at least partially explains
the compound-induced phenotype, this is not always
the case, as illustrated by the sirtinol story (Box 2).
Rather than identifying new elements in the auxin sig-
naling cascade, forward genetics revealed the mecha-
nism of action of sirtinol by identifying a pathway that is
required to metabolize sirtinol to its active core moiety
2-hydroxy-1-naphtoic acid (HNC), a known auxin ana-
logue (23, 25) (Figure 2). Conversion of sirtinol to its ac-
tive core structure in turn activates the auxin signaling
pathway. As HNC is an auxin analogue, this effect may
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be attributed to direct binding to the auxin receptor, al-
though this has yet to be demonstrated.

Although genetic approaches have been relatively
successful for target identification purposes, the above-
described example of trapoxin shows that affinity chro-
matography provides a powerful alternative. Indeed,
affinity-based approaches offer a more direct method
to identify proteins that interact physically with the com-
pound, either directly or indirectly through the forma-
tion of protein complexes. This requires the immobiliza-
tion of a compound to an affinity column through direct
chemical linkage or by linking the compound chemi-
cally to biotin and using the biotin/streptavidin or a simi-
lar system. However, first a detailed structure—activity
relationship (SAR) is essential to provide insight in the
active moiety of a compound, allowing the design of
tagged or column-linked compounds that are still ac-
tive. In the study by Armstrong and colleagues (34),
compound A was shown to inhibit auxin-responsive
genes and to produce a phenotype indicative of an al-
tered auxin response. SAR analysis showed that a sub-
structure of compound A (2-furylacrylic acid, 2-FAA,
Figure 1) is liberated by hydrolysis of an ester linkage
and that 2-FAA is sufficient to induce the compound A
phenotype (53). Identification of 2-FAA as the effector
substructure now allows the synthesis of chimeric mol-
ecules that can be used for affinity-based target identifi-
cation. Similarly, for Terfestatin A (TrfA), a specific inhibi-
tor of auxin signaling (30), 3-butoxy-4-methylbiphenyl-
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2,6-diol was identified as the active core structure by a
detailed SAR study (54) (Figure 1). Similarly, this study
provides an opportunity to design biotin-tagged TrfA or
solid-support-linked TrfA for affinity chromatography of
its target protein. At this point however, no studies have
been published that used these modified compounds
for target identification purposes.

Future Perspectives. The opportunities for chemical
biology to impact significantly on plant biology and,
more specifically, on auxin research are now more abun-
dant than ever. Over the past decades, our knowledge
of the auxin signaling pathway has increased tremen-
dously. As could be predicted from the various distinct
organ, tissue and cellular responses to auxin and the
multitude of plant developmental processes under its
control, auxin signaling appears to be extremely compli-
cated. Because of the vast pleiotropic effect of auxin
during plant growth and development (Figure 4), signifi-
cant genetic redundancy, and embryo lethality, classi-
cal forward genetic approaches will not be sufficient to
disentangle all aspects of its impact on plant growth and
development. In contrast, there is still plenty of scope
for new chemical screens, especially when coupled to
the growing number of relevant reporter lines in Arabi-
dopsis, which offer novel ways to further dissect the
auxin signaling pathway.

Furthermore, the increasing availability of detailed
structural information both for existing chemical probes
and target proteins opens the door to the rational design

of new molecules as exquisitely precise tools to dis-
criminate the various signal transduction events. For ex-
ample, in auxin biology a prominent question is of the
extent to which known auxin responses can be attrib-
uted to auxin perception by the TIR1/AFB receptors. In-
deed there are many such responses for which another
mode of perception seems more likely, and it is here
that probes that specifically can bind or specifically can-
not bind TIR1/AFB receptors can be extremely informa-
tive. Also, within the TIR1/AFB family it is not clear to
what extent these receptor proteins act redundantly or
if specific roles in auxin signaling may be assigned to
some of them. Compounds capable of inducing one
specific or a limited subset of auxin responses can rep-
resent useful tools to unmask the contribution of the
various known auxin perception and signaling compo-
nents in single or multiple defined developmental pro-
cesses and may even lead to the detection of alternative
auxin response mechanisms.
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