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ABSTRACT

1.

Abstract

Small molecules affecting biological processes in plants are widely used in agricultural
practice as herbicides or plant growth regulators and in basic plant sciences as probes to
study the physiology of plants. Most of the compounds were identified in large screens by the
agrochemical industry, as phytoactive natural products and more recently, novel phytoactive
compounds originated from academic research by chemical screens performed to induce
specific phenotypes of interest. The aim of the present PhD thesis is to evaluate different
approaches used for the identification of the primary mode of action (MoA) of a phytoactive
compound. Based on the methodologies used for MoA identification, three approaches are
discerned: a phenotyping approach, an approach based on a genetic screen and a
biochemical screening approach.
Four scientific publications resulting from my work are presented as examples of how a
phenotyping approach can successfully be applied to describe the plant MoA of different
compounds in detail.
I. A subgroup of cyanoacrylates has been discovered as plant growth inhibitors. A set of
bioassays indicated a specific effect on cell division. Cytological investigations of the cell
division process in plant cell cultures, studies of microtubule assembly with green
fluorescent protein marker lines in vivo and cross resistant studies with Eleusine indica
plants harbouring a mutation in -tubulin, led to the description of -tubulin as a target site
of cyanoacrylates (Tresch et al., 2005).
II. The MoA of the herbicide flamprop-m-methyl was not known so far. The studies described
in Tresch et al. (2008) indicate a primary effect on cell division. Detailed studies
unravelled a specific effect on mitotic microtubule figures, causing a block in cell division.
In contrast to other inhibitors of microtubule rearrangement such as dinitroanilines,
flamprop-m-methyl did not influence microtubule assembly in vitro. An influence of
flamprop-m-methyl on a target within the cytoskeleton signalling network could be
proposed (Tresch et al., 2008).
III. The herbicide endothall is a protein phosphatase inhibitor structurally related to the natural
product cantharidin. Bioassay studies indicated a dominant effect on dark-growing cells
that was unrelated to effects observed in the light. Cytological characterisation of the
microtubule cytoskeleton in corn tissue and heterotrophic tobacco cells showed a specific
effect of endothall on mitotic spindle formation and ultrastructure of the nucleus in
combination with a decrease of the proliferation index. The observed effects are similar to
those of other protein phosphatase inhibitors such as cantharidin and the structurally
different okadaic acid. Additionally, the observed effects show similarities to knock-out
lines of the TON1 pathway, a protein phosphatase-regulated signalling pathway. The data
1
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presented in Tresch et al. (2011) associate endothall’s known in vitro inhibition of protein
phosphatases with in vivo-effects and suggest an interaction between endothall and the
TON1 pathway.
IV. Mefluidide as a plant growth regulator induces growth retardation and a specific
phenotype indicating an inhibition of fatty acid biosynthesis. A test of the cuticle
functionality suggested a defect in the biosynthesis of very-long-chain fatty acids (VLCFA)
or waxes. Metabolic profiling studies showed similarities with different groups of VLCFA
synthesis inhibitors. Detailed analyses of VLCFA composition in tissues of duckweed
(Lemna paucicostata) indicated a specific inhibition of the known herbicide target
3-ketoacyl-CoA synthase (KCS). Inhibitor studies using a yeast expression system
established for plant KCS proteins verified the potency of mefluidide as an inhibitor of
plant KCS enzymes. It could be shown that the strength of inhibition varied for different
KCS homologues. The Arabidopsis Cer6 protein, which induces a plant growth phenotype
similar to mefluidide when knocked out, was one of the most sensitive KCS enzymes
(Tresch et al., 2012).
The findings of my own work were combined with other publications reporting a successful
identification of the MoA and primary target proteins of different compounds or compound
classes. The literature was compiled in order to extract the relevant information for a
successful MoA description.
An evaluation of the compiled data indicates that the target sites of compounds addressing
primary or secondary metabolism were identified most successfully with a phenotyping
approach. Target sites for compounds that influence cell structures, like cell wall biosynthesis
or the cytoskeleton, or compounds that interact with the hormone system, were only in some
cases identified by phenotypic approaches. Most of these target sites were found by using a
genetic approach. Examples showing the power and bottlenecks of the different approaches
are discussed in detail. Additionally, new techniques that could contribute to future MoA
identification projects are reviewed. In particular, next-generation sequencing techniques
may be used for the fast-forward mapping of mutants identified in genetic screens.
Finally, a revised three-tier approach for the MoA identification of phytoactive compounds is
proposed. The approach consists of a 1st level aiming to address compound stability,
uniformity of effects in different species, general cytotoxicity and the effect on common
processes like transcription and translation. Based on these findings advanced studies can
be defined to start the 2nd level of MoA characterisation, either with further phenotypic
characterisation, starting a genetic screen or establishing a biochemical screen. At the 3rd
level, enzyme assays or protein affinity studies should show the activity of the compound on
the hypothesized target and should associate the in vitro effects with the in vivo profile of the
compound.
2
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2.

Introduction

A large variety of compounds that influence plant growth or modulate the physiology of plants
are known. Most of them are used as crop protection products (Phillips McDougall, 2011), as
probes to study physiological processes in plants (Dayan et al., 2010), or in combination with
genes as selectable marker systems to generate transgenic plants (Rosellini, 2011). These
compounds can be classified in two classes, (i) natural products or structurally related
compounds derived thereof and (ii) synthetic compounds. Most of the phytotoxic natural
products were isolated from bacteria, fungi or insects (Dayan at el. 2012), but also natural
products of plant origin were used as baits for herbicides (Vyvyan, 2002). The discovery of
the synthetic compounds was mainly based on extensive screens of the crop protection
industry to identify compounds that can be used as pesticides. More than 250 compounds
are actually registered as herbicides or plant growth regulators (Phillips McDougall, 2011).
Additionally, several plant active compounds or lead compound classes are described in
literature, but they were never registered as market products. Moreover, since the late 1990s
several chemical screens have been performed in the academic community to identify
specific inhibitors of pathways of interest (Min et al., 1999; Grozinger et al., 2001; Armstrong
et al., 2004). In contrast to the simple screens in the crop protection industry, which detect
mainly phytotoxic activity, the chemical screens in the academic community were often
designed to identify compounds that influence a specific process of interest or biosynthetic
pathway. One of the first chemical screens described in academia aimed to identify
compounds affecting specifically brassinosteroid biosynthesis (Min et al., 1999). In addition,
a screen described by He et al. (2011) was performed to search for specific suppressors of
the constitutive ethylene response phenotypes of Arabidopsis thaliana mutant ethylene
overproducer 1-2 (eto1-2).
In academia, chemical screens were introduced to support gene function studies. After
extensive use of knock-out or activation tagging populations (Weigel et al., 2000) and knockdown techniques, such as antisense RNA, RNAi or miRNA, to study gene functions
(Waterhouse and Helliwell, 2003), the limitations of such techniques became obvious. A
single knock-out or knock-down may not lead to any phenotype if the gene function is
covered by several redundant proteins (Cutler and McCourt, 2005). Additionally, for essential
gene functions, which are encoded by one single gene, a knock-out often leads to embryonic
lethal phenotypes. These bottlenecks are avoided by chemical screens and are addressed in
several reviews (Blackwell and Zhao, 2003; Walsh, 2007; Toth and van der Hoorn, 2009;
Hicks and Raikhel, 2012). The main advantage of a chemical screen is the possibility to
inhibit homologous proteins with redundant functions, which do not lead to a visible
phenotype when knocked out. Additionally, it is possible to modulate the potency of inhibition
3
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by changing the compound concentration or by using pulse treatment to temporarily block
the pathway of interest. This can also be achieved by the technique of inducible miRNA
(Wielopolska et al., 2005). A chemical probe, however, directly blocks protein activity and is
not dependent on the transcription machinery; the direct effect of the probe is only limited by
cell permeability.
As mentioned previously, the goal of a chemical screen performed in academia is to identify
compounds that induce a specific phenotype and influence a pathway of interest. This is also
the case for the discovery of new herbicides to support the quest for new market products.
The identification and precise definition of the molecular target site of an active compound,
not only the identification of the compound itself, is the scientifically challenging part. This is
illustrated by studies of the group of auxin herbicides. The herbicidal effects of 2,4dichlorophenoxyacetic acid (2,4-D) was observed in the 1940’s, but it took more than 60
years to describe the class of TIR and AFB receptors as the molecular target site of natural
auxin hormones and auxin herbicides (Dharmasiri et al., 2005; Kepinski and Leyser, 2005;
Walsh et al., 2006).

2.1.

Importance of identifying the mode of action of plant active
compounds

To make use of the in vivo screening compounds discovered in academia as well as in the
crop protection industry, it is of general interest to understand the principles of the compound
uptake, metabolism within the plant, and inhibitory activity on the primary target and potential
secondary target sites. The goal of MoA studies is to understand the compound action in
planta in its entirety. Finally, the MoA studies aim to identify the molecular target sites of the
compounds, which is then termed as the mechanism of action.
To accelerate the herbicide research process in industry, it is of great interest to identify the
target proteins of new lead compounds. With the knowledge of the target protein, it is
possible to optimize the structure of the lead compound towards a more potent inhibitor in
enzyme assays (Lein et al., 2004; Duff et al., 2007), and if a 3D protein structure of the target
can be generated, in silico modelling techniques can further support lead structure
optimization (Congreve et al., 2005; Occhipinti et al., 2010, Witschel et al., 2011). At an early
stage of the research process, it is of great help to either assign a new lead compound class
to a well-known MoA class or to classify it as a compound inhibiting a new molecular target.
The identification of new ‘druggable’ target proteins and suitable inhibitors is important to
develop new herbicide market products with improved agronomic or regulatory performance
and low risk for resistance issues (Duke, 2012). In addition to excellent herbicide activity, it is
one of the main goals in the development of a new herbicide to avoid causing any negative
4
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effect on the environment and non-target organisms and, therefore, meet the regulatory
requirements (Rüegg et al. 2007). Low toxicity is often directly linked to the compound mode
of action (Shaner, 2003). Additionally, knowledge of the target sites of new herbicidal active
compounds is the basis to develop herbicide tolerant crops by biotechnological methods or
traditional breeding (Mulwa and Mwanza, 2006).
During life cycle management and market introduction of new products, knowledge of the
molecular target site is of great benefit to establish resistance management strategies for
agricultural practice (Scott et al., 2009). Due to the fact that more than 74% of the herbicide
market is covered by only six MoA classes (Phillips McDougal, 2011; Figure 1) and due to
the evolution of resistant weed populations (Beckie and Tardif, 2012), new compound
classes with new modes of action are urgently needed.

Figure 1: Herbicide market by MoA – 2010
Percent market share of herbicides targeting the respective mode of action. The %-values of the MoA
classes were calculated based on market volume of single compounds as listed in Phillips McDougall
(2011). EPSPS: 5-enoylpyruvylshikimic acid 3-phosphate synthase; ALS: acetolactate synthase;
VLCFAS: very-long-chain-fatty acid synthase; PSII: photosystem II; ACCase: acetyl CoA carboxylase;
PSI: photosystem I; HPPD: hydroxyphenylpyruvate dioxygenase; PPO: protoporphyrinogen oxidase;
GS: glutamine synthetase

A strategy to identify the MoA and the molecular target site of a chemical probe is not only
important for the crop protection industry, but also of interest in basic plant science. In most
cases, chemical screens lead to the identification of an active compound that induces the
phenotype of interest, but information on target sites and MoAs is not published
concomitantly (e.g., Zhao et al., 2007; Park et al. 2009). The precise description of the
compound-induced phenotype in combination with the knowledge of the molecular target of a
compound can be used to support functional gene annotation. In order to characterise a new
compound as a good chemical probe for the use in basic plant science, according to the five
principles of a high quality chemical probe defined by Frye (2010), several compound
5
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properties should be clarified. It is a common phenomenon that some compounds act on
different target sites (Min et al., 1999; Grossmann et al., 2001) or have to be activated by
metabolizing enzymes in plant cells. The latter was the case for sirtinol, identified as an
inhibitor of the sirtuin family of NAD-dependent deacetylases (Grozinger et al., 2001); in
planta however, sirtinol acts as synthetic auxin after metabolic activation (Dai et al., 2005).
Therefore, a stringent strategy is needed to investigate the target site of new compounds
derived from any plant screen for efficient characterisation of their MoA.

2.2.

How to identify the mode of action of plant active
compounds

In parallel with the identification of the first synthetic herbicides after World War II,
experimental studies described the MoA of the new plant active compounds. The first
investigations of the MoA used physiological studies, and further progress in MoA
identification was clearly driven by technological progress (exemplary described for auxin
herbicides by Grossmann, 2009). A similar case was described for the progress in MoA
identification of drugs (Williams, 2007). Using physiological studies and biochemical
methods, it was possible to identify the MoA of several important herbicides like Glyphosate
(Steinbrücken and Amrhein, 1980) or inhibitors of acetolactate-synthase (ALS; Shaner et al.,
1984; LaRossa and Schloss, 1984) and photosystem II (PSII, Wessel and van der Veen,
1951; Pfister et al., 1981). Since the 1980s, introduction of molecular biological techniques
allowed the identification of nucleic acid mutations in target resistant mutants (Yamamoto et
al., 1998) and production of recombinant proteins for enzyme assays (Berg et al., 1999). The
third phase, the genomic stage, started with the publication of the Arabidopsis thaliana
genome in 2000, which allowed more rapid mapping of resistant mutants (Scheible et al.,
2001) and has been the basis for an efficient setup of chemical genetic screens for target
identification (Walsh, 2007). Similar to drug discovery (Williams, 2007), the innovations of the
different stages do not replace any of the former technologies, but rather complement the
methodological portfolio to address MoAs.

6
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Figure 2: Level scheme from phenotype to molecular target

The available techniques and methods are the basic tools for MoA identification. The
strategy to identify the primary target protein of a compound out of several thousands of
possible targets has to take into account the biological background to efficiently use the
applicable techniques and methods. The variables and different levels of complexity to
identify the MoA of a compound could be seen as the number of possible affected pathways
on one axis and the number of potential targets on the second axis (Figure 2). This scheme
could be translated into a MoA strategy that describes which methods should be applied
during the different levels of target identification. It is the goal of the 1st level to get an idea of
the affected pathways or type of target (see 2.2.2). The 1st level is characterised by the use
of holistic tests and detailed interpretations of the compound’s in vivo effects. With this initial
characterisation it is possible to choose the appropriate methodologies for the 2nd and 3rd
levels. This scheme is adapted and discussed in detail in section 4.4, according to literature
examples that successfully described a target site of phytoactive compounds.
2.2.1.

Types of screens and respective MoA identification strategies

Screens to identify phytoactive compounds can be separated into forward and reverse
screens (Figure 3). In a forward screen, typically a library of structurally diverse compounds
is applied on whole plants to identify compounds that induce a phenotype of interest. The
range of such a screen could be from a simple readout of general phytotoxicity, observation
of specific growth phenotypes, or a more sophisticated screen on the reversal of a specific
mutant phenotype (e.g., ethylene mutants; He et al., 2011). The result of a forward screen is
a compound that induces the phenotype of interest, but the specific target protein is
unknown. Also, pure natural products extracted from microbes or plants that produce
allelochemicals, may be classified as hits from a forward screen with an unknown target.
These natural products were identified because of their activity on plant systems, but a target
7
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protein is initially not known. The MoA identification strategy for synthetic compounds or
natural products is the same. Reverse screens start with the definition of the protein target
that should be addressed by a chemical compound. Identification of compounds that act on
the defined target is done with the use of an in vitro assay for enzyme inhibitors or
compounds with high affinity to receptor proteins. This type of screen became available with
the introduction of biotechnological high-throughput screening (HTS) techniques directed
towards specific protein inhibitors. The compounds from reverse screens have a described
target by definition, but it is often unclear if the in vitro target is also the main target in vivo,
like in cellular models or whole plants. To confirm the in vivo target, phenotyping tools or
genetic screens have to be applied to reach the definitions of a chemical probe in basic
science, as defined by Frye (2010).

Figure 3: Types of screens and principal methodologies for MoA identification
Forward and reverse chemical screens lead to the identification of phytoactive compounds. The
specific target sites of compounds from a forward screen within an organism have to be addressed
with dedicated methodologies. In principle, three different approaches can be differentiated:
phenotyping, genetic screens or biochemical screens. The in vivo MoA of compounds identified in a
reverse screen, from which the target site is defined, has to be proven by phenotyping or genetic
screening.

There are three different methodologies to identify the molecular target of a new active
compound (Figure 3) based on the approaches developed during the physiological and
biochemical, the molecular biological and the genomic phases previously mentioned in
section 2.2. Within the phenotyping approach, several physiological, analytical and basic
biochemical methods were applied to understand and interpret the compound-induced
phenotype to generate a target hypothesis. With the publication of the first plant genome in
2000 (The Arabidopsis Genome Initiative, 2000), the genetic mapping of compound resistant
mutants became much easier. Additionally, the availability of large ethylmethanesulfonate
8
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(EMS)-induced mutation, activation tagging and knock-out seed populations, enables genetic
screens towards mutants lacking the compound-induced phenotype. Also, biochemical
methods such as photoaffinity labelling, drug pull-down assays and yeast-3-hybrid (Y3H)
screens might have the ability to identify a compound’s target protein (Cottier et al., 2011).

2.2.2.

Druggable protein targets and their classification

In order to choose an efficient MoA identification strategy, it is important to consider the
potential number and different types of protein targets that can be affected by chemical
compounds. On average, plant genomes encode for more than 25,000 protein-coding genes
(http://phytozome.org) which could all be possible compound target sites. In an in vivo
screen, however, several factors limit the number of compound target sites. To reach their
target site in a forward screen, compounds have to cross several barriers such as the cell
wall and cell or organelle membranes. Therefore, the physicochemical properties of a
compound determine if it can reach the target site. Based on the ‘Lipinski’s rule of 5’, Tice
(2001) defined simple physicochemical parameters for agrochemicals with a high likelihood
to reach a possible target within a whole-organism. In a whole organism screen, these
physicochemical properties could be incompatible with the properties needed for binding to
the possible target site. Additionally, not every protein is ‘druggable’, which means, has the
ability to bind a small molecule with an affinity to modulate its activity. Several studies have
investigated the possible number of targets for drug development with regard to the
‘Lipinski’s rule of 5’ and the druggability of proteins (Hopkins and Groom, 2002; Perola et al.,
2012). These studies indicate that only a small proportion of approximately 10% of the
proteins of an organism can be modulated in their activity by a small molecule. Based on the
uptake barriers of a plant and applying the same rules for protein druggability in planta as in
pharma research, a similar percentage of druggable proteins can be expected in plant cells.
According to their general function, the targets of small molecules have been classified into
three main groups. Most of the known small molecule target proteins in plant research are of
enzymes in metabolic pathways and belong to the first group. These proteins often have
defined binding domains for small molecules and interact with cell metabolites that were
synthesized within the cell or imported from the environment. The second group of targets is
characterised by their function to build or control the cytological architecture of the cell or
tissue. Many different molecules, often natural products, do have an effect on the
microtubule cytoskeleton or synthesis of the plant cell wall. The third group was
underrepresented in plant research, but became more prominent because of many chemical
screens aimed at identifying compounds influencing plant development. Compounds that
interact with hormone receptors (e.g., synthetic auxins) or signalling cascades have been
known for more than 60 years, but limitations in techniques to identify their target proteins
9
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hindered the identification of compounds that interact with signalling cascades. Because of
the broad availability of genomic tools for plant model systems, but also for non-model
plants, an increase in described target sites for compounds that interact with plant-specific
signalling pathways is expected.
The strategy to identify the MoA has to be adjusted depending on the different types of
targets mentioned above, with respect to the plant uptake barriers, translocation properties
and metabolic behaviour of the investigated compound.

2.3.

Objectives of the thesis

Many small molecules affecting the activity of target proteins in plants have been described,
although for some of these compounds the exact target and the MoA are not yet known.
Moreover, numerous reports on the successful identification of the plant MoA of a new
phytoactive compound applying different methodologies have been published, but a clear
strategy was often not obvious. As one part of the present thesis, I have published several
articles describing the MoA of new compound classes that belong to different target groups.
In the second part of my thesis I reviewed the current literature on successful examples of
the identification of the MoA of phytoactive compounds including my own publications in this
field. Based on the literature review and my own experience, I will present a strategy to
efficiently identify the MoA of plant-specific compounds with a particular focus on possible
bottlenecks, challenges and future trends.
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3.
3.1.

Publications
Herbicidal cyanoacrylates with antimicrotubule mechanism
of action

New cyanoacrylates were recently discovered as potential herbicides in a forward screen for
inhibition of plant growth (Tresch et al., 2005). The experiments described in Tresch et al.
(2005) were designed in order to identify the herbicidal MoA of a new structural type of
cyanoacrylates, which is characterised by a typical ethylpropyl moiety. The study clearly
separates the ethylpropyl-cyanoacrylates from the formerly described cyanoacrylates with a
primary effect on inhibition of photosystem II (Huppatz et al. 1981). Using a phenotyping
approach to investigate the MoA of ethyl (2Z)-3-amino-2-cyano-4-ethylhex-2-enoate (CA1)
and its isopropyl ester (CA2), it was possible to correlate the phenotypic symptoms observed
after compound treatment with the effects observed at the cytological level. Because of the
in-depth knowledge of the MoAs of other compound classes with similar MoAs as the
cyanoacrylates, cross-resistant investigations with dinitroaniline resistant Eleusine indica led
to a description of the molecular mechanism of action. It was possible to propose a binding of
the ethylpropyl-cyanoacrylates at -tubulin in a similar manner as the dinitroaniline binding
mode.

Reprinted from Pest Management Science, 61/11, Tresch S, Plath P, Grossmann K,
Herbicidal cyanoacrylates with antimicrotubule mechanism of action, 1052-1059, Copyright
(2005), with permission from John Wiley and Sons.
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3.2.

Flamprop-m-methyl has a new antimicrotubule mechanism
of action

The MoA of flamprop-m-methyl has not been studied in detail in the past. Only several
papers have described more general effects of flamprop-m-methyl on membrane fluidity
(Gauvrit, 1984; Rattermann and Balke, 1988) and cell division (Morrison et al., 1979). Our
initial phenotyping assays indicated a more specific MoA of flamprop-m-methyl on cell
division. Therefore, the experiments described in Tresch et al. (2008) were designed to study
the effect of flamprop-m-methyl on cell division in more detail. It was possible to demonstrate
a direct influence of flamprop-m-methyl on the microtubule cytoskeleton different from the
effect of typical microtubule assembly inhibitors such as dinitronanilines or cyanoacrylates.
Nevertheless, it was not possible to identify the molecular target of flamprop-m-methyl, but
the investigations led to the hypothesis that flamprop-m-methyl interacts with a signalling
cascade to regulate the microtubule cytoskeleton. The description of the MoA in cytoskeletal
or cell-cycle regulation is a good basis for further chemical genetic screens to unravel
regulator components in cell division or cytoskeletal regulation.

Reprinted from Pest Management Science, 64 / 11, Tresch S, Niggeweg R, Grossmann K,
The herbicide flamprop-M-methyl has a new antimicrotubule mechanism of action, 11951203, Copyright (2008), with permission from John Wiley and sons.
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3.3.

Endothall, a protein phosphatase inhibitor acts on plant
cell cycle regulation

The protein phosphatase inhibitor endothall is a well-known herbicide which was first
reported in 1951 by Tischler et al.. Despite the fact that endothall was identified in a forward
screen for inhibition of plant growth, the structure of endothall is similar to the natural product
cantharidin, an ingredient of blister beetles that is toxic also in Mammalia. Therefore,
cantharidin and endothall were the subject of a series of MoA studies, which finally described
the inhibition of protein phosphatase 1 and protein phosphatase 2A as the molecular
mechanism of action of both compounds (Li et al., 1993; Ayaydin et al., 2000). The
experiments in Tresch et al. (2011) described the MoA of endothall with a phenotyping
approach in more detail, in order to explain the processes leading to plant death. Based on
the response in the physiological profile and the development of phenotypic symptoms in the
bioassays suggests a MoA in the cell division process. Due to the fact that cell cycle
processes are highly regulated also by protein phosphatases, detailed studies of the
cytological effects caused by cantharidin and endothall were initiated. The phenotypic effects
on the microtubule cytoskeleton and on DNA synthesis in combination with malformation of
cell nuclei were similar to effects observed in Arabidopsis thaliana ton1 / ton2 mutants,
suggesting an interaction between endothall and the TON1 signalling pathway. It is well
known that protein phosphatases are involved in several processes in cell division, but also
in primary biosynthesis pathways and photosynthesis related processes. The present study
of endothall is an example of how to choose the appropriate model system to address
specific aspects of the compound’s MoA. The cytological experiments described in Tresch et
al. (2011) do not explain the light-dependent effects of endothall.

Reprinted from Pesticide Biochemistry and Physiology, 99/1, Tresch S, Schmotz J,
Grossmann K, Probing mode of action in plant cell cycle by the herbicide endothall, a protein
phosphatase inhibitor, 86-95, Copyright (2011), with permission from Elsevier.
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3.4.

Mefluidide

and

perfluidone,

selective

inhibitors

of

3-ketoacyl-CoA synthases in very-long-chain fatty acid
synthesis
The paper by Tresch et al. (2012), describing the MoA of mefluidide and perfluidone, is an
example of how to implement metabolic profiling studies in a MoA identification cascade.
Previous studies described the effects of mefluidide or perfluidone as uncouplers of electron
transport chains with influences on lipid concentrations, but detailed MoA descriptions are
missing (Moreland, 1981; Valadon and Kates, 1984). Our initial characterisation of mefluidide
and perfluidone by physiological assays indicated a MoA in the biosynthesis of lipids or fatty
acids. Therefore, it appeared appropriate to investigate the effects in a metabolic profiling
approach and to characterise the metabolite levels of the respective pathways in more detail.
The described publication is an excellent example of how to direct the MoA studies in relation
to the initial phenotypic characterisation. It also shows that a versatile methodical toolbox is
needed to investigate the physiological effects of phytotoxic compounds. The interpretation
of

physiological

assays,

in

correlation

with

metabolic

profiling

and

biochemical

characterisation of the inhibition potential on KCS proteins, shows the power of the
phenotyping approach to identify the dominant mechanism of action leading to plant effects.

Reprinted from Phytochemistry, 76, Tresch S, Heilmann M, Christiansen C, Looser R.,
Grossmann K, Mefluidide and perfluidone, selective inhibitors of 3-ketoacyl-CoA synthases in
very-long-chain fatty acid synthesis, 162-171, Copyright (2012), with permission from
Elsevier.
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4.

Discussion

An in-depth knowledge of the MoA is the key to interpreting plant responses to phytoactive
compounds. In the past, accurate analyses of plant phenotypes and targeted analyses of
selected pathways of interest were the main approach to studying the MoA of a compound.
In order to define the most powerful approach for MoA identification, the literature on plant
active compounds was analysed based on the methodology used for MoA identification.

4.1.

Successful MoA studies confirming the target sites of
compounds using plant systems

Compounds or compound classes that were initially identified in a plant screen or as a plant
active natural product and with a description of the target site are listed in Table 1. With the
37 compounds or compound groups listed in Table 1 with a detailed understanding of the
MoA in plants, it was possible to describe the respective target sites for 25 compounds by
the use of a phenotyping approach (Figure 3). It is characteristic for this approach, that a
broad range of different organisms is used to study the compound-induced phenotype. There
is no principle prerequisite of what kind of organism can be used in a phenotyping approach,
except for the sensitivity of the organisms to the compound. Two examples showed the
importance of the right model system. It had been demonstrated that arylphenoxypropionates
(fops) and cyclohexanediones (dims) selectively act on grass species and do not inhibit
growth of dicot species (reviewed by Sasaki and Nagano, 2004). This observation was
translated by several research groups to choose sensitive monocot species and tolerant
dicot species as model systems to study the MoA of fops and dims. With these models four
groups described simultaneously the inhibition of homomeric ACCase in plastids of grass
species as the primary MoA of fops and dims (Burton et al., 1987; Focke and Lichtenthaler,
1987; Rendina and Felts, 1988; Secor and Ceske, 1988). In another example, the use of a
less appropriate model system hindered straight forward target identification in higher plants.
The group of Böger investigated the MoA of chloroacetamides intensively (reviewed in
Schmalfuß et al., 1998; Matthes et al., 1998) and used the algae Scenedesmus acutus as a
model because of their high inhibitor sensitivity. Couderchet et al. (1996) detected the
inhibition of sporopollenin synthesis as the most sensitive effect of chloroacetamides on
algae. Despite the fact that this effect could not explain the phytotoxicity in higher plants, they
started to reinvestigate the chloroacetamide effects in seedlings of Cucumis sativus,
Hordeum vulgare and Zea mays (Matthes et al., 1998). These studies led to the hypothesis
that the primary chloroacetamide MoA was based on the inhibition of the fatty acid elongation
complex. Finally, the 3-ketoacyl-CoA-synthase, which catalysed the first elongation step of
VLCFA synthesis, was identified as the primary target by Trenkamp et al. (2004). Selection
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of the appropriate model system and the use of various models to study the MoA of
phytotoxic compounds is one of the criteria for straight-forward MoA identification.
A comparison of the types of targets with respect to the classification mentioned in section
2.2.2 reveals that most of the target sites identified by a phenotyping approach belong to a
group of inhibitors with target enzymes in primary and secondary metabolism. There are
several examples of enzymatic targets of inhibitors in a primary pathway that were identified
in a straight-forward way by a combination of physiological studies with metabolic feeding or
metabolic profiling (Grossmann et al., 2012a). Most of the targets identified in primary
metabolism (e.g., amino acid, nucleotide or biotin biosynthesis) were proposed by metabolite
feeding studies and finally confirmed by biochemical studies.
Limitations of this fast strategy are obvious when dealing with processes in fatty acid or
pigment biosynthesis. Intermediates of these pathways could not be used in metabolite
feeding experiments because of their poor uptake properties in in vivo studies. Therefore,
targeted analytics was used to nominate a target protein in a specific pathway. After initial
physiological characterisation of CPTA (Hsu and Yokoyama, 1972; Bouvier et al., 1997),
LS80707 (Sandmann et al., 1985) or Norflurazon (Mayer et al., 1989; Sandmann et al.,
1989), pigment biosynthesis was identified as the most affected pathway. Detailed analyses
of carotenoid precursors indicated specific accumulation of intermediates and allowed
hypothesis generation for target enzymes, which were confirmed in biochemical assays.
Also, target sites in fatty acid biosynthesis and sterol biosynthesis are hard to address with
feeding studies, and similar to pigment biosynthesis, targeted analytics to detect all
intermediates of the specific pathway allows the generation of target hypotheses.
Only for six out of the 37 compound classes in Table 1, the mechanism of action was
identified by a genetic approach. All genetic studies were published after 2000 and used
Arabidopsis thaliana as a model system (Scheible et al., 2001; Walsh et al., 2006, Walsh et
al., 2007; Rojas-Pierce et al., 2007; Park et al., 2009; Sheard et al., 2010). Interestingly,
three out of six target sites identified by a genetic approach belong to a group of targets in
signalling pathways and one belongs to a group of targets that is involved in establishment of
the cytological architecture. This shows the power of genetic screens to identify target
proteins in signalling cascades or proteins involved in cytological architecture. Auxin
herbicides were studied for more than 60 years with physiological approaches (see review by
Grossmann, 2010), but the final description of the TIR proteins as molecular targets of auxin
herbicides resulted from a genetic screening approach (Walsh et al., 2006; Tan et al., 2007).
Similarly, for herbicides inhibiting cell wall biosynthesis, many compound classes are known
(Table 1, Table 3), but a target protein has been defined only for isoxaben (Scheible et al.,
2001). The application of genetic screens is actually limited by the number of appropriate
model species. Additional limitations in performing a genetic screen are the availability of
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space to cultivate and screen several thousands of individuals, the genetic tractability and
the possibility to generate a large population of mutants or the public availability thereof.
Actually, only Arabidopsis thaliana and Chlamydomonas reinhardtii are available for this kind
of screen. Because of the huge efforts to establish a monocot model system (Mur et al. 2011;
Brkljacic et al., 2011), it is very likely that additional species such as Brachypodium
distachyon will be available for genetic screens in the near future.
Based on the evaluation of the 37 compounds or compound classes in Table 1 with a defined
target protein, only one target protein was identified by a biochemical screen. For such a
biochemical screen, the compound of interest needs an affinity group (e.g., azido moiety) to
covalently bind the compound to the target protein and a detection group (e.g., radioactive
label) to visualise the compound in a mixture of proteins. In the case of atrazine, azidoatrazine with a photoaffinity group was combined with a radioactive

14

C label. The fact that

azido-atrazine shows the same physiological effects as atrazine (Gardner, 1981), led to the
hypothesis that it interacts with the same target and, therefore, the application of a
biochemical screen made sense (Pfister et al., 1981). To apply a biochemical screen, some
knowledge on the structure-activity-relationship (SAR) is needed to synthesise a compound
with a photoaffinity label that influences the same physiological target site as the original hit
compound. Also some knowledge of the metabolism within the cell is needed, e.g., if the
parent compound is a prodrug and has to be activated. In such a case the photoaffinity label
could be lost or conjugated to the metabolising enzyme. For in vivo biochemical screens, the
affinity group should not have an influence on the uptake towards the cell wall and
distribution within the cell. Therefore, only small affinity groups are allowed for in vivo
screens. The ease of use of azide and alkyne groups for in vivo labelling of target proteins
was recently shown by Kaschani et al. (2009). Because of the use of inhibitors that
covalently react with their target protein, Kaschani et al. used only one molecule label, either
an alkyne or an azide group. With that strategy it was possible to identify protease targets of
E-64, a cysteine protease inhibitor in planta (Kaschani et al., 2009).
Some of the compounds or compound classes described in Table 1 were initially identified in
HTS enzyme assays in a reverse screen or by in silico modelling. The target site of these
compounds is known per definition of a reverse screen, or can be proposed in the case of in
silico modelling (Figure 3). To use such a compound in basic research as a chemical probe,
to specifically block a biochemical process, or to use the initial hit as lead compound in crop
protection, it is important to confirm the in vivo MoA by applying the methods from the MoA
toolbox. Sirtinol (Table 2), for example, was first identified as a specific inhibitor of NADdependent deacetylases, named sirtuins, in yeast and mammalian cells (Grozinger et al.,
2001). Therefore, it was speculated that the effects induced in Arabidopsis thaliana are
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caused by the inhibition of plant sirtuins, but detailed investigations showed that the active
principle in plants is a cleavage product of sirtinol, the auxin mimic 2-hydroxy-1-naphthoic
acid (Dai et al., 2005). The final oxidation is most probably catalysed by an aldehyde oxidase
(Dai et al., 2005).
It can be summarised that the appropriate methodologies can be chosen, based on initial
characterisation in physiological studies, which is equivalent to 1st-level studies (Figure 2).
For compounds with an indication for interaction in primary metabolism the phenotyping
approach using feeding studies and detailed analytics is most appropriate. If cytological
studies suggest an interaction of the inhibitor with the cell architecture or physiological
studies indicate an interaction with the hormone system or plant development, a genetic
screening approach is suggested. The biochemical approach strongly depends on the
availability of active compounds with a photoaffinity group or a click chemistry-compatible
group (section 4.6). These compounds must have the same physiological characteristics as
the initial lead compound, which has to be proven in physiological studies.
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Table 1: Compounds identified in plant screens with their respective MoA
Compound source: Forward screen (FS), Reverse screen (RS), In silico design (ISD); Compound
type: synthetic (S), natural product (NP), synthetic compound derived from natural product (SND);
Strategy: Phenotyping (P), Genetic screen (G), Biochemical screen (B), Target based (T); 1
compounds from a company proprietary library; 2 Publicly available compound library (for details see
Toth and van der Hoorn, 2010); 3 Year of first market introduction (Phillips McDougal, 2011).
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Table 1: continued
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Table 1: continued

4.2.

Successful MoA studies of phytoactive compounds with
confirmation of target sites using bacterial, fungal or animal
systems

Some of the compounds intensively investigated in plants were originally described in studies
of bacterial, fungal or animal cells (Table 2). The activity in bacteria or fungi allowed the
application of a broader panel of model systems and methods to study compound MoA.
Triclosan was identified as a broad-spectrum antibacterial and antifungal agent, but is also
active in plant cells (Serrano et al., 2007; Dayan et al., 2008). The target protein for triclosan,
enoyl-acyl carrier protein reductase, was identified by a genetic screen in Escherichia coli for
the selection of triclosan-resistant clones. Afterwards, the causative mutation was identified
by transformation of a genomic library from the resistant strain to susceptible E. coli cells
(McMurry et al., 1998). With the knowledge of the target protein in bacteria, Serrano et al.
(2007) showed that triclosan also inhibited the plant enoyl-acyl carrier protein reductase. This
was confirmed also by physiological studies that showed a decrease in linoleic acid and
-linolenic acid in Arabidopsis thaliana plants after treatment with triclosan, but also by
cyperin, a natural product produced by pathogenic fungi (Dayan et al., 2008). The structural
similarity of cyperin to triclosan and the knowledge of the MoA of triclosan in bacteria led to a
fast confirmation of the MoA of cyperin (Dayan et al., 2008).
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This example shows, that model systems in addition to plants can be used for MoA
identification of plant active compounds, and that single-cell bacteria or fungi do have the
potential to accelerate MoA identification. A prerequisite is to clarify that the in vivo MoA in
plants is most likely the same as in the species where the activity or target protein was
originally described.
There are three main questions to guide the MoA identification strategy if a compound acts
on a decribed target in bacteria, fungi or animals:
1. Is the described target or pathway present in plant cells?
If plants share the same target or pathway that is inhibited by the compound of interest in
bacteria, fungi or animals, then the compound could act in the same manner as in the
originally described species. This is the case for the enoyl-acyl carrier protein reductase
inhibitor triclosan and for asulam (Guerineau et al., 1990), which inhibits the dihydropteroate
synthase.
2. Does the target belong to a large protein family?
Compounds that inhibit enzymes belonging to a large enzyme class or protein family could
induce completely different effects on plant metabolism, compared to bacteria, fungi or
animals. This is the case for gabaculin, which generally blocks aminotransferase enzymes. In
mammalian cells, the most dominant effect is the inhibition of 4-aminobutyrate
aminotransferase (Mishima et al., 1976). In plants, however, it was shown that inhibition of
glutamate 1-semialdehyde aminotransferase (GSA) is the most sensitive process blocked by
gabaculin. This was supported by feeding studies with 5-aminolevulinate showing a reversal
of the inhibitory effect (Anderson and Gray, 1991) and the use of transgene overexpression
of a mutated form of the Medicago sativa GSA gene (Giancaspro et al., 2012). Another
example is the azole class of fungicides. Initially, they were discovered as antifungal
compounds, but some derivatives also showed activity on plant growth. Their MoA in fungi
was described as inhibitors of the cytochrome P450-dependent 14-lanosterol demethylase
in sterol biosynthesis (reviewed in Ghannoum and Rice, 1999). They act not only as specific
sterol biosynthesis inhibitors, but also with other cytochrome P450-dependent enzymes.
Depending on the specific derivative, effects in plants were primarily caused by the inhibition
of cytochrome P450 enzymes in gibberelin (e.g., Paclobutrazole; Hedden and Graebe, 1985)
or brassinolide biosynthesis (e.g., Brassinazole; Asami et al., 2001). To use a compound with
a described target in other organisms as a probe to study physiological processes in plants, it
is important to correlate the plant response with the expected physiological changes.
3. Is the parent compound active in plant cells or does the phytoactivity rely on a possible
metabolite?
The third question pays attention to the fact that plants, compared with animals, do have a
more diverse pool of enzymes that can potentially metabolise a compound to a novel
phytoactive metabolite (reviewed in Hatzios, 2005). If that is the case, the target protein
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within plants could be different from the described mechanism of action in bacteria, fungi or
animals. Also, for compounds with a described target in bacteria, fungi or animals, the
strategy for MoA identification in plants has to start with a basic physiological
characterisation in order to confirm the target or apply appropriate techniques for further
investigation.
Table 2: Compounds with a described MoA, identified by cross-fertilisation from antibiotic,
fungicide, or pharma research.
Compound source: Forward screen (FS), Reverse screen (RS), In silico design (ISD); Compound
type: synthetic (S), natural product (NP), synthetic compound derived from natural product (SND);
Strategy: Phenotyping (P), Genetic screen (G), Biochemical screen (B), Target based (T); 1
Compound from a company proprietary library; 2 Publicly available compound library (for details see
Toth and van der Hoorn, 2010); ³ Year of first market introduction (Phillips McDougal, 2011).
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4.3.

Status of MoA studies of phytoactive compounds with
undescribed target sites

For several compound classes that have been intensively studied in plant science,
preliminary descriptions of their MoAs are available, but their target sites are still unidentified
(Table 3). MoA studies indicated that most of them act on signalling pathways or structural
targets. Cytological investigations and the inhibition of

14

C-glucose incorporation in cell wall

fractions indicated that four compounds (dichlobenil, thaxtomin A, flupoxam and
phthoxazolin) and members of the compound group of fluoroalkyltriazines (e.g., CGA325615
and related compounds; Table 3) inhibit the biosynthesis of the cell wall. Cross-resistance
studies using isoxaben-resistant (ixr) mutants showed that none of them had the same target
site as isoxaben. Therefore, a different target in cell wall biosynthesis or at least a different
binding site at cellulose synthase has been proposed for the mentioned compounds.
Similarly, a target site has rarely known for compounds interacting with the plant
cytoskeleton. Compounds like cobtorin, flamprop-m-methyl or morlin affect the functionality
of the cytoskeleton, but it could only be hypothesised that either proteins supporting the
function of microtubules or proteins involved in cytoskeleton signalling were blocked.
Flamprop-m-methyl, for example, disrupts microtubule spindle formation in a manner
different to classical microtubule assembly inhibitors, like dinitroanilines (Tresch et al., 2008).
The in vitro assembly of microtubules formed by /-tubulin dimers is not affected by
flamprop-m-methyl. Therefore, an effect of flamprop-m-methyl on the regulation of the plant
cytoskeleton is proposed (Tresch et al., 2008). Equal to the compounds listed in Table 1 with
a described target site, the effects of compounds interacting with cell wall biosynthesis or the
cytoskeleton can be described in detail; however, except for isoxaben (Scheible et al., 2001),
dinitroanilines (Anthony et al., 1998) and cyanoacrylates (Tresch et al., 2005) a molecular
target could not be described. These examples show the limitation of the phenotypical
approach. Inhibitors that block structural targets could hardly be addressed using analytical
or biochemical methods. Most of the proteins involved in cell wall biosynthesis are
membrane bound, and some of them are active as large protein complexes like cellulose
synthase. Both facts limit the use of biochemical methods to confirm a target hypothesis.
Also, for inhibitors interacting with the cytoskeleton, biochemical assays to analyse inhibitorprotein interactions with microtubule-associated proteins or other signalling proteins
modulating the cytoskeleton are challenging. The only assay on a target level is to measure
tubulin assembly in vitro. It is difficult to establish biochemical assays to analyse interactions
between inhibitors and regulatory proteins.
In several in vivo reporter system screens, compounds could be identified that specifically
affect the reporter system (Hayashi et al., 2001; Armstrong et al., 2004; Yamazoe et al.,
2004; Gendron et al., 2008; Hayashi et al., 2009). The most common system is based on
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either the DR5::GUS or BA3::GUS reporter line. In both lines, the -glucuronidase gene
(GUS) is under the control of a primary auxin-inducible promoter (Ulmanov et al., 1997; Oono
et al., 1998). The chemical screens used either extracts of microorganisms (Hayashi et al.,
2001; Yamazoe et al., 2004; Hayashi et al., 2009) or libraries of diverse compounds
(Armstrong et al., 2004). The screens were designed to identify compounds that inhibit auxin
signalling, which leads to blocking of auxin-induced transcription of the GUS reporter. These
negative screens, however, rely on the functionality of RNA transcription and protein
translation after compound treatment. This is one of the principal challenges of in vivo
screens to identify compounds inducing a phenotype of interest. If active transcription or
translation is required to induce the desired phenotype, compounds blocking these
processes also occur as hit compounds. Hayashi et al. (2009) presented toyocamycin as a
specific inhibitor of auxin signalling in plants, but it was formerly also described as an
inhibitor of RNA synthesis (Sverak et al., 1970). With the use of different reporter lines,
Hayashi et al. (2009) showed that toyocamycin inhibits the transcription of the GUS reporter
under the control of various auxin-inducible promoters, but not if GUS expression is under
the control of the tobacco parB promoter, which is known as a general stress promoter, or
the cytokinin-inducible promoter ARR5. The specific response of toyocamycin on auxin
signalling, in contrast to cytokinin or the general stress response, insinuates the specificity of
toyocamycin on auxin signalling.
A system that was used as a positive reporter screen is described by Gendron et al. (2008).
They have used a brassinosteroid-repressed reporter system (CPD::GUS) to identify
compounds that induce the expression of the GUS reporter gene. With the identification of
brassinopride, they found a compound that induces the CPD::GUS reporter and inhibits the
hypocotyl length, which is normally controlled by brassinosteroids. Gendron et al. (2008) also
showed that the brassinopride effects could be reversed by adding brassinolide to the growth
medium. The effects of brassinopride on the hypocotyl length and the brassinosteroidcontrolled GUS expression and the reversal of its effects by brassinolide indicate an
influence of brassinopride on brassinosteroid biosynthesis. A comparison of the negative
screen on auxin-induced gene expression, introduced by Hayashi et al. (2001), with the
positive screen relying on the active expression of the CPD::GUS reporter (Gendron et al.,
2008) shows that the type of screen has an influence on the MoA strategy. A stringent filter
for false positive hits blocking transcription or translation needs to be applied when using a
negative screen.
Finally, several natural products that induced a plant phenotype were initially described, but
only a limited number of studies describing the MoA of these compounds were published
(Table 3). It can be hypothesised that the lack of pure compounds of these phytoactive
substances hinders a detailed MoA identification.
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Table 3: Compounds resulting from a chemical screen in plants, but a detailed mechanism of
action is still lacking
Compound source: Forward screen (FS), Reverse screen (RS), Compound type: synthetic (S), natural
product (NP), Strategy: Phenotyping (P), Genetic screen (G), Biochemical screen (B), Target based
(T); 1 compound from a company proprietary library; 2 Publicly available compound library (for details
see Toth and van der Hoorn, 2010).
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Table 3: continued

4.4.

A three-tier approach to optimise MoA identification

The classification of the compounds listed in Tables 1-3 with respect to the approach of
detecting their target site, suggests some implications for straightforward MoA identification.
Most of the target sites of compounds active in plant cells were identified by classical
observations of the induced phenotype, followed by a detailed investigation of the associated
selected pathways. This approach led to the identification of several compound targets in
primary and secondary metabolism (Tables 1 and 2). Compounds that interact with
processes in cell wall biosynthesis, the cytoskeleton or hormone signalling were either not
finally described with a target protein or the target protein were identified by a genetic
approach (Table 1-3). There is no clear preference of a specific model system, except within
genetic studies. Because of the broad knowledge on the genetics of Arabidopsis thaliana and
the availability of genetic tools, Arabidopsis thaliana is the preferred model in genetic studies
to identify the MoA. With the phenotyping approach, whole plants from various species,
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heterotrophic cells and single cell algae were successfully used. It was shown that the early
focus on only one model system could mislead the primary MoA hypothesis; this was the
case for chloroacetamides and the use of algae as a model (Couderchet et al. 1996; Matthes
et al., 1998). Rapid metabolism of phytoactive compounds is a well-known phenomenon in
plants and strongly influences MoA identification efforts. Oxidative and hydrolytic reactions or
conjugations with glucose or glutathione are the most common modifications (Hatzios, 2005).
This was the case for sirtinol (Dai et al., 2005) and compound A (Armstrong et al., 2004)
which were cleaved by an aldehyde oxidase or an esterase, respectively. The resulting
compounds acted as well-known auxin mimics. Not only cleavage of the parent molecule,
also activation by conjugation or e.g. phosphorylation can be necessary. In the case of
hydantocidin, which is active in in vivo studies, only the phosphorylated form is recognised as
a substrate-mimic and blocks the enzyme activity in vitro (Cseke et al., 1996). For hypostatin,
it was shown that glycosylation is needed to achieve its activity in vivo (Zhao et al., 2007).
These implications confirm the level scheme presented in Figure 2 and allow some
suggestions of how the different MoA approaches (Figure 3) should be applied. In the 1st
level, a general phenotypical characterisation of the compound-induced effects should be
done. One approach could be a detailed physiological profiling, which covers the most
important aspects of plant physiology and indicates if the compound is active as an
uncoupler or inducer or mediator of reactive oxygen species (Grossmann, 2005).
The following questions can guide this process:


Is the compound in general cytotoxic?



Does the compound act as an uncoupler or mediator of reactive oxygen species in
vivo?



Is the observed effect transferrable to other plant species? What is the most sensitive
species?



Does the compound act on primary metabolism, structural targets or the hormone
system?



Is the induced phenotype most likely based on an interaction with one primary target
site?



How is the stability and uptake of the compound in plant cells?



Is there a SAR observable by using different derivatives of the initial hit?

Based on the initial characterisation in the 1st level, a decision can be made about what MoA
approach (Figure 3) is applicable in the 2nd level. If the findings in the initial phenotypic
characterisation indicate a MoA in primary metabolism, in most cases the phenotyping
approach will lead to a straightforward target hypothesis. This approach is focussed on the
physiological response in the in vivo system and integrates different results to generate the
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target hypothesis. The available physiological, analytical and cytological methods cover a
broad range of plant processes and describe the compound activity within a systems biology
perspective. At the 2nd level, -omics technologies are also suitable to describe the plant
response in a physiological context (Eckes et al., 2004; Trenkamp et al., 2009; Aliferis and
Jabaji, 2011; Grossmann et al., 2012a). So far, transcriptomic and metabolomic techniques
were mostly used to describe the similarities of new compounds with well-characterised
ones, but a substantial contribution to the description of a new target site has rarely been
reported.
Genetic screens are a powerful tool to identify target sites in signalling cascades (Xie et al.,
1998; Walsh et al., 2006; Park et al., 2009) and targets that regulate cell structure (Scheible
et al., 2001). A genetic screen is, therefore, recommended if 1st-level studies indicate a target
site in signalling pathways or targets that regulate cell structure. Because of the wellestablished genetic toolbox for Arabidopsis thaliana, this is the preferred model system.
Single-cell systems, like heterotrophic cell cultures or algae cells, are in most cases easier to
handle in an in vivo screen, but limitations due to the presence of several signalling
cascades, like hormone perception cascades, or a different composition of the cell wall limit
the use of these systems. Genetic screens for resistance to hypostatin or sirtinol identified
resistant mutants with altered metabolic activation of the mentioned compounds (Zhao et al.,
2007). Therefore, the selection strategy and characterisation of the mutants had to take into
account that resistance mechanisms based on altered compound metabolism is a common
phenomenon (Hatzios, 2005).
The identification of the D1 protein as a target of atrazin is the only example in which a
biochemical screen was successfully used for MoA identification (Pfister et al., 1981; Michel
et al., 1986). This is not because of the weakness of the method, but rather due to the strict
limitations for the use of the method, like accessibility of the lead compound for a
photoaffinity label. Extensive SAR studies were necessary to recommend the synthesis of a
photoaffinity-labelled compound (e.g., as shown for terfestatin A in Hayashi et al., 2008). An
in depth knowledge of the proteome of the model species could facilitate the identification of
the labelled protein, but is not necessarily needed.
After generating a target hypothesis with any MoA identification approach, biochemical
validation is needed. In this 3rd level, the choice of methods is both driven and limited by the
accessibility of the hypothetical target to biochemical assays. Enyzme activity assays or
affinity assays for receptor proteins were successfully established for all enzyme targets and
the auxin hormone receptor, but not for the isoxaben target cellulose synthase. The
validation of structural targets has to focus on the generation of transgenic plants or cell lines
harbouring a wildtype gene as an overexpression construct or a mutated form of the
hypothesised target.
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4.5.

Compounds as probes for plant research

Using compounds that modulate the activity of a specific cellular target protein is a wellaccepted approach in plant research to study plant function (reviewed in Dayan et al., 2010).
In contrast to mutants or gene knock-out lines, which have been intensively used in plant
functional genomics, small molecule compounds have some unique properties that make
them complementary tools to study plant function. The advantages of chemical probes,
which overcome the two major limitations of a genetic approach, were pointed out in several
reviews (Blackwell and Zhao, 2003; Walsh, 2007; Toth and van der Hoorn, 2010). The first
advantage is to overcome genetic redundancy that often results in single knock-out lines
lacking an obvious phenotype (Cutler and McCourt, 2005). The second advantage of
chemical probes over mutations and gene knock-out lines is that the latter often are not
conditional; lethality is observed if essential gene functions are affected.
A single chemical probe can inhibit a set of homologous proteins. This is the case for
inhibitors of very-long-chain fatty acid syntheses, which block a broad range of KCS proteins
and induce a more dramatic phenotype than single knock-out lines of selected KCS proteins
(Trenkamp et al., 2004; Tresch et al., 2012). In contrast to genetic mutations, the
concentration of the chemical probe modulating the strength of the effect, the time and
duration of treatment to investigate the effects on specific developmental stages or the
combination with other probes or mutants is freely adjustable. A screen using a transgenic
plant line with a trichome-defective phenotype and applying a set of various inhibitors led to
the result that phospholipase A2 is involved in fatty acid-induced cell death (Reina-Pinto and
Yephremov, 2009). In another case, the application of auxin-like compounds at different
concentrations during various developmental stages allowed the detailed description of the
auxin herbicide MoA in a time-dependent manner. With these studies, the auxin-triggered
effects on metabolism and physiology were described as a three-phasic process, which
includes stimulation, inhibition and decay (Grossmann, 2010). A further difference between
chemical probes and genetic mutants is that a chemical probe can be used in various
species and is not limited to model systems. This allows the investigation of the phenotype of
interest in a broader perspective. In the case of ACCase inhibitors, this fact has contributed
significantly to the understanding of the organization of fatty acid biosynthesis in monocot
and dicot plants (Rendina and Felts, 1988; Alban et al., 1994).
The compounds used in plant research can be grouped into two classes. One class contains
compounds with a very well described target site and detailed descriptions of the primary
MoA in vitro as well as in vivo. Such a compound can be used as a specific probe to explore
the role of a defined protein in a broader biological context, as defined in a commentary by
Frye (2010). The principles of a quality chemical probe as defined by Frye (2010) and listed
in Table 4 are well transferrable to probes in plant science.
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Table 4
Principles of a good quality probe as defined by Frye (2010)
Mechanism of action
Activity in a cell-based or cell-free assay influences a physiologic function of the target in a dosedependent manner.
Molecular profiling
Sufficient in vitro potency and selectivity data to confidently associate its in vitro profile to its cellular or
in vivo profile.
Identity of the active species
Has sufficient chemical and physiological property data to interpret results as due to its intact structure
or a well-characterised derivative.
Proven utility as probe
Cellular activity data available to confidently address at least one hypothesis about the role of the
molecular target in a cell’s response to its environment.
Availability
Is readily available to the academic community with no restrictions on use.

There is no need for additional requirements to probes in plant science, except two
specifications of the molecular profiling criteria:


Data about selectivity in various plant species should be provided to estimate the
application range in different species.



Uptake and translocation properties should be described to recommend the
application of the probe for cell, tissue or whole-plant assays.

All compounds mentioned in Tables 1 and 2 mainly fulfill these criteria and, therefore, belong
to the group of chemical probes. Several of these compounds were already used as probes,
for example CPTA to study the effects of carotenoid biosynthesis inhibition (La Rocca et al.,
2007), fosmidomycin to investigate the two unrelated isoprenoid pathways in plants (Laule et
al., 2003) or 2,4-D to study the mechanism of auxin perception (Tan et al., 2007).
The second class consists of compounds that are active on whole plants, cells or tissues, but
detailed descriptions of the MoA are not available (Table 3). These compounds are in the
process of MoA identification and are good candidates for future MoA identification projects.
It is most likely that these compounds unravel uncharacterised protein functions in plants.
Based on the three-tier approach discussed in section 4.1, some suggestions can be made
as to what methodology is best suited to identify the compound’s target site. It can be
assumed that a genetic approach is appropriate for the compounds listed in Table 3, which
influence cell wall biosynthesis or the cytoskeleton. Some of the compounds, such as
dichlobenil (Montezinos and Delmer, 1980) or flamprop-m-methyl (Tresch et al., 2008), are
well characterised in terms of metabolisation and induction of specific cellular effects and are
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well suited to start a genetic screen. Other compounds, such as sortin (Rosado et al., 2011)
or terfestatin A (Hayashi et al., 2008), are actually in the 1st level of characterisation in terms
of the three-tier model presented in section 4.1. For example, some SAR data exist for
terfestatin A and the authors proposed to start a biochemical screen (Hayashi et al., 2008).

4.6.

New techniques for future MoA discovery

As described previously (see section 2.2), MoA identification is driven by technological
progress. The availability of biochemical methods and the use of molecular biology
techniques allowed the straightforward description of the MoA and the precise nomination of
target sites for 34 compound (Table 1). Several omics-technologies (Wheelock and
Miyagawa, 2006), like transcriptomics (Eckes et al., 2004) and metabolomics (Trenkamp et
al., 2009; Aliferis and Jabaji, 2011; Grossmann et al., 2012a), have been used for MoA
identification. These methods produced large-scale datasets on transcript regulation and
changes in metabolite levels. The value of the generation of a target hypothesis strongly
depends on the functional annotation of the transcripts and integration of metabolites in
biochemical pathways. Most of the published examples used the omics-technologies to apply
multivariate or cluster analyses algorithms to compare the observed effects with effects
induced by treatment with a well-described compound (Eckes et al., 2004; Aliferis and Jabaji,
2011; Grossmann et al., 2012a). Further progress in the functional annotation of gene
transcription networks and the modelling of metabolic pathways will improve the future value
of these techniques (Saever et al., 2012).
In addition, several new methods have been described in the literature that could be of
benefit for MoA characterisation and hypothesis generation for target sites of phytoactive
compounds. According to the principal methodologies for MoA identification (Figure 3), the
new techniques can be assigned to the phenotyping, genetic or biochemical approach. The
pattern of methods in the phenotyping approach is not well defined and adapted to the type
of phenotype that is induced by the compound of interest. But, three technologies, RNA-seq
(Wang et al., 2009), super-resolution microscopy (Huang et al., 2009; Gutierrez et al., 2010)
and mass spectrometry imaging (Horn et al., 2012), are of broader interest for the
investigation of new compounds and could be part of an phenotyping approach. Sequencing
techniques with high-throughput capabilities allowing expression profiling by sequencing
(RNA-seq) became available recently (reviewed by Metzker, 2010). With the use of RNAseq, transcript profiling is no longer limited to model species with known transcript
sequences; it is also applicable to non-model organisms. In addition, the main advantages
are that the technique provides a very high dynamic range to analyse transcript level
expression, and it allows the identification of transcripts that were originally not annotated
(Wang et al., 2009; Trapnell et al., 2010). Recent progress in technologies providing highresolution spatial imaging of proteins, cell metabolites or cell structures has the potential to
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support the phenotyping approach, especially for inhibitor studies related to cell structures
like the cell wall, cytoskeleton or membrane systems. New non-destructive microscopy
technologies with a resolution not restricted by the diffraction limit, like stimulated emission
depletion (STED) microscopy or stochastic optical reconstruction microscopy (STORM), can
reveal insights in ultrastructural processes, which was not possible previously (Huang et al.,
2009). The combination of these super-resolution microscopy technologies with fluorescence
markers for protein-protein interactions or indicators for metabolite levels in cells (Wang et
al., 2008; Choi et al., 2012) has the potential to valuably broaden the method portfolio for
MoA identification in the future. In addition to the classical microscopy technologies, mass
spectrometry imaging technologies emerged that allow the spatial detection of small
molecules without prior labelling (reviewed by Lee et al., 2012). This technique was recently
used to visualise different lipid species in cotton seed tissue and unravel the non-uniform
distribution of various species in the axis and cotyledons of the embryo (Hoorn et al., 2012).
This work showed the power of the technique even when some drawbacks in sample
preparations, detection sensitivity of various molecule species or lower spatial resolution
(20–50 µm) compared to light microscopy limit the current routine use (Lee et al., 2012).
The exciting progress in DNA sequencing technologies mentioned before (reviewed by
Metzker, 2010), will clearly affect the application of the genetic approach in MoA
identification. The throughput of the next-generation-sequencing methods allows the fast resequencing of model organisms and crop plants from which a genome sequence is available.
This will have an influence on the genetic mapping of resistant mutants of model organisms
like Arabidopsis thaliana, which could now be mapped by sequencing (Schneeberger and
Weigel, 2011; Austin et al., 2011; Hamilton and Buell, 2012). The time-consuming generation
of mapping populations is either not needed for heterozygous dominant mutations or only
one cross is needed for homozygous mutations. Sequencing of pooled DNA of
phenotypically uniform populations will allow a straightforward nomination of causative
mutations (Hamilton and Buell, 2012). Further progress in sequencing techniques allowing
much longer read lengths will also allow for sequencing projects with weed species or
uncommon model systems. With such resources, mapping by sequencing approaches will be
reachable for natural mutants like herbicide-resistant populations or resistant screens in nonmodel species.
In addition to the classical biochemical screen with concomitant compound labelling with a
photoaffinity-group and a radioactive marker, the groups of Cravatt and van der Hoorn have
established several biochemical screening protocols with new labelling procedures called
activity-based-protein-profiling (ABPP) (Cravatt et al., 2008; Kaschani et al., 2009). They
used azide or alkyle groups as ‘click chemistry’ tags for labelling with a fluorochrome or biotin
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after inhibitor binding. These techniques were established for inhibitors binding covalently to
the target. Therefore, only one label is needed for the detection of the coupled target protein.
The need of an inhibitor that binds covalently to the target is a strict limitation of the
technique, but for example it was described for chloroacetamides that they most probably
bind covalently to the target protein KCS (Böger et al., 2000; Eckermann et al., 2003). An
ABPP probe is, therefore, a possibility to detect the relevant KCS enzymes in vivo. ABPP is
an additional biochemical screening opportunity if a covalent binding or very high affinity to
the target protein is proposed. Development of additional ‘minitags’ for small molecules or
protocols for inhibitors that bind non-covalently to the target could make this method much
more valuable for MoA identification.
Another screening method, which is based on the well-established yeast two-hybrid system,
has the potential to support MoA identification in the future. The system is called yeast threehybrid (Y3H) and is based on the design of a bait that consists of a known probe with high
affinity to a defined protein and is conjugated with a linker sequence to the molecule of
interest. Details of the method were reviewed recently by Cottier et al. (2011) and Chidley et
al. (2011). In contrast to ABPP, Y3H also allows for the detection of inhibitors that do not bind
covalently to the target; however, a large linker group has to be coupled with the compound
of interest. Detailed knowledge of the SAR is needed to design a biologically active bait,
which interacts with the same target as the initial hit compound.
In additional to the three main methodologies for MoA identification, phenotyping, genetic
screens and biochemical screens, in silico methods for target predictions could become
valuable for plant research. This field was established to study the MoA of drugs, but could
also be applied to plant biology (Keiser et al., 2009; Koutsoukas et al., 2011). The method
used algorithms to compare the structure of a compound of interest with structures of
compounds with described activities on proteins in vitro (Keiser et al., 2009; Koutsoukas et
al., 2011). Several databases containing the bioactivity data of investigated compounds are
publicly available (reviewed in Koutsoukas et al., 2011); structural similarities of the
compound of interest with high active compounds in an enzyme assay published elsewhere
accelerate target hypothesis generation for the compound of interest.

4.7.

Conclusion

The strategy to identify the MoA of phytoactive compounds has evolved from a phenotyping
approach to a data-driven systems biology approach, pushed by the technological progress.
The new genetic techniques and omics-technologies have not dispelled the old ones; rather
they have supported the classical approach with additional possibilities to address the MoA.
One of the general deductions that can be derived from the publicly available examples of
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how to nominate the target of a new compound and from my own experience in this research
area is the following simple statement: apply the right technique at the right time.
This is the consequence of the presented three-tier approach to studying the MoAs. Several
of the misleadings in the nomination of target proteins were based on the application of a
method that was not suited at that stage of characterisation. This does not mean that the
method itself was improperly chosen, but the knowledge about some key characteristics of
the compound was not sufficient at that time. To propose sound target hypotheses for new
compounds in more advanced 2nd-level studies, it is recommended to address compound
stability, uniformity of effects in different species, general cytotoxicity and the effect on
common pathways like transcription and translation in 1st-level studies. This is especially
important, if the lead compound originated from an in vivo screen, in which compounds
interacting with these basic processes are often detected as hits.
After the initial characterisation, a clear decision can be made about which 2nd-level approach
is applicable for the compound of interest. In particular, resistance screens in model systems
with compounds targeting signalling pathways or targets influencing cell structures have an
excellent potential to support the functional annotation of plant genes. In order to associate
the possible in vitro data generated in the 3rd level with the in vivo data from 1st and 2nd
levels, data integration and interpretation is one of the key processes for nomination of the
primary target in vivo. This is especially true, if techniques are applied that generate largescale datasets like metabolomics or any next-generation sequencing approach.
The presented three-tier approach is a reasoned path-forward strategy to investigate the
MoA of phytoactive compounds. If a compound is successfully described with the in vivo
target, according to the three-tier approach, the requirements for a high quality probe in basic
research as defined by Frye (2010) are fulfilled. In terms of basic plant science, the
application of this three-tier approach for compound characterisation is a complementary
approach to genetic studies to support the functional annotation of plant genes or proteins.
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