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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 a-tubulin, led to the description of a-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).

Ill. 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
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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 1% 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 2™ level of MoA characterisation, either with further phenotypic
characterisation, starting a genetic screen or establishing a biochemical screen. At the 3™
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.



INTRODUCTION

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 (etol-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 knock-
down 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
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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 2,4-
dichlorophenoxyacetic 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, insilico 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
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effect on the environment and non-target organisms and, therefore, meet the regulatory
requirements (Ruegg 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.

Microtubule GGS
assembly_ 2%
4%

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 Il; ACCase: acetyl CoA carboxylase;
PSI: photosystem |; 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 I,
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
(Steinbriicken and Amrhein, 1980) or inhibitors of acetolactate-synthase (ALS; Shaner et al.,
1984; LaRossa and Schloss, 1984) and photosystem Il (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.
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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 1% level to get an idea of
the affected pathways or type of target (see 2.2.2). The 1% 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 2" and 3™
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
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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).

Forward screens / pure natural products Reverse
screens
Phenotyping Genetic screen * HTS enzyme
assay
2  * Physiological  Screen of * Photoaffinity
o processes mutant labeling
S« Analytical population + Drug pull down
“n studies * Chemical assay
= * Metabolism mutagenesis + Yeast-3-Hybrid
‘5 « Proteom . Acti\{ation
= « Transcript tagging
« * Cytological * Knock out /
g studies knock down
O
o
=

Target confirmation in biochemical assay

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
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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
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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, | have published several
articles describing the MoA of new compound classes that belong to different target groups.
In the second part of my thesis | 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, | 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. Publications

3.1. 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 Il (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 o-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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Pest Manag Sei 61:1052-1059 (2005)
DOI: 10.1002/ps. 1093

Pest Management Science

Herbicidal cyanoacrylates with antimicrotubule
mechanism of action

Stefan Tresch,! Peter Plath?! and Klaus Grossmann'*

1BASF Agricultural Center Limburgerhof, D-67117 Limburgerhof, Germany
2BASF Aktiengesellschaft, D-67056 Ludwigshafen, Germany

Abstract: The herbicidal mode of action of the new synthetic cyanoacrylates ethyl (2Z£)-3-amino-2-
cyano-4-ethylhex-2-enoate (CAl) and its isopropyl ester derivative CA2 was investigated. For initial
characterization, a series of bioassays was used indicating a mode of action similar to that of
mitotic disrupter herbicides such as the dinitroaniline pendimethalin. Cytochemical fluorescence studies
including monoclonal antibodies against polymerized and depolymerized tubulin and a cellulose-binding
domain of a bacterial cellulase conjugated to a fluorescent dye were applied to elucidate effects on cell
division processes including mitosis and microtubule and cell wall formation in maize roots. When
seedlings were root treated with 10puM of CAl or CA2, cell division activity in meristematic root tip
cells decreased within 4h. The chromosomes proceeded to a condensed state of prometaphase, but were
unable to progress further in the mitotic cycle. The compounds caused a complete loss of microtubular
structures, including preprophase, spindle, phragmoplast and cortical microtubules. Concomitantly, in
the cytoplasm, an increase in labelling of free tubulin was observed. This suggests that the herbicides
disrupt polymerization and microtubule stability, whereas tubulin synthesis or degradation appeared not
to be affected. In addition, cellulose labelling in cell walls of root tip cells was not influenced. The effects
of CA1 and CA2 were comparable with those caused by pendimethalin. In transgenic drabidopsis plants
expressing a green fluorescent protein-microtubule-associated proteind fusion protein, labelled arrays of
cortical microtubules in living epidermal cells of hypocotyls collapsed within 160 min after exposure to
10uM CA1 or pendimethalin. Moreover, a dinitroaniline-resistant biotype of goosegrass (Eleusine indica
(L) Gaertn) with a point mutation in ¢~-tubulin showed cross-resistance against CAl and CA2. The results
strongly indicate that the cyanoacrylates are a new chemical class of herbicide which possess the same
antimicrotubule mechanism of action as dinitroanilines, probably including interaction with the same
binding site in a-tubulin.

© 2005 Society of Chemical Industry

Keywords: antimicrotubular herbicides; cyanoacrylates; cytochemical fluorescence; tubulin interaction

1 INTRODUCTION
The herbicidal properties of cyanoacrylates were

mitosis (Iwona T Birk, Marianne K Pedersen; personal
communication).

first reported by Huppatz eral' and Phillips and
Huppatz.2 These early compounds and derivatives
synthesized later were reported to act by inhibiting
photosystem II electron transport.>> In the course
of lead optimization, cyanoacrylates containing a 1-
ethylpropyl side chain were synthesized by Huppatz
and chemists from American Cyanamid Company and
BASF Aktiengesellschaft.*> Ethyl (2Z)-3-amino-2-
cyano-4-ethylhex-2-enoate, CAl, and the correspond-
ing isopropyl ester CA2 (Fig 1) are representatives of
this new chemical group of herbicides.*> These com-
pounds preferentially control annual grass weeds in
pre-emergence applications. The herbicidal activity
of these cyanoacrylates appeared not to be based on
photosynthetic electron transport inhibition. Prelimi-
nary experiments indicated that the compounds affect

Therefore, the aim of the present work was to
investigate the herbicidal mode of action of the
cyanoacrylates CAl and CA2 in more detail. For
initial characterization, a set of selected bioassays
including plant and algae cell suspensions, Lemna,
isolated mustard shoots, germinating cress seeds,
the Hill reaction of isolated thylakoids and carbon
gas-exchange measurements was used to obtain
a physiological fingerprint of the compounds.®7
The response pattern was compared with profiles
of herbicides with known modes of action to
classify the biological activity. Since similarities to
mitotic (microtubule) disrupter herbicides such as
dinitroanilines were found, the effects of CAl and
CAZ2 on cell division processes were studied in maize
roots by means of immunocytochemical fluorescence

* Correspondence to: Klaus Grossmann, BASF Agricultural Center, D-67117 Limburgerhof, Germany

E-mail: klaus.grossmann@basf-ag.de
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Figure 1. Structures of the cyanoacrylates CA1 and CA2 and the
dinitroaniline pendimethalin.

techniques. In addition, transgenic Arabidopsis plants
expressing a green fluorescent protein-microtubule-
associated protein4 fusion protein (GFP::MAP4)%?
were used to visualize herbicide effects on microtubule
arrangements in living epidermal cells. Moreover,
a dinitroaniline-resistant biotype of Eleusine indica
(L) Gaertn with a point mutation in e-tubulin was
tested for cross-resistance against CAl and CA2.

2 MATERIALS AND METHODS

2.1 Chemicals

The cyanoacrylates CAl (ethyl (2Z)-3-amino-2-
cyano-4-ethylhex-2-enoate;* Fig 1) and CA2 (iso-
propyl (2Z)-3-amino-2-cyano-4-ethylhex-2-enoate;’
Fig 1) and pendimethalin (N-(1-ethylpropyl)-2,6-
dinitro-3,4-xylidene) were obtained from BASF
Aktiengesellschaft, Ludwigshafen, Germany.

2.2 Bioassays
In the heterotrophic cell suspension bioassay, freely
suspended callus cells from Galium mollugo L
(DSM Collection of Plant Cell cultures, Braun-
schweig, Germany) were cultivated in a modified
Murashige—Skoog medium as described previously.'®
The cells were subcultured at 7-day intervals. Acetone
solutions of the compounds were pipetted into plastic
tubes and the solvent was allowed to evaporate before
adding 2 ml of exponentially growing cell suspension.
The tubes (three replicates) were shaken at 400 rpm
and 25°C in the dark on a rotary shaker. After incu-
bation for 8 days, the conductivity of the medium was
measured as the parameter for cell division growth,!?
For the algae bioassay, cells of Scenedesmus
acutus Pringsh (culture collection Gorttingen, 276-3a,
Gottingen, Germany) were propagated photoautotro-
phically.!® The bioassay was carried out in plastic
microtitre dishes containing 24 wells.>!? Before
loading the wells with 0.5ml of cell suspension
each, 0.5ml of medium and compound in acetone
solution were added, allowing sufficient time for
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the organic solvent to volatilize. The 15 additional
compartments between the wells were filled with
sodium carbonate/bicarbonate buffer. The dishes were
sealed with plastic lids and incubated on a shaker
under continuous light at 23°C. After 24 h, growth
was measured photometrically.

For the Lemna bioassay, stock cultures of Lemna
paucicostata (L) Hegelm (collection Prof R Kan-
deler, University of Vienna, Austria) were propagated
mixotrophically in an inorganic medium containing
sucrose.!® The bioassay was conducted under asep-
tic conditions in plastic Petri dishes (5 cm diameter)
containing 15 ml of medium without sucrose accord-
ing to Grossmann et al.'® The test compounds were
added to the dishes in acetone solution and the organic
solvent allowed to volatize before loading them with
four fronds each. The culture dishes were then closed
with plastic lids and incubated under continuous light
(Philips TL white neon tubes, 40 pymolm 25! pho-
ton irradiance, 400-750 nm) in a growth chamber at
25°C. Eight days after treatment, the increase of the
area covered by the fronds in each dish was determined
as the growth parameter, using an image analysing sys-
tem (LemnaTec Scanalyzer; LemnaTec, Wirselen,
Germany). The area of fronds before incubation was
subtracted from this value.

For the isolated shoot bioassay, seedlings of mustard
(Sinapis alba 1) were grown under standardized
greenhouse conditions. The shoots were removed,
weighed and placed upright in plastic vials (25 mm
in diameter, 38 mm in height; Greiner, Nirtingen,
Germany) containing 12 ml of double-distilled water,
and the test compound was added in acetone solution.®
To avoid evaporation, the vials were closed with plastic
covers with slits into which the shoots were fitted
(three shoots per vial). The vials were cultivated in
growth chambers with 16:8 h light:dark photoperiod at
21 °C and 75% relative humidity (light: Osram krypton
100 W lamps and Osram universal white neon tubes,
200pumol m~2s~! photon irradiance, 400—750 nm).
After 3days, the changes in fresh weight were
measured by weighing the shoots and subtracting the
value from the weight at the beginning.

For determination of effects on Hill reaction, thy-
lakoids were isolated from shoots of young plants
of Triticum aestivum L and assay was performed
as described by Grossmann etal.!! Isolated thy-
lakoids were suspended in reaction medium (0.75 ml)
containing sucrose (0.1 M), tricine-NaOH (pH 8.0;
50 mM), magnesium chloride (5 mM) and chlorophyll
(41 pgml™1). The influence of the compounds on
photosynthetic electron transport in photosystem II
was performed according to the method of Avron
and Shavit.!> The assay mixture included thylakoid
suspension (0.23ml), test compound dissolved in
acetone + water (80 + 20 by volume; 0.05ml) and
ferricyanide (0.02 ml). During the subsequent illumi-
nation, ferrocyanide was formed in the Hill reaction.
Then, in darkness, the ferrocyanide was allowed to
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react with ferric salt to form the ferrous salt which pro-
duced a complex with phenanthroline. The complex
was measured photometrically at 510 nm.

For the germination bioassay, seceds of cress
(Lepidum sativum L) and dinitroaniline-resistant
and susceptible biotypes of goosegrass (Eleusine
indica (L) Gaerm) were placed in glass Petri dishes
(5cm diameter) filled with a vermiculite substrate.
In the experiments with cress, stock solutions
of the test compounds in acetone were added
together with 12ml of water.® Control seeds were
moistened only with water and acetone. The dishes
were incubated in a growth chamber at 25°C in
the dark for 48h. Inhibition of germination and
seedling development was evaluated visually (0 = no
influence, 100 = total inhibition). In the bioassay with
Eleusine, stock solutions of the test compounds in
dimethyl sulfoxide (DMSO) were added, together with
15ml of half-strength Linsmaier—Skoog!® nutrient
solution. Control seeds were moistened only with
nutrient solution and DMSO. The dishes were
incubated in a growth chamber for 11days (16:8h
light:dark at 20°C/18°C and 75% relative humidiry,
230 umolm~2s~! photon irradiance, 400-750nm).
Inhibition of seed germination was evaluated and the
fresh weight of emerged seedlings was measured.

The results were expressed as percentage inhibition.
Mean values of three replicates are given as the per-
centage inhibition relative to the control. Individual
standard errors were less than 10%. All experiments
were repeated at least twice and proved to be repro-
ducible. The results of a representative experiment are
shown.

2.3 Gas-exchange measurements

For determination of carbon dioxide uptake as a
parameter for carbon dioxide assimilation, plants of
Galium aparine L, which were raised under controlled
conditions to the second whorl stage,'! were cultivated
hydroponically in illuminated glass chambers (four
plants per chamber, three replications) that received
a constant stream of air.!* After foliar treatment,
the amount of carbon dioxide assimilated per unit
time was determined continuously from the difference
between the carbon dioxide contents of the inflowing
and outflowing air streams.

2.4 Histochemical determinations

Uniformly germinated seedlings of Zea mays L cv
Dea with a root length of 3cm were transferred
into 50-ml glass vessels (one seedling per vessel,
three replications) in half-strength Linsmaier—Skoog!?
nutrient solution (16:8h light:dark at 25°C/20°C
and 75% relative humidity, 250 pumol m~2s~!, photon
irradiance, 400—-700 nm; fluorescent lamps, radium
HRLY). After 4 h of adaptation, the compounds were
added to the medium in DMSO solution (1 ml litre™!
final concentration of DMSO). Controls received a
corresponding quantity of DMSO alone, with no
adverse effect on seedling growth. After 4 or 24h
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treatment, primary root tips of 5mm length with
meristematic and elongation zones were harvested,
fixed in 37glitre”! paraformaldehyde in phosphate-
buffered saline (PBS, pH 7.4), and embedded
in paraffin as described elsewhere.!” Longitudinal
sections of 7um thickness were obtained with
a rotary microtome (Leica RM 2165; Bensheim,
Germany) and placed on Polysine™ slides (Menzel,
Braunschweig, Germany).

Specific staining for cellulose was based on a
method described previously.'® Root sections were
deparaffinized and washed in phosphate—citrate buffer
(pH 5.6).> The sections were subjected to an
enzymatic digestion of pectins and hemicelluloses
by incubation in phosphate—citrate buffer containing
pectinase (from Aspergillus niger Tiegh, 2.2Uml™ 1)
and hemicellulase (from A niger, 0.24 Uml™!; Sigma,
Taufkirchen, Germany), respectively, for 20 min at
room temperature. After washing in phosphate—citrate
buffer and Tris-buffered saline (TBST, pH 7.2,
containing 50 mM Tris, 150 mM sodium chloride and
0.5mllitre ™! Tween 20), the samples were incubated
in 200ul of TBST containing 50ugml™' bacterial
cellulose-binding domain conjugated to biotin (Sigma)
for 1h at room temperature. The domain was
conjugated using a biotin-protein labelling kit as
described (Molecular Probes Europe BV, Leiden,
Netherlands). For fluorescent staining of cellulose,
the samples were treated with Alexa Fluor 488-
conjugated streptavidin (Molecular Probes) against
biotin-conjugated cellulose-binding domain for 30 min
and washed in TBST. All slides were mounted in
ProLong Antifade (Molecular Probes) for microscopic
observation.

Microtubules or tubulin were labelled with mon-
oclonal antibodies against polymerized A-tubulin
(Sternberger Monoclonals, Lutherville, Maryland,
USA) or a cocktail of two monoclonal antibodies
against ¢-tubulin (polymerized/depolymerized, Clone
DMI1A) and g-tubulin (polymerized/depolymerized,
Clone DMI1B), respectively (Neomarkers, Fre-
mont, California, USA). The primary antibod-
ies were marked with fluorescent Alexa 488-
conjugated secondary antibody (Molecular Probes)
using a modification of the method described
previously.'1>  First, root tips were fixed in
40 glitre™! paraformaldehyde in microtubule stabi-
lizing buffer (MSTB, pH 6.9) containing 60 mM
PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)],
25mM HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid), 10mM EGTA (ethylenedioxy-
bis(ethylenenitrilo)tetraacetic  acid), 0.2 glitre™!
MgS0,-6H,0 for 14 h. Root tips were then subjected
to a sequential series of sucrose infiltration contain-
ing 120, 140, 160glitre 'sucrose in MSTB buffer
for 1h each step. Afterwards, they were frozen in
liquid nitrogen. Longitudinal sections of 15 pm thick-
ness were obtained with a cryostat (Frigocut-2800
E; Reichert-Jung, Leica, Bensheim, Germany) and
placed on Polysine™ slides. The slides were incubated

Pest Manag Sci 61:1052-1059 (2005)

14



PUBLICATIONS

Herbicidal cyanoacrylates with antimicrotubule mechanism of action

with DAKO antibody diluent (DAKO Cytomation,
Hamburg, Germany) for 20min. Incubation with
tubulin antibodies and the secondary antibodies was
carried out for 30 min. The primary and secondary
antibodies were diluted with DAKO antibody dilu-
ent to 1:200 and 1:100, respectively. The labelled
slides were mounted with ProLong Antifade (Molec-
ular Probes) for microscopic observation.

Nuclear DNA was stained with Hoechst 33342
(0.75 ugml~") for 5 min. Microscopic observation was
carried out using an Olympus BX61 epifluorescence
microscope (Hamburg, Germany) and a confocal
laser scanning microscope (Leica DMRXA TCS SP2)
equipped with UV, krypton-argon, and green-neon
laser.

2.5 Invivo analysis of MAP4::GFP labelled
Arabidopsis

Transgenic Arabidopsis plants (Ecotype Landsberg
erecta) carrying a MAP4:GFP gene driven by
the caulifiower mosaic virus 35S promoter®? were
used in the experiments. The seed material was
kindly provided by Dr Jaideep Mathur, Univer-
sity of Cologne, Germany. For time-lapse studies,
seedlings were raised from surface-sterilized seeds
in NUNC lab Tek chamber slides (NUNC, Wies-
baden, Germany) on 8 glitre™! agar in half-strength
MSGV medium (Murashige Skoog nutrient solution
with Gamborgs vitamins, pH 5.6; Sigma) containing
0.5glitre”! MES (2-(N-morpholino)ethanesulfonic
acid) and 10glitre™" sucrose.'” After 3days (16:8h
light:dark at 24°C/20°C and 80% relative humidity,
100 pumolm™2s~! photon irradiance), effects of com-
pounds on epidermal cells of hypocotyls were observed
using a Leica DMRXA TCS SP2 confocal system
equipped with a krypton-argon laser (488 nm laser
line was applied for GFP excitation) and 40x water
immersion objective. Stock solutions of the test com-
pounds in DMSO were added to half-strength MSGV
medium which was used as immersion solution. The

Treatment with compound, 100 [lll 10 I 1um[]

CA2
Galium 1
cell suspension
Algae

Lemna WR,N

first stack of sections was started immediately after
compound application. Subsequent stacks were taken
every 20 min during a period of 3 h. The image stacks
were analysed using the Leica TCS software and
analysis® software package (Soft Imaging Systems,
Miinster, Germany).

3 RESULTS AND DISCUSSION
3.1 Physiological profiling using bioassays
In initial experiments, a set of bioassays has been
used to characterize and classify the mode of action
of the cyanoacrylates CAl and CA2 in the search
for their biochemical target. These systems included
heterotrophic cleaver (Galium mollugo) and photoau-
totrophic green alga (Scenedesmus acutus) cell suspen-
sions, duckweed (Lemna paucicostata), isolated mus-
tard (Sinapis alba) shoots, germinating cress (Lepidum
sativum) seeds, the Hill reaction of isolated wheat
thylakoids and carbon gas-exchange measurements in
cleaver (Galium aparine) plants. The response pat-
tern involves effects on germination and the vegetative
growth of cells and organized tissues with different
types of metabolism, photosynthetic electron transport
and carbon assimilation. It represents a fingerprint of
a compound which has proved to be typical of its
physiological mode of action.*” The results can be
interpreted directly, or a library of response patterns
of compounds with known mode of action can be
screened for similarities to provide some clues which
can be used as an aid to direct further investigations.
The results clearly demonstrate that the inhibitory
effects of the cyanoacrylates CAl and CA2 on
growth is not triggered through an inhibition of
photosystem II electron transport (Fig 2). Even at
the high concentration of 100uM, the compounds
had only slight effect on the Hill reaction, carbon
assimilation and green alga growth. In contrast, CAl
and particularly CA2 inhibited frond production and
growth of Lemna (Fig 2), which was accompanied

Pendimethalin

WR,N WRN

Mustard
shoot
Hill - test

2

Cress
germination
Carbon
assimilation

~ @ s W M

KV — \/

CA1
0
0
—
0
-
0

50 100 0
Inhibition in % of control

Inhibition in % of control

50 100 0 50 100
Inhibition in % of control

Figure 2. Effects of the cyanoacrylates CA1 and CA2 and pendimethalin in bioassays including Galium and algal cell suspensions, duckweed,
isolated mustard shoots, the Hill reaction of isolated wheat thylakoids, germinating cress seeds and carbon assimilation in Galium plants. SE of the
mean in all cases is less than 10%. Symptoms observed: WR, intensified green leaf pigmentation; N, necrosis; K, reduced seed germination; V, root

swelling.
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by an intensified chlorophyll pigmentation, followed
by necrosis of the meristematic leaf area. Both
compounds also showed pre-emergence activity on
germinating seeds of cress in darkness (Fig 2).
With increasing concentration, seed germination was
reduced and hypocotyl and root growth of seedlings
were stunted and both organs were swollen. In
Lemna and cress, the symptoms resembled those
caused by mitotic disrupter herbicides. Accordingly,
in heterotrophic cell suspension cultures of Galium,
cell division growth ceased at 10uM (Fig 2). This
system offers an appropriate model system for cell
division growth in meristematic tissue, since growth is
governed in meristems and in cell suspension cultures
mainly by cell division activity and both cell species
generally possess chloroplasts only as proplastids.'®
The results suggested that CAl and CA2 act as cell
division inhibitors. Accordingly, in isolated mustard
shoots, which show only low growth activity during
incubation, no response to compound treatment was
observed (Fig 2). Overall, when compared with the
effects of mitotic disrupter herbicides such as the
dinitroaniline pendimethalin, CAl and CA2 induced
nearly the same type of physiological profile in the
bioassays, indicating a similar mode of action (Fig 2).

3.2 Cytochemical observations

Mitotic (microtubule) disrupter herbicides such as
pendimethalin affect cell division and expansion
processes in plant growth by inhibiting microtubule
formation. This includes preprophase, spindle and
phragmoplast microtubules in mitosis and cortical
microtubules in controlling growth direction and cell
wall formation.!®!® Microtubule disruption generates
a decrease in cell elongation and isodiametric cell
growth.'®1? The root tips and other structures that
are normally elongated swell into a characteristic club
shape.20-2!

The effects of CAl and CA2 on cell division
processes were studied in maize roots and compared
with those of pendimethalin. Seedlings were treated
hydroponically with 10 uM of compounds for 4 and
24 h. After 24h, CAl and CA2 caused club-shaped
swelling of meristematic root tips and reduced root
elongation similar to pendimethalin. Measured 3 mm
from the top of adventitious tips (n =4 to 8),
root diameters increased from 90.4 (£2.2) pm in
controls to 155.8 (+3.8) pm, 147.8 (£2.3) um and
162.7 (£4.7) pm after treatment with CAl, CA2 or
pendimethalin, respectively. The tips of primary and
adventitious roots were sampled and serial longitudinal
sections were processed for fluorescence microscopic
examination, In order to investigate compound effects
on mitosis and microtubules, nuclear DNA was
stained with Hoechst 33 342 and microtubule arrays
were visualized by means of fluorescence-labelled
monoclonal antibodies against tubulin subunits.
Microtubules are composed of polymers of the protein
tubulin which is a heterodimer of two polypeptide
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subunits, ¢- and f-tubulin (reviewed by Anthony and
Hussey?").

After treating seedlings with 10 uM CA1 or CA2, cell
division activity in the apical root meristem decreased
completely within 4h (Plate 1A). The chromosomes
proceeded to a condensed state of prometaphase,
but were unable to progress further in the mitotic
cycle (Plate 1A). Cells at metaphase, anaphase
and telophase were not found. After 24 h, nuclear
membranes reformed around the chromosomes which
resulted in strongly lobed nuclei and, occasionally,
in micronuclei distant from the main nucleus (not
shown). Qualitatively and quantitatively identical
effects were observed in pendimethalin-treated maize
root cells (Plate 1A).

As observed using monoclonal antibody against
polymerized g-tubulin, treatment with 10 uM of the
compounds for 4h affected all microtubule arrays
in meristematic maize root cells (Plate 1B). CAl
and CA2 caused a complete loss of preprophase
band and arrays of spindle and phragmoplast. Due
to the loss of spindle and kinetochore microtubules,
chromosomes cannot move to the poles of the cell
during mitosis.?! This results in mitotic root tip cells
which are completely arrested in late prometaphase.
Cortical microtubules were also absent and the cells
expanded isodiametrically (Plate 1B), which leads to
the phenomenon of root clubbing within 24 h. The
overall loss of microtubules induced by CAl and
CAZ2 was comparable to that elicited by pendimethalin
(Plate 1B).

A cocktail of two monoclonal antibodies against
polymerized and depolymerized «- and A-tubulin
subunits was used to evaluate additional effects of
the herbicides on the level of free tubulin in treated
maize root cells (Plate 1C). For the dinitroaniline
antimicrotubule herbicide oryzalin, inhibitory effects
on protein synthesis and tubulin degradation in
cultured rice cells have recently been reported.??
After 4h of weatment with 10uM CAl, CA2
or pendimethalin, a complete loss of microtubular
structures was observed in meristematic root tip cells
(Plate 1C). Concomitantly, in the cytoplasm, an
increase in labelling of free tubulin was observed,
compared to control cells (Plate 1C). This indicates
that the herbicides disrupted polymerization and
microtubule stability. In contrast, tubulin synthesis
or degradation which modulates the tubulin level in
cells was not affected. In accordance, when maize
root tips were treated with 10uM of the protein
synthesis inhibitor cycloheximide, a decline in both
microtubular structures and free tubulin labelling were
observed (not shown).

A phenomenon of root clubbing is also induced by
compounds which primarily inhibit cellulose biosyn-
thesis in cell wall formation.'®2? In this case, however,
treated root tissue additionally shows a glassy appear-
ance which is not caused by microtubule disrupter
herbicides including CAl, CA2 and pendimethalin,
To elucidate in more detail if CAl and CA2 act
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Plate 1. Effects of CA1, CA2 and pendimethalin on mitosis, the microtubule cytoskeleton and free tubulin in meristematic maize root cells.
Seedlings were treated hydroponically with 10 um of either herbicide for 4 h. Tips of primary and adventitious roots were sampled and serial
longitudinal sections were processed for fluorescence microscopic examination. (A) Hoechst 33 342 staining of mitotic structures. Control root tip
cells undergoing mitosis; metaphase and telophase stages are denoted by arrows. CA1-, CA2- or pendimethalin-treated cells in arrested
prometaphase (denoted by arrows). (B) Immunofluorescent staining of microtubules using monoclonal antibody against polymerized R-tubulin,
Control cells show cortical, spindle and phragmoplast microtubules (denoted by arows). CA1-, CA2-, or pendimethalin-treated cells show a
complete loss in cortical, preprophase band, spindle and phragmoplast microtubules. (C) Immunoflucrescent staining of microtubules and free
tubulin using a cocktail of two moneoclonal antibodies against polymerised and depolymerized o- and £-tubulin subunits. Control cells show cortical,
spindle and phragmoplast microtubules (denoted by arrows). In the cytoplasm, free tubulin labelling is low. CA1-, CA2-, or pendimethalin-treated
cells show a complete loss in preprophase band, spindle, phragmoplast and cortical microtubules. In contrast, in the cytoplasm, an increase in
fluorescence resulting from labelling of free tubulin is observed, compared with control cells (denoted by arrows). Bar = 10um.
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Control Pendimethalin

CA1 CA2

Plate 2. Effects of CA1, CA2 and pendimethalin on deposition of cellulose in cell walls of meristematic maize root cells. Seedlings were treated
hydropenically with 10 um compound for 24 h. Blue fluorescent staining of nuclear DNA was with Hoechst 33 342. Green fluorescent staining of
cellulose was obtained using an isolated cellulose-binding domain of a cellulase conjugated to Alexa Fluor 488. Control cells and herbicide-treated,
isodiametrically expanding cells showing similar cellulose labelling in parental walls. Bar = 20 um.
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as cellulose inhibitors, effects on cellulose deposition
in meristematic root tip cells of maize were investi-
gated (Plate 2). For cellulose localization in sections,
an isolated cellulose-binding domain from a bacterial
cellulase conjugated to a fluorescent dye was used.
To improve labelling, cellulose localization was car-
ried out after enzymatic digestion of hemicelluloses
and pectins. As shown in the micrographs of root
sections (Plate 2), treatment with 10umM CAl, CA2
or pendimethalin for 24h did not influence cellulose
labelling in cell walls, compared with controls. This
includes isodiametrically expanding root cells, which
represent an appropriate means of demonstrating rapid
effects on cellulose synthesis because de nove cellulose
synthesis is needed for this growth.'®?* The result
indicates that cellulose synthesis is not affected by the
compounds.

3.3 Experiments with microtubule GFP-labelled
and mutant plants

For in vivo analysis of compound effects on the micro-
tubular system, microtubule-targeted GFP-labelled
Arabidopsis plants were used. These plants express
constitutively a microtubule reporter gene which was
constructed by fusing the microtubule binding domain
of the mammalian microtubule-associated protein4
(MAP4) gene with the GFP gene.® This allows

0 min

Control

CA1

Pendi-
methalin

visualization of microtubule rearrangements in liv-
ing epidermal cells of hypocotyls using confocal
microscopy and time-course analysis of labelled corti-
cal arrays. When Arabidopsis seedlings were treated
with 10puM CAl or pendimethalin, labelled corti-
cal microtubules in epidermal cells collapsed within
160 min (Fig 3). The collapse was initially detectable
40 and 60 min after application of pendimethalin or
CAl, respectively (Fig 3). This indicates rapid micro-
tubule depolymerization caused by the compounds.
Together with the cytochemical observations, these
results suggest that the cyanoacrylates are micro-
tubule disrupter herbicides which affect processes of
microtubule polymerization and depolymerization by
a mechanism similar to that of dinitroanilines.

The molecular action of dinitroaniline-type her-
bicides has been investigated by means of a highly
dinitroaniline-resistant biotype of green foxtail (Setaria
viridis (L) Beauv)?* and goosegrass (Eleusine indica).?>
In various cropping systems, E indica is an important
weed which is effectively controlled by pre-emergence
application of dinitroaniline herbicides. However, fol-
lowing many years of herbicide use, resistant biotypes
of Eleusine have been identified. The molecular basis
of the resistance has been found to be a point mutation
in a-tubulin.?®?” Hence, for further characteriza-
tion of the antimicrotubule mechanism of CAl and

160 min

Figure 3. Effects of CA1 and pendimethalin on the arrangement of cortical microtubules in epidermal cells of hypocotyls in MAP4::GFP labelled
Arabidopsis observed by confocal laser scanning microscopy. Collapse of microtubules and concomitant appearance of white spots were initially
detectable at 40 and 60 min after application of pendimethalin or CA1, respectively (dencted by arrows). White spots are most likely a result of an
aggregation of MAP4::GFP fusion proteins to small microtubule segments. Seedlings were treated with 10 um of CA1 or pendimethalin in time-lapse

studies. Bar = 10um.
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Figure 4. Effects of CA1 and CA2 and pendimethalin on seed germination and seedling development of dinitroaniline-resistant and -susceptible
goosegrass (Eleusine indica). Seeds were treated with 5 um of either herbicide for 11 days. Bar = 20 mm.

CAZ2, this dinitroaniline-resistant biotype of Eleusine
was used to investigate whether the mutation also
confers resistance to the cyanoacrylates. As shown
in Fig 4, seed treatment with 5uM pendimethalin,
CA1l or CA2 only slightly influenced seed germi-
nation and seedling development of dinitroaniline-
resistant E indica. Fresh weight of seedlings (n = 24
per treatment) changed from 10.3 (+0.7) mg in con-
trols to 8.9 (£1.6) mg, 10.8 (£0.7) mg and 9.5
(£1.4) mg after application of pendimethalin, CA1l
and CAZ2, respectively. In contrast, seed germination
of dinitroaniline-susceptible E indica was completely
inhibited by 5 pM pendimethalin, CA1 or CA2 (Fig 4).
In addition, a biotype of green foxtail (S viridis) which
has been found to be resistant to the dinitroaniline
trifluralin®® showed cross-resistance to the cyanoacry-
lates (Marianne K Pedersen, Oskar Schmidt; personal
communication).

4 CONCLUSION

Mitotic (microtubule) disrupter herbicides belong
to the most successful herbicides used in agricul-
ture. Herbicides in this group include dinitroani-
lines, such as trifluralin and pendimethalin, phos-
phoric amides, and carbamates (see recent reviews
by Molin and Khan,?? and by Vaughn?®!). In addition
to their value as herbicides, dinitroaniline-type com-
pounds have been used as antimicrotubule agents for
studying microtubule-dependent processes in higher
plants. These compounds have been found to inter-
fere with microtubule assembly by forming a tubu-
lin—dinitroaniline complex that disrupts polymeriza-
tion and microtubule stability (reviewed by Anthony
and Hussey,?® Vaughn®'), Genetic data which impli-
cate tubulin as the principal site of action for these
herbicides came from studies in Chlamydomonas and
particularly by using highly dinitroaniline-resistant
biotypes of E indica and S wviridis.>*-?* In the latter case,
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a specific base change in the coding sequence of the
TUATI1 gene causes an amino acid substitution in the
a-tubulin.?-27-30 A threonine at position 239, which is
conserved in the deduced amino acid sequences of all
known «-tubulins, was substituted by an isoleucine.
This resulted in spatial reorganization of the e-tubulin
surface which prevents dinitroaniline binding.2%-27-30
In contrast, genes of S-tubulin appeared not to be
associated with dinitroaniline resistance in Eleusine.>!

Taken together, the physiological profile, the char-
acteristic club-shaped root tip swelling, the cyto-
chemical observations and the microtubule mutant
and GFP-labelled plant studies strongly indicate
that the cyanoacrylates induce disruption of mito-
sis through the same antimicrotubule mechanism as
dinitroaniline-type herbicides. This probably includes
interaction with the same binding site in plant «-
tubulin. In contrast, in mammalian Hela-cells, the
cyanoacrylates and pendimethalin do not affect mito-
sis and microtubule assembly (Stefan Tresch, Carola
Gunkel, Thorsten Jabs, Klaus Grossmann; unpub-
lished results). This suggests selectivity of the com-
pounds between plants and mammals in influencing
the microtubule system.
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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, 1195-

1203, Copyright (2008), with permission from John Wiley and sons.
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The herbicide flamprop-M-methyl
has a new antimicrotubule mechanism of
action

Stefan Tresch, Ricarda Niggeweg and Klaus Grossmann*
BASF Agricultural Centre Limburgerhof, D-67117 Limburgerhof, Germany

Wi i s butiness.
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Abstract

BACKGROUND: The herbicidal mode of action of flamprop-M-methyl [methyl N-benzoyl-N-(3-chloro-4-
fluorophenyl)-D-alaninate] was investigated.

RESULTS: For initial characterization, a series of bioassays was used, which indicated a mode of action similar
to that of mitotic disrupter herbicides. Cytochemical fluorescence studies, which included monoclonal antibodies
against polymerized tubulin, were applied to elucidate effects on mitosis and microtubule assembly in maize roots.
When seedlings were root treated with 50 uM of flamprop-M-methyl, cell division activity in meristematic root tip
cells ceased within 4 h. The compound severely disturbed the orientation of spindle and phragmoblast microtubules,
leading to defective spindle and phragmoblast structures. Cortical microtubules were only slightly affected. In
late anaphase and early telophase cells, phragmoblast microtubules were disorganized in multiple arrays that
hampered regular cell plate deposition in cytokinesis. Microtubules of the spindle apparatus were found attached
to chromosomal kinetochores, but did not show regular organization associated with a zone of microtubule-
organizing centres at the opposite ends of the cell. On account of this loss of spindle organization, chromosomes
remained in a condensed state of prometaphase or metaphase. Unlike known microtubule disrupter herbicides,
flamprop-M-methyl and its biologically active metabolite flamprop did not inhibit soybean tubulin polymerization
to microtubules in vitro at 50 uM. In contrast, soybean plants responded sensitively to the compounds.

CONCLUSION: The results indicate that flamprop-M-methyl is a mitotic disrupter herbicide with a new
antimicrotubule mechanism of action that affects orientation of spindle and phragmoblast microtubules, possibly
by minus-end microtubule disassembly.

® 2008 Society of Chemical Industry

Keywords: antimicrotubular herbicides; flamprop-M-methyl; cytochemical fluorescence; tubulin polymerization

1 INTRODUCTION

The herbicidal properties of the arylaminopropionic
acid derivatives flamprop-M-isopropyl and flamprop-
M-methyl were first reported by Jeffcoat and Harries
in 1975.!2 The compounds were commercially
introduced by Shell and American Cyanamid (now
BASF) preferentially for the selective, post-emergence
control of wild oats (Awvena spp.) and blackgrass
(Alopecurus myosuroides Huds.) in barley and wheat.!2
Herbicidal activity depends on hydrolytic conversion
of the esters within the plant to the corresponding acid
flamprop, which is the biologically active compound,
transported to meristems in sensitive plants.’? De-
esterification was also found to be the basis for
selectivity because this conversion occurs much more
slowly in wheat and barley than in wild oats.!?
Histological studies showed that flamprop-M-methyl
inhibited cell division and cell elongation in wild

mitochondria* and proton gradient development in
membrane vesicles from oat root,” showing a potential
to disrupt membrane function. However, the free
carboxylic acid flamprop was far less effective than
the esters,? indicating that disruption of membrane
function is not the primary mode of action in plants.

Therefore, the aim of this study was to analyse
the herbicidal mode of action of flamprop-M-methyl
in more detail. By virtue of symptomology of plant
damage exhibited by stunted shoot growth with inten-
sified chlorophyll pigmentation, followed by tissue
necrosis and histological studies,” it was hypothesized
that flamprop-M-methyl primarily affects mitosis and
cell expansion. This phenomenon might be achieved
directly via disruption of microtubule formation or ori-
entation, or indirectly via inhibition of very-long-chain
fatrty acid synthesis.

oats through a mode of action that has remained
unknown to this day.? Flamprop-M-isopropyl was
found to inhibit electron transfer in isolated rat liver

For initial characterization, an array of bioassays was
used in a physionomics approach for comprehensive
physiological profiling of lamprop-M-methyl effects.®

* Correspondence to: Klaus Grossmann, BASF Agricultural Centre, D-67117 Limburgerhof, Germany
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The response pattern was compared with profiles
of herbicides with known modes of action to
classify the biological activity. Since similarities to
mitotic (microtubule) disrupter herbicides such as
dinitroanilines were found, the effects of flamprop-M-
methyl on cell division processes were studied in maize
roots by means of immunocytochemical fluorescence
techniques, In addition, effects of flamprop-M-methyl
and flamprop on in vitre polymerization of plant
tubulin were investigated.

2 MATERIALS AND METHODS

2.1 Chemicals

Flamprop-M-methyl [methyl N-benzoyl-N-(3-chloro-
4-fluorophenyl)-D-alaninate] (see Fig. 1), flamprop
[N-benzoyl-N-(3-chloro-4-fluorophenyl)-DIL-alanine]
(see Fig. 1), pendimethalin [N-(1-ethylpropyl)-2,6-
dinitro-3,4-xylidene] (see Fig. 2), CA2 [isopropyl
(22)-3-amino-2-cyano-4-ethylhex-2-enoate] and
metazachlor [2-chloro-N-(pyrazol-1-ylmethyl)acet-2,
6'-xylidide] (see Fig. 2) were obtained from BASF SE,
Ludwigshafen, Germany.

2.2 Bioassays and assay of acetyl-CoA
carboxylase

The bioassays of the physionomics approach were car-
ried our as described elsewhere.® In the heterotrophic
cell suspension bioassay, freely suspended callus cells
from Zea mays L. (DSM Collection of Plant Cell

Cultures, Braunschweig, Germany) were cultivated in
a modified Murashige—Skoog medium as described
previously.® The cells were subcultured at 7 day inter-
vals. Acetone solutions of the compounds were pipet-
ted into plastic tubes, and the solvent was allowed to
evaporate before adding 2 mL of exponentially grow-
ing cell suspensions. The tubes (three replicates) were
shaken at 400rpm and 25°C in the dark on a rotary
shaker. After incubation for 8 days, the conductivity
of the medium was measured as the parameter for cell
division growth.®

For the algae bioassay, cells of Scenedesmus acu-
tus Pringsh (Culture Collection Gottingen, 276-3a,
Gottingen, Germany) were propagated photoauto-
trophically.® The bioassay was carried out in plastic
microtitre dishes containing 24 wells.® Before loading
each well with 0.5 mL cell suspension, 0.5 mL medium
and compound in acetone solution were added, allow-
ing sufficient time for the organic solvent to volatilize.
The 15 additional compartments between the wells
were filled with sodium carbonate/bicarbonate buffer.
The dishes were sealed with plastic lids and incubated
on a shaker under continuous light at 23°C. After
24 h, growth was measured photometrically.

For the Lemna bioassay, stock cultures of Lemna
paucicostata (L.) Hegelm (Collection Prof. R Kan-
deler, University of Vienna, Austria) were propagated
mixotrophically in an inorganic medium containing
sucrose.® The bioassay was conducted under asep-
tic conditions in plastic petri dishes (5 cm diameter)
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Figure 1. Effects of flamprop-M-methyl and flamprop in bioassays including maize and algal cell suspensions, duckweed, isolated mustard shoots,
germinating cress seeds, the Hill reaction of isolated wheat thylakoids, respiration by measuring oxygen consumption in heterotrophic Galium cell
suspensions, uncoupler activity in Lemna root mitochondria, carbon assimilation in Galium plants and toluidine-blue staining of cress hypocotyls on
inhibition of very-long-chain fatty acid (VLCFA) synthesis. SE of the mean in all cases was less than 10%. Symptoms observed: |, root growth

inhibition; M, necrosis; WR, intensified green leaf pigmentation.
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Mode of action of lamprop-M-methyl
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Figure 2. Effects of pendimethalin and metazachlor in bicassays including maize and algal cell suspensions, duckweed, isolated mustard shoots,
germinating cress seeds, the Hill reaction of isolated wheat thylakoids, respiration by measuring oxygen consumption in heterotrophic Galium cell
suspensions, uncoupler activity in Lemna root mitochondria, carbon assimilation in Galium plants and toluidine-blue staining of cress hypocotyls on
inhibition of very-long-chain fatty acid (VLCFA) synthesis. SE of the mean in all cases was less than 10%. Symptoms observed: C, chlorosis; |, root
growth inhibition; K, reduced seed germination; N, necrosis; V, root swelling; WR, intensified green leaf pigmentation.

which contained 15 mL medium without sucrose. The
test compounds were added to the dishes in ace-
tone solution, and the organic solvent was allowed to
volatize before loading them with four fronds each.
The culture dishes were then closed with plastic lids
and incubated under continuous light (Philips TL
white neon tubes, 40 umol m 25! photon irradiance,
400-750nm) in a growth chamber at 25°C. Eight
days after treatment, the increase in the area cov-
ered by the fronds in each dish was determined as
the growth parameter using an image analysing sys-
tem (LemnaTec Scanalyzer; LemnaTec, Wiirselen,
Germany).

For the isolated shoot bioassay, seedlings of mus-
tard (Sinapis alba 1..) were grown under standardized
greenhouse conditions. The shoots were removed,
weighted and placed upright in plastic vials (25 mm
diameter, 38 mm height; Greiner, Niirtingen, Ger-
many) which contained 12 mL double-distilled water
and the test compound added in acetone solution.®
To avoid evaporation, the vials were closed with
plastic covers with slits into which the shoots were
fitted (three shoots per vial). The vials were cultivated
in growth chambers with a 16:8 h light:dark pho-
toperiod at 21°C and 75% relative humidiry (light:
Osram krypton 100W lamps and Osram universal
white neon tubes, 200 pmolm™2s~! photon irradi-
ance, 400-750nm). After 3 days, changes in fresh
weight were measured by weighing the shoots and
subtracting the values from the initial weights.

Pest Manag Sci 64:1195-1203 (2008)
DOI: 10.1002/ps

To determine effects on the Hill reaction, thylakoids
were isolated from shoots of young plants of Triticum
aestivum L., and assay was performed as previously
described.® Isolated thylakoids were suspended in a
reaction medium (0.75mL) that contained sucrose
0.1 M, tricine-NaOH (pH 8.0) 50mM, magnesium
chloride 5 mM and chlorophyll 41 pg mL™!. The assay
mixture included thylakoid suspension (0.23mL),
test compound dissolved in acetone + water (80 + 20
by volume; 0.05mL) and ferricyanide (0.02mL).
During the subsequent illumination, ferrocyanide was
formed in the Hill reaction. Then, in darkness, the
ferrocyanide was allowed to react with ferric salt to
form the ferrous salt, which produced a complex
with phenanthroline. The complex was measured
photometrically at 510 nm.

For the germination bioassay, seeds of cress
(Lepidum sativum 1..) were placed in glass petri dishes
(5 cm in diameter) filled with a vermiculite substrate.
Stock solutions of the test compounds in acetone were
added together with 12 mL water.® Control seeds were
moistened only with water and acetone. The dishes
were incubated in a growth chamber at 25°C in the
dark for 3 days. Inhibition of germination and seedling
development was evaluated visually (0 = no influence,
100 = total inhibition). Afterwards, the dishes were
incubated for a further 3 days under light conditions
(16:8 h light:dark at 25 °C and 75% relative humidity,
230umolm 25! photon irradiance, 400-750nm),
and seedling development and plant symptoms were

1197
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evaluated. For visualization of cuticular defects as an
indication of compound-induced inhibition of very-
long-chain fatty acid (VLCFA) synthesis in cuticular
wax formation, seedling shoots were cut offand stained
with toluidine-blue for 5 min, as described by Tanaka
et al.” The epidermal surface of hypocotyl without
a functional cuticle is permeable to the hydrophilic
dye toluidine-blue, which leads to blue staining of
hypocotyl tissue.

To determine carbon dioxide uptake as a parameter
for carbon dioxide assimilation, plants of Galium
aparine L. that had been raised under controlled
conditions to the second whorl stage were cultivated
hydroponically in illuminated glass chambers (four
plants per chamber, three replications) which received
a constant stream of air.° After foliar treatment,
the amount of carbon dioxide assimilated per unit
time was determined continuously from the difference
between the carbon dioxide contents of the inflowing
and outflowing air streams.

For the determination of respiration, cell suspen-
sions of Galium mollugo L. (DSM Collection of Plant
Cell Cultures, Braunschweig, Germany) were treated
with compound in plastic vessels for 5 h in the dark on
a rotary shaker. Samples of 5mL cell suspension were
then transferred to plastic tubes for measurement of
oxygen consumption using the dissolved oxygen mea-
suring system inoLab Oxi Level 3 with the oxygen
sensor CellOx 325 (WTW, Weilheim, Germany).®

To determine the uncoupler activity of compounds,
Lemna plants were pretreated with the mitochon-
drial potential sensor dye JC-1 (10pugmL™" medium;
Molecular Probes Europe BV, Leiden, The Nether-
lands) for 30 min. JC-1 exhibits potential-dependent
accumulation in mitochondria, indicated by a fluores-
cence emission shift from green to red.® Mitochondrial
membrane depolarization is indicated by a decrease
in the red/green fluorescence intensity ratio. After
staining, Lemna plants were washed and loaded into
48-well plastic microtitre dishes, with each well con-
taining four fronds, 0.5 mL medium and compound
added in acetone solution. After treatment for 10 min,
Lemna plants were transferred to slides for fluores-
cence microscopic observation of root mitochondria
using an Olympus BX61 epifluorescence microscope
(Hamburg, Germany).

The results were expressed as percentage inhibition.
Mean values of three replicates are given as the per-
centage inhibition relative to the control. Individual
standard errors were less than 10%. All experiments
were repeated at least twice and proved to be repro-
ducible. The results of a representative experiment are
shown.

Determination  of  effects on  acetyl-CoA
carboxylase activity in vire was based on a
modified method described previously.® Coleoptiles
from Z. mays (200g frozen material) were
homogenized in 400mL of a medium containing
tris(hydroxymethyl)aminomethane (Tris)/HCI buffer
(pH 8.0) 100 mM, glycerol 200 mL L~', EDTA 2mM,
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sodium bicarbonate 15 mM, mercaptoethanol 14 mm
and phenylmethylsulfonylfluoride (PMSF) 0.4 mM.
The extract was filtered, incubated with Dowex for
15 min at 4°C and centrifuged. The ACCase activity
was collected by adding solid ammonium sulfate to
the supernatant up to a final concentration of 40%
saturation. After centrifugation, the pellet was used
for enzyme assays after desalting on a Sephadex G-
25 column. In the test assay, the reaction mixture
contained, in a total volume of 180uL, Tris/HCI
(pH 8.0) 100 mM, potassium chloride 50 mM, sodium
bicarbonate 15mM, magnesium chloride 2.5mM,
ATP 1mM, dithiothreitol (DTT) 1mM and up to
10 uLL protein extract. For inhibitor studies the enzyme
reaction was carried out in the presence of up to
250 uM flamprop-M-methyl or flamprop. The reaction
was started by addition of 0.62 mM acetyl-CoA and
stopped after 30 min incubation at 30°C by adding
perchloric acid. After removal of precipitated protein
by centrifugation, the supernatant was neutralized
by adding potassium hydroxide and analysed for
production of malonyl-CoA by HPLC on a SunFire
Cis 3.5um column (75 x 4.6 mm) (Waters, Eschborn,
Germany) using a linear gradient from 100% buffer
A (100mM KH;POQy, pH 5.0, 80mL L' methanol)
and 0% buffer B (100 mM KH,POy4, pH 5.0, 500 mL
L~! methanol) to 30% buffer A and 70% buffer B
in 13min. The column eluant was monitored with
a UV detector at 260nm. The reaction product
was identified by its chromatographic retention in
comparison with malonyl-CoA standard.

2.3 Cultivation of plants in hydroponics
Uniformly developed plants of maize (Zea mays cv.
Banguy, second leaf stage) and soybean [Glycine
max (L.) Merr. cv. Oxford, first leaf stage] were
transferred into 320mL glass vessels containing
310 mL of half-strength Linsmeier—Skoog medium®
and maintained at 16:8 h light (400pmolm™2s~!,
400-750nm):dark cycles, 22/20°C and 75% relative
humidity in climate chambers (three plants per
vessel, four replications in randomized position). The
solution was aerated throughout the experiments.
After 2days of adaptation, the compounds were
added to the medium in acetone solution (1 mL L™!
final concentration of acetone). Controls received
corresponding amounts of acetone alone, with no
adverse effect on the growth of the plants. After
incubation for 7 days, the fresh weights of root and
shoot parts per plant were determined (mean values
from 12 plant parts), and molar concentrations of
compound required for 50% reduction of plant part
(ICs0) were calculated.

24 Histochemical determinations

Histochemical studies were performed according
to Tresch eral.'® Uniformly germinated seedlings
of Z. mays cv. Amadeo with a root length of
3cm were transferred into 50ml glass vessels
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(one seedling per vessel, three replications) in half-
strength Linsmaier—Skoog!? nutrient solution (16:8 h
light:dark at 25°C/20°C and 75% relative humidiry,
250umolm~2s~! photon irradiance, 400-700nm;
fluorescent lamps, radium HRLV). After 4h of
adaptation, flamprop-M-methyl was added to the
medium in dimethyl sulfoxide (DMSO) solution
(1mL L' final concentration of DMSQ). Controls
received a corresponding quantity of DMSO alone,
with no adverse effect on seedling growth. After 4 or
24 h treatment, primary root tips of 5 mm length with
meristematic and elongation zones were harvested,
fixed in 37gL"! paraformaldehyde in phosphate-
buffered saline (PBS, pH 7.4), and embedded
in paraffin as described elsewhere.!! Longitudinal
sections of 7pm thickness were obtained with
a rotary microtome (Leica RM 2165; Bensheim,
Germany) and placed on Polysine™ slides (Menzel,
Braunschweig, Germany).

Microtubules or tubulin were labelled with mon-
oclonal antibodies against polymerized g-tubulin
(Sternberger Monoclonals, Lutherville, MD). The
primary antibodies were marked with fluorescent
Alexa 488-conjugated secondary antibody (Molecu-
lar Probes Europe BV, Leiden, The Netherlands), as
previously described.!? Firstly, root tips were fixed in
40gL™! paraformaldehyde in microtubule-stabilizing
buffer (MSTB, pH 6.9) which contained 60mMm
PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)],
25mM HEPES (N-2-hydroxyethylpiperazine-N"-2-
ethanesulfonic acid), 10mM EGTA [ethylenedioxy-
bis(ethylenenitrilo)tetraacetic acid] and 0.2gL™!
MgS0,.6H,0 for 14h. Root tips were then sub-
jected to a sequential series of sucrose infiltration,
which contained 120, 140 and 160gL™! sucrose in
MSTB buffer, for 1h each step. Afterwards, they
were frozen in liquid nitrogen. Longitudinal sections
of 15um thickness were obtained with a cryostat
(Frigocut-2800 E; Reichert-Jung, Leica, Bensheim,
Germany) and placed on Polysine™ slides. The slides
were incubated with DAKO antibody diluent (DAKO
Cytomation, Hamburg, Germany) for 20 min. Incu-
bation with tubulin antibodies and the secondary
antibodies was carried out for 30 min. The primary
and secondary antibodies were diluted with DAKO
antibody diluent to 1:200 and 1:100 respectively. The
labelled slides were mounted with ProLong Antifade
(Molecular Probes) for microscopic observation.

Nuclear DNA was stained with Hoechst 33342
(0.75ugmL™!) for 5min. Microscopic observation
was carried out using an Olympus BX61 epiflu-
orescence microscope (Hamburg, Germany) and a
confocal laser scanning microscope (Leica DMRXA
TCS SP2) equipped with UV and krypton—argon
laser.

2.5 Tubulin polymerization assay

Determination of compound effects on tubulin poly-
merization in vitro was studied using a microassay bio-
chemical kit with soybean tubulin from Cytoskeleton,
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Inc. (Denver, CO) according to the standard protocol
(tebu-bio, Offenbach, Germany). Soybean tubulin was
isolated from seedlings in greater than 90% purity. The
assay utilizes a fluorescent compound (DAPI) which
binds to formed microtubules with higher affinity than
tubulin.!? The result is a fluorescence signal that
closely follows microtubule formation. The microassay
was performed in 384-well plates (three replications)
at 25 °C, and fluorescence was measured continuously
at an excitation of 360 nm and an emission wavelength
of 405 nm using a temperature-controlled fluorescence
plate reader (SpectraFluor Plus; Tecan Deutschland
GmbH, Crailsheim, Germany).

3 RESULTS AND DISCUSSION
3.1 Physiological profiling using bioassays
In initial experiments, a set of bioassays was used
to characterize and classify the mode of action of
flamprop-M-methyl in a search for its biochemical tar-
get. These systems included heterotrophic maize (Zea
mays) and photoautotrophic green alga (Scenedesmus
acutus) cell suspensions, duckweed (Lemna pauci-
costata), isolated mustard (Sinapis alba) shoots and
germinating cress (Lepidum sativum) seeds. The test
panel was completed by assays for monitoring physio-
logical processes, including the Hill reaction of isolated
wheat thylakoids, respiration by measuring oxygen
consumption in heterotrophic cleaver cell suspensions,
membrane function/uncoupler activity determined in
Lemna root mitochondria using the potential sensor
JC-1, carbon gas-exchange measurements in cleaver
(Galium aparine) plants and toluidine-blue staining of
cress hypocotyls on inhibition of very-long-chain fatty
acid (VLCFA) synthesis. In the latter test, activity of
all known VLCFA synthesis inhibitors from chloroac-
etamide, oxyacetamide, phenylurea, benzofuran and
thiocarbamate types can be detected (not shown).
The response pattern represents a fingerprint of a
compound, which has proved to be typical of its mode
of action.® The results can be interpreted directly, or a
library of response patterns of compounds with known
modes of action can be screened for similarities to
provide some clues that can be used as an aid to direct
further investigations.®

The results showed that the inhibitory effects of
flamprop-M-methyl on growth are most likely not
triggered through an inhibition of photosynthesis
(Fig. 1). Even at the high concentration of 100 uM,
the compound had only a slight effect on the Hill
reaction, carbon assimilation and green algae growth.
Flamprop-M-methyl inhibited frond production and
growth of Lemna (Fig. 1), which was accompanied
with an intensified chlorophyll pigmentation, fol-
lowed by necrosis of the meristematic leaf area.
The compound also showed pre-emergence activity
on germinating seeds of cress in darkness (Fig. 1).
With increasing concentration, seed germination was
reduced and hypocotyl and root growth of seedlings
were stunted. In Lemna and cress, the symptoms
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resembled those caused by mitotic disrupter herbi-
cides. Accordingly, in heterotrophic cell suspension
cultures of maize, cell division growth ceased at 10 um
(Fig. 1). This system offers an appropriate model sys-
tem for cell division growth in meristematic tissue,
as growth is governed in meristems and in cell sus-
pension cultures mainly by cell division activity, and
both cell species generally possess chloroplasts only as
proplastids.® The results suggested that flamprop-M-
methyl acts as a cell division inhibitor. Accordingly, in
isolated mustard shoots, which show only low growth
activity during incubation, only a slight response to
compound treatment was observed (Fig. 1). The cor-
responding free acid, flamprop, induced similar effects,
but with more intensified necrosis on Lemna fronds
(Fig. 1). This additional necrosis can be explained
by an uncoupling of oxidative phosphorylation, most
likely due to a protonophore effect of the free acid
(Fig. 1).

Overall, when compared with the effects of
mitotic disrupter herbicides such as the dinitroaniline
pendimethalin, flamprop-M-methyl and flamprop
induced nearly the same type of physiological profile in
the bioassays, which indicates a similar mode of action
(Fig. 2). In contrast, a different type of physiological
profile in the various bioassays was obtained with
VLCFA synthesis inhibitors, such as metazachlor
(Fig. 2). Cell division growth in heterotrophic maize
cell suspensions and germinating seeds of cress were
only slightly affected, whereas toluidine-blue staining
of cress hypocotyls indicated inhibition of VLCFA
synthesis. In the case of flamprop-M-methyl and
flamprop, toluidine-blue staining of cress hypocotyls
was not observed (Fig. 1), even at a concentration
of 200uM (not shown). In addition, the profiles of
flamprop-M-methyl and flamprop did not resemble
those of acetyl-CoA carboxylase (ACCase) inhibitors
in early lipid biosynthesis.® Concomitantly, flamprop-
M-methyl and flamprop did not inhibit acetyl-CoA
carboxylase activity in virro at concentrations up to
250 uM (not shown). This suggests that the primary
mode of action of flamprop-M-methyl is most likely
not based on inhibition of fatty acid synthesis.

3.2 Cytochemical observations
Mirtotic (microtubule) disrupter herbicides, such as
pendimethalin, affect cell division and expansion
processes in plant growth by inhibiting microtubule
assembly, This includes preprophase, spindle and
phragmoplast microtubules in mitosis and cortical
microtubules in controlling growth direction and cell
wall formation, !4

The effects of flamprop-M-methyl on cell division
processes were studied in maize roots. Firstly, the
appropriate concentration for treatment was studied
in young plants of maize, which were tested for
their sensitivity towards increasing concentration of
flamprop-M-methyl or flamprop (5-100uM) applied
via the root hydroponically for 7days. The molar
concentrations of flamprop-M-methyl required for
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50% reduction of root and shoot fresh weight (ICsp
values) were 89 and 22uM respectively. Similar
sensitivity of maize was found with flamprop, with
ICsp values for reduction of root and shoot fresh
weight of 62 and 29 uM respectively.

Accordingly, maize seedlings were treated with
50 uM of flamprop-M-methyl for 4 and 24 h hydro-
ponically. The tips of primary and adventitious roots
were sampled, and serial longitudinal sections were
processed for fluorescence microscopic examination.
In order to investigate compound effects on mito-
sis and microtubules, nuclear DNA was stained with
Hoechst 33 342, and microtubule arrays were visu-
alized by means of fluorescence-labelled monoclonal
antibodies against tubulin subunits.

After treating seedlings with 50 uM flamprop-M-
methyl, cell division activity (mitosis and cytokinesis)
in the apical root meristem ceased within 4 h (Fig. 3A
and C). Treated cells were arrested in a condensed
state of prometaphase or metaphase, or chromosomes
were found disorganized (Fig. 3A and C). As observed
using monoclonal antibody against polymerized g-
tubulin, formation of spindle and phragmoplast
microtubule arrays in meristematic cells was largely
affected, whereas cortical microtubules were only
slightly hampered (Fig. 3B and D). Spindle and
phragmoblast microtubules present were not visibly
changed in their length, but were severely disturbed
in their orientation, leading to defective spindle
and phragmoblast structures (Fig. 3B and D). The
mitotic spindle was changed to a brush-like shape.
Microtubules of the spindle apparatus were found
attached to the chromosomes at their kinetochores,
but did not show, at their minus ends, organization
arising from, or in association with, microtubule-
organizing zones of spindle poles at the opposite ends
of the cell. The minus ends of spindle microtubules
appeared to be free and disassembled. On account
of this loss in organization of spindle microtubules,
chromosomes could not move to the poles of the cell
during mirtosis. This resulted in mirtotic root tip cells
that were unable to progress further in the mitotic cycle
because chromosomes remained in a condensed state
of prometaphase or metaphase (Fig. 3A and C). In
late anaphase and early telophase cells, phragmoblast
microtubules did not form a regular, plate-like and
uniform phragmoblast array that mediates cell plate
deposition. Phragmoblasts were found disorganized
and fragmented in multiple arrays in the cells, leading,
consequently, to irregular and abnormal cell plates
(Fig. 3B and D).

These effects are clearly different from those of
microtubule disrupter herbicides of cyanoacrylate or
dinitroaniline type, such as pendimethalin, These elicit
a complete loss of microtubular structures, including
cortical, preprophase, spindle and phragmoplast
microtubules, and lead to mitotic root tip cells which
are completely arrested in late prometaphase,'0-1314
In addition, the loss of cortical microtubules results
in irregular cell walls, which leads to isodiametric
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Figure 3. Effects of flamprop-M-methyl on mitosis and the microtubule cytoskeleton in meristematic maize root cells. Seedlings were treated with
50 um of compound for 4 h hydroponically. Tips of primary and adventitious roots were sampled, and serial longitudinal sections were processed for
fluorescence microscopic examination. A and C: Hoechst 33 342 staining of mitotic structures. Control root tip cells undergoing mitosis; metaphase
(*) and telophase stages (A) are shown. Flamprop-M-methyl-treated cells (C) are arrested in a condensed state of metaphase (*) or prometaphase,
or chromosomes were found disorganized (). B and D: Immunofluorescent staining of microtubules using monoclonal antibody against
polymerized g-tubulin (in red). Nuclear DNA was stained with Hoechst 33342 (in blue). Control cells (B) show cortical (arrow), spindle (*) and
phragmoplast microtubules (A). Flamprop-M-methyl-treated cells (D) show disorganized spindle in metaphase cells (*) and phragmoplast
microtubules in telophase cells (A). Microtubules of the spindle apparatus are attached to chromosomal kinetochores, but do not show an
organization in the direction of, or association with, microtubule-organizing zones at spindle poles (7). Phragmoblast microtubules do not form an
uniform phragmoblast array. Phragmoblasts are found fragmented in multiple arrays (A).

cell growth and the phenomenon of root clubbing.
This club-shaped swelling of root tips is typical of
microtubule disrupter herbicides. However, flamprop-
M-methyl did not induce isodiametric cell growth and
root clubbing (not shown).

After 24h teatment with flamprop-M-methyl,
nuclear membranes reformed around the chromo-
somes, which resulted mostly in more than three
micronuclei of different size and distance from the
main nucleus in the cells. These micronuclei were
often surrounded by a fuzzy band of microtubules.

3.3 Effects on tubulin polymerization in vitro

Microtubules are composed of polymers of the
protein tubulin, which is a heterodimer of two
polypeptide subunits, e- and f-tubulin. For analysis
of compound effects on tubulin polymerization to
microtubules @ virro, a microassay with purified
tubulin from soybean was available. To test the
usefulness of this assay specifically for analysis of
flamprop effects, sensitivity of soybean to flamprop-M-
methyl and flamprop was determined. Young plants of
soybean were treated with increasing concentrations of
flamprop-M-methyl or flamprop (5-300puM) applied
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via the root hydroponically for 7 days. As is typical
for mitotic disrupter herbicides,'* shoot and root
growth were stunted, accompanied with intensified
green pigmentation of shoots (not shown). The molar
concentrations of flamprop-M-methyl required for
50% reduction of root and shoot fresh weights (IC5,
values) were =5 and 31 uM respectively. In the case
of flamprop, ICsy values for reduction of root and
shoot fresh weight of 36 and 60 uM respectively were
determined. This indicates that soybean responds
sensitively to flamprop-M-methyl and flamprop, with
plant symptoms that suggest an antimicrotubule
mechanism of action also in this species. Hence,
soybean tubulin is useful for testing effects of flamprop
or flamprop-M-methyl directly on polymerization to
microtubules in vitro.

In the in vitro assay, the time course of the polymer-
ization process of soybean tubulin was traced by an
increasing fluorescence signal. This signal is generated
by binding of the fluorescent compound DAPI to tubu-
lin and microtubules with varying affinity.!? There is a
tenfold difference in the affinity of the fluorophore for
microtubules compared with tubulin. In accordance
with the reported mechanism,'*!* the dinitroaniline
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Figure 4. Effects of flamprop-M-methyl, flamprop, pendimethalin and CA2 on polymerization of soybean tubulin in vitro. The microassay was

performed in three replications of each treatment with compound at 50 pum.

pendimethalin completely inhibited in vitro polymer-
ization of soybean tubulin at 50uM (Fig. 4). In the
present test, the ICs, value of pendimethalin was 4 pm
(not shown). The drop in fluorescence over the first
period of incubation is due to aggregates of tubulin
that are dissociated by the drug interactions and hence
reduce the fluorescence (Cytoskeleton, Denver, CO).
Likewise, the cyanoacrylate herbicide CA2, which has
the same antimicrotubule mechanism of action as
dinitroanilines,'® completely blocked tubulin polymer-
ization (Fig. 4). In contrast, flamprop-M-methyl and
flamprop did not affect polymerization of plant tubulin
in vitro (Fig. 4). This is in accordance with the cyto-
chemical observations and indicates that flamprop-M-
methyl is a mitotic (microtubule) disrupter herbicide
that does not affect microtubule polymerization as
dinitroaniline- or cyanoacrylate-type compounds do.

4 CONCLUSION
Compounds with an antimicrotubule mechanism
of action belong to the most successful herbi-
cides used in agriculture. Herbicides in this group
include dinitroanilines, such as trifluralin, oryza-
lin and pendimethalin, phosphoric amides and
carbamates.!® 415 These compounds and the newly
discovered cyanoacrylates'® have been found to inter-
fere with microtubule assembly by forming a tubu-
lin—compound complex that disrupts polymerization
and microtubule stability,!*14

In contrast, flamprop-M-methyl and its biologically
active metabolite flamprop induced disruption of
mitosis and cytokinesis through a different mechanism
of action that is not based on direct interference
with the polymerization process of «- and f-
tubulin heterodimers in microtubule assembly. The
compound severely disturbed the orientation of
spindle and phragmoblast microtubules and caused
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defective spindle and phragmoblast structures in
mitotic cells. Phragmoblast was disorganized in
multiple arrays, which led to hampered cell plate
deposition for cell wall formation in cytokinesis.
Microtubules of the spindle apparatus were attached
to chromosomal kinetochores, but did not show an
organization in the direction of, or in association with,
microtubule-organizing zones at the spindle poles.
The minus ends of spindle microtubules appeared
to be disassembled and free. Consequently, the
compound might interfere at the minus end of spindle
and phragmoblast microtubules with organization
processes including microtubule nucleation or minus-
end release by breakage of existing microtubules.
Recent work has shown that, in the acentrosomal
nucleation and organization of microtubule arrays in
plants, both existing microtubules and the presence of
y-tubulin play a central role.!®

Taken together, the physiological profile, the cyto-
chemical observations and tubulin polymerization
studies revealed that flamprop-M-methyl is a mitotic
disrupter herbicide with a new antimicrotubule mech-
anism of action that particularly affects orientation of
microtubules in the formation of spindle and phrag-
moblast arrays in sensitive plants. In contrast, in
mammalian HeLa cells, flamprop-M-methyl and flam-
prop did not affect mitosis and microtubule assembly
at 100 pM (unpublished results). This suggests selec-
tivity of the compounds between plants and mammals
in influencing the microtubule system. In addition to
its value as a herbicide, flamprop-M-methyl can be
useful for studying the organization of spindle and
phragmoblast microtubules in basic reseach.
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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 tonl / 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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The mode of action of endothall, an herbicide which was reported to inhibit plant protein phosphatases 1
(PP1)and 2A (PP2A), was investigated. For initial characterization, a series of biassays was used for com-
prehensive physiological profiling of endothall effects which suggested a phytotoxic mode of action sim-
ilar to mitotic disrupter herbicides. Unlike known microtubule disrupters, endothall did not inhibit
soybean tubulin polymerization in vitro. As shown in meristematic corn root tips, endothall distorted
the orientation of cell division plane and microtubule spindle structures which led to cell cycle arrest
in prometaphase. In tobacco BY-2 cells, malformed spindles together with prometaphase arrest of nuclei
and abnormal perinuclear microtubule patterns were detected as early as 4 h of endothall treatment.
These effects were also observed after treatment with other protein phosphatase inhibitors, cantharidin
and okadaic acid, which phenocopied the mitotic changes described in tonneaul (tonl) and tonneau2
(ton2) Arabidopsis mutants. These mutants are defective in TONNEAU2 (TONZ) protein, a regulatory sub-
unit of PP2A, which governs cell division plane and microtubule orientation. Therefore, PP2ZAfTON2 phos-
phatase complex is suggested to be an in planta molecular target of endothall. However, in BY-2 cells,
additional effects of endothall, including inhibition of S-phase initiation and DNA synthesis, detected
by 5-ethynyl-2'-deoxyuridine (EdU) incorporation, and condensed nuclei arrested in late mitosis were
observed which were not reported in Arabidopsis tonl and ton2 mutants. This result indicates that two
additional checkpoints in cell cycle were blocked by endothall which are probably not associated with
TON2-pathway inhibition. Possibly, inhibition of PP1 andfor other PP2A protein phosphatases are
involved in the regulation of these cell cycle phenomena.

@ 2010 Elsevier Inc. All rights reserved.

1. Introduction

within mitosis | 3]. These effects of endothall, which included chro-
mosome loss during metaphase, the presence of few micronuclei

The herbicidal properties of endothall (7-oxabicyclo[2.2.1]hep-
tane-2,3-dicarboxylic acid) were first reported by Tischler et al.
in 1951 [1]. The compound was commercially introduced by Shar-
ples Chemical Corporation (now Cerexagri Inc.) for selective, post-
emergence control of several annual broadleaf and grass weeds in
sugar beets [2]. Additionally, it can be applied as a preharvest des-
iccant in potatoes, alfalfa and clover seed crops [2]. Endothall is
also used to control algae and several other aquatic weeds [2].

Early reports described cytological studies in cells of Pisum
sativum which show effects of endothall on chromosome distribution

Abbreviations: EdL, 5-ethynyl-2'-deoxyuridine; MI, mitotic index; MSTB, micro-
tubule stabilizing buffer; PI, proliferation index; PP1, protein phosphatase 1; PP2A,
protein phosphatase 2A; TBS, tris buffered saline.

# Corresponding author. Address: Speyerer Str. 2, D-67117 Limburgerhof,
Germany. Fax: +49 621 G027176.
E-mail address: stefan.tresch@basf.com (5. Tresch).
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structures, and the absence of prometaphase, could be distinguished
from other microtubule assembly inhibitors such as colchicine[3]. In
other plant systems, endothall, applied at high concentrations, was
found to increase leakage of electrolytes followed by tissue necrosis
which suggested membranes as an early site of endothall injury [4].
Interference with plant lipid biosynthesis [5] and RNA and protein
synthesis was also reported [6-8]. As a more specific effect,
endothall and the structurally related cantharidin have been shown
to inhibit mammalian protein phosphatase 1 (PP1) and protein
phosphatase 2A activity (PP2A) in vivo [9,10]. Cantharidin is known
as the toxic ingredient of a variety of blister beetles and was found to
bind to mammalian PP2A[9,11]. Moreover, Liet al. [11] and Ayaydin
et al. [12] have demonstrated that endothall and cantharidin also
inhibit plant PP1 and more sensitive PP2A activity in cultured alfalfa
cells and intact spinach leaves. In the latter tissue, inhibition of PP2A
activity was accompanied by decreased light-induced activation of
nitrate reductase [11]. However, the exact herbicidal mechanism
and mode of action of endothall is not yet clarified.



PUBLICATIONS

S. Tresch et al./ Pesticide Biochemistry and Physiology 99 (2011) 86-95

In order to study a possible causality between the known inhi-
bition of protein phosphatases and processes leading to plant dam-
age, we analyze the herbicidal mode of action of endothall in more
detail. For initial characterization, an array of bipassays was used in
a physionomics approach for comprehensive physiological profil-
ing of endothall effects [13]. Cantharidin and the mitotic disrupter
herbicide pendimethalin were included in this investigation. Since
similarities to pendimethalin and cantharidin were observed, the
effects of endothall on cell division processes were studied in corn
root tips and tobacco BY-2 suspension cells in comparison to can-
tharidin and the known protein phosphatase inhibitor okadaic
acid. Here, cytological and biochemical methods were used which
include immunocytochemical fluorescence techniques and in vitro
polymerization of plant tubulin. This is the first time detailed anal-
ysis of endothall effects has been done in plant tissue. The results
suggest that effects of endothall on microtubule cytoskeleton
arrangement and mitotic structures, possibly mediated by protein
phosphatase inhibition, mainly contribute to the herbicidal mode
of action.

2. Materials and methods
2.1. Chemicals

Endothall (7-oxabicyclo[2.2.1]heptane-2,3-dicarboxylic acid,
CAS No. 62059-43-2), cantharidin (2,3-dimethyl-7-oxabicyclo[2.2.1]
heptane-2,3-dicarboxylic anhydride, CAS No, 56-25-7) and okadaic
acid (CAS No. 78111-17-8) were obtained from Sigma-Aldrich,
Deisenhofen, Germany.

2.2, Bioassays

The bioassays of the physionomics approach were carried out as
described elsewhere [13]. In the heterotrophic cell suspension as-
say, freely suspended callus cells from Zea mays L. (DSM Collection
of Plant Cell Cultures, Braunschweig, Germany) were cultivated in
a modified Murashige-Skoog medium as described previously [13].
The cells were subcultured at 7-day intervals. Acetone solutions of
the compounds were pipetted into plastic tubes, and the solvent
was allowed to evaporate before adding 2 ml of exponentially
growing cell suspensions. The tubes (three replicates) were shaken
at 300 rpm and 25 °C in the dark on a rotary shaker. After incuba-
tion for 8 days, the conductivity of the medium was measured as
the parameter for cell division growth [13].

For the algae bioassay, cells of Scenedesmus obliquus Kiitzing
276-3a (Culture Collection Géttingen, Gottingen, Germany) were
propagated photoautotrophically [13]. The bioassay was carried
out in plastic microtitre dishes containing 24 wells. Before loading
each well with 0.5 ml cell suspension, 0.5 ml medium and com-
pound in acetone solution were added, allowing sufficient time for
the organic solvent to volatilize. The 15 additional compartments
between the wells were filled with sodium carbonate/bicarbonate
buffer. The dishes were sealed with plastic lids and incubated on a
shaker under continuous light with 60 pmol m~? s~ photon irradi-
anceat 23 °C. After 24 h, cell density was measured photometrically.

For the Lemna bioassay, stock cultures of Lemna paucicostata (L.)
Hegelm. (collection Prof. R Kandeler, University of Vienna, Austria)
were propagated mixotrophically in an inorganic medium contain-
ing sucrose [13]. The bioassay was conducted under aseptic condi-
tions in plastic petri dishes (5 cm diameter) which contained 15 ml
medium without sucrose. The test compounds were added to the
dishes in acetone solution, and the organic solvent was allowed
to volatize before loading them with four fronds each. The culture
dishes were then closed with plastic lids and incubated under con-
tinuous light (Philips TL white fluorescent tubes, 40 pmol m—2s~!

34

87

photon irradiance, 400-700 nm) in a growth chamber at 25 °C.
Eight days after treatment, the increase in the area covered by
the fronds in each dish was determined as the growth parameter
using an image analyzing system (LemnaTec Scanalyzer; Lemna-
Tec, Wiirselen, Germany).

For the isolated shoot bioassay, seedlings of mustard (Sinapis
alba L.) were grown under standardized greenhouse conditions.
The shoots were removed, weighted and placed upright in plastic
vials (25 mm diameter, 38 mm height; Greiner, Niirtingen,
Germany) which contained 12 ml double-distilled water and the
test compound added in acetone solution (1 ml 1-! final concentra-
tion of Aceton) [13]. To avoid evaporation, the vials were closed
with plastic covers with slits into which the shoots were fitted
(three shoots per vial). The vials were cultivated in growth
chambers with a 16:8 h light:dark photoperiod at 21 °C and 75%
relative humidity (light: Osram krypton 100 W lamps and Osram
universal white fluorescent tubes, 200 pmolm 2s~' photon
irradiance, 400-700 nm). After 3 days, changes in fresh weight
were measured by weighing the shoots and subtracting the values
from initial weights.

To determine effects on the Hill reaction, thylakoids were iso-
lated from shoots of young plants of Triticum aestivum L., and assay
was performed as previously described [13]. Isolated thylakoids
were suspended in a reaction medium (0.75 ml) that contained su-
crose 0.1 M, tricine-NaOH (pH 8.0) and 50 mM, magnesium chlo-
ride 5mM and chlorophyll 41 pgml~'. The assay mixture
included thylakoeid suspension (0.23 ml), test compound dissolved
in acetone + water (80 + 20 by volume; 0.05ml) and ferricyanide
(5mM; 0.02 ml). During the subsequent illumination for 4 min
with 1300 pmolm2s~' photon irradiance, ferrocyanide was
formed in the Hill reaction. Then, in the darkness, the ferrocyanide
was allowed to react with ferric salt to form the ferrous salt, which
produced a complex with phenanthroline. The complex was mea-
sured photometrically at 510 nm.

For the germination bioassay, seed of cress (Lepidum sativum L.)
were placed in glass petri dishes (5 cm in diameter) filled with ver-
miculite substrate. Stock solutions of the test compounds in ace-
tone were added together with 12ml water (1mll~" final
concentration of aceton) [13]. Control seeds were moistened only
with water and acetone. The dishes were incubated in a growth
chamber at 25 °C in the dark for 3 days. Inhibition of germination
and seedling development was evaluated visually (0 = no influence,
100 = total inhibition). Afterwards, the dishes were incubated for a
further 3 days under light conditions (16:8 h light:dark at 25 °C
and 75% relative humidity, 230 pmol m 251 photon irradiance,
400-700 nm), and seedling development and plant symptoms
were evaluated.

To determine carbon dioxide uptake as a parameter for carbon
dioxide assimilation, plants of Galium aparine L. that had been
raised under controlled conditions to the second whorl stage were
cultivated hydroponically in illuminated glass chambers (four
plants per chamber, three replications) which received a constant
stream of air [13] After foliar treatment with the compound, the
amount of carbon dioxide assimilated per unit time was deter-
mined continuously for 24 h from the difference between the car-
bon dioxide contents of the inflowing and outflowing air streams.

For the determination of respiration, 18 ml cell suspensions of
Galium mollugo L. (DSM Collection of Plant Cell Cultures, Braun-
schweig, Germany) were treated with compound in plastic vessels
for 5 h in the dark on a rotary shaker (1 ml1" final concentration
of aceton). Samples of 5 ml cell suspension were then transferred
to plastic tubes for measurement of oxygen consumption using
the dissolved oxygen measuring system inolLab Oxi Level 3 with
the oxygen sensor CellOx 325 (WTW, Weilheim, Germany). Respi-
ration inhibition was measured as oxygen consumption in pll-'
per min in comparison to control. [13].
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To determine the uncoupler activity of compounds, Lemna
plants were pretreated with the mitochondrial potential sensor
dye JC-1 (10 pg m1™! in nutrient solution; Invitrogen Ltd., Paisley,
United Kingdom) for 30 min. JC-1 exhibits potential-dependent
accumulation in mitochondria, indicated by a fluorescence emission
shift from green to red [13]. Mitochondrial membrane depolariza-
tion is indicated by a decrease in the red/green fluorescence inten-
sity ratio. After staining, Lemna plants were washed and loaded
into 48 well plastic microtitre dishes, with each well containing four
fronds, 0.5 ml medium and compound added in acetone solution
(1mll-" final concentration of aceton). After treatment for
90 min, Lemna plants were transferred to slides for fluorescence
microscopic observation of root mitochondria using an Olympus
BX61 epifluorescence microscope (Hamburg, Germany).

The results were expressed as percentage inhibition. Mean val-
ues of three replicates are given as the percentage inhibition rela-
tive to control. Individual standard errors were less than 10%. All
experiments were repeated at least twice and proved to be repro-
ducible. The results of representative experiments are shown,

2.3. Histochemical determinations

Histochemical studies were performed according to [14]. Uni-
formly germinated seedlings of Z mays cv. Amadeo with a root
length of 3 cm were transferred into 50 ml glass vessels (one seed-
ling per vessel, three replications) in half strength Linsmaier-Skoog
[15] nutrient solution (16:8 h light:dark at 25 °C and 75% relative
humidity, 250 pmol m2s! photon irradiance, 400-700 nm; fluo-
rescent lamps, radium HRLV). After 4 h of adaption compound was
added to the medium in dimethyl sulfoxide (DMSO) solution
(1 ml 1" final concentration of DMSO). Controls received a corre-
sponding quantity of DMSO alone, with no adverse effect on seed-
ling growth.

After 4 or 24 h treatment, primary root tips of 5 mm length with
meristematic and elongation zones were harvested, fixed in
37 g1 ! paraformaldehyde in phosphate buffered saline (PBS, pH
74), and embedded in paraffin as described elsewhere [16]. For
observation of nuclear DNA longitudinal sections of 7 pum thickness
were obtained with a rotary microtome (Leica RM 2165; Leica,
Wetzlar, Germany) and placed on Polysine™ slides (Menzel,
Braunschweig, Germany). After deparaffinazing according to stan-
dard methods [16], nuclear DNA was stained with Hoechst 33342
{0.75 pgml~' in phosphate buffered saline, pH 7.5; Invitrogen
Ltd.) for 5 min. To avoid fast fluorescence quenching, the stained
slides were mounted with ProLong™ Antifade (Invitrogen Ltd.).

Microtubules or tubulin were labeled with monoclonal antibod-
ies against polymerized p-tubulin (Sternberger Monoclonals,
Lutherville, MD, USA). The primary antibodies were marked with
fluorescent Alexa Fluor” 488-conjugated secondary antibodies
(Invitrogen), as previously described [14]. Firstly, root tips were
fixed in 40 g | ' paraformaldehyde in microtubule-stabilizing buffer
(MSTB, pH 6.9) which contained 60 mM PIPES (piperazine-N,
N'-bis(2-ethanesulfonic acid)), 25 mM HEPES (N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid), 10 mM EGTA (ethylenedi-
oxy-bis(ethylenenitrilo)tetraacetic acid) and 0.2 g1-' MgS0,-6H,0
for 14 h. Root tips were than subjected to a sequential series of
sucrose infiltration, which contained 120, 140 and 160 g 1-! sucrose
in MSTB buffer, for 1 h each step. Afterwards, they were frozen in
liquid nitrogen. Longitudinal sections of 15 pm thickness were ob-
tained with a cryostat (Frigocut-2800 E; Reichert-Jung, Leica) and
placed on Polysine™ slides. The slides were incubated with DAKO
antibody diluent (DAKO GmbH, Hamburg, Germany) for 20 min to
block unspecific binding sites. Incubation with tubulin antibodies
and secondary antibodies was carried out for 30 min. The primary
and secondary antibodies were diluted with DAKO antibody diluent
to 1:200 and 1:100, respectively. After staining of nuclear DNA with
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Hoechst 33342 (0.75 pg ml~" in phosphate buffered saline, pH 7.5)
for 5 min, labeled slides were mounted with ProLong” Antifade
(Invitrogen) for microscopic observation.

Microscopic observations were carried out using an Olympus
BX61 epifluorescence microscope with standard bandpass filter
sets (Hamburg, Germany) and a confocal laser scanning micro-
scope (Leica DMRXA TCS SP2) equipped with UV and krypton-
argon laser.

2.4. Cytological investigations of BY-2 cells

For determination of distribution of mitotic phases, visualiza-
tion of S-phase activity and observation of microtubules in cell cul-
ture, freely suspended cells of Nicotiana tabacum L., BY-2 cultures
[17] were used. The cells were subcultured in Linsmaier and Skoog
nutrient solution (including 3% sucrose, wfv, 1 uM 2 4-dichloro-
phenoxyacetic acid; [15]) at 7-day intervals and agitated on a ro-
tary shaker at 115rpm at 25°C in the dark. For compound
treatment 2 pl DMSO solutions were pipetted into plastic tubes be-
fore adding 2 ml of 3-day old cell suspensions. Control samples
where treated with 2 pl DMSO alone. The tubes were shaken at
300 rpm and 25 °C in the dark on a rotary shaker. After incubation
for 4 and 24 h, cells were fixed and stained with a modified method
described by [18]. The cells were sedimented for 5 min and super-
natant nutrient solution was discarded. Subsequently, 1 ml fixative
solution (3.7% paraformaldehyd in MSTB) was applied to cells for at
least 15 min at 4°C. Afterwards cells were washed with 1 ml
0.05 mM tris buffered saline (TBS, pH 7.6) at 4 °C for 5 min and
1 ml acetone + methanol (1 +1 by volume) solution was added at
—20°C for 15 min. Next to a washing step with TBS, the cell wall
was digested for better antibody penetration with 0.5 ml enzyme
solution in TBS (5 U ml~" cellulase Onozuka R-10, w/v, SERVA Elec-
trophoresis, Heidelberg, Germany and 0.05% pectolyase, v/v; Sig-
ma-Aldrich; in TBS) for 15 min. Then, cells were treated for
5 min with 0.5 ml TBS containing 0.05% detergent Tween 20 and
subsequently 0.5ml DAKO antibody diluent for additional
20 min. For staining, cells were treated with 0.3 ml anti-f-tubulin
antibody (Clone TUB 2.1; Sigma-Aldrich) solution as 1:100 dilution
in DAKO antibody diluent (DAKO GmbH) for 25 min. After washing
with TBS containing 0.05% Tween 20 for 5 min, cells were treated
for 30 min with secondary antibody labeled with Alexa Fluor™
488 (Invitrogen). Subsequently, nuclear DNA was stained with
Hoechst 33342 (10 pg ml~" in 0,05 M TBS) for 10 min. All proce-
dures after acetone + methanol treatment were done at room tem-
perature. Labeled cells were pipetted on glass slides and mounted
with ProLong® antifade (Invitrogen) prior to microscopic observa-
tion on Olympus BX61 microscope (Hamburg, Germany).

Effects on DNA synthesis in S-phase of proliferating BY-2 cells
was studied using Click-iT* technology (Invitrogen) in combina-
tion with the nucleoside analog 5-ethynyl-2'-deoxyuridine (EdU,
Invitrogen) as described by [19,20]. EdU is a nucleoside analog of
thymidine and is incorporated into DNA during active DNA synthe-
sis. Detection of EdU, which contains an alkyne group, was done
with reactive Alexa Fluor® 488 dye which contained an azide
group. Based on the principle of click chemistry, reactive Alexa
488 dye was used to detect incorporated EdU in proliferated nuclei.
EdU (10 pM) was applied simultaneously to compound treatment
for 4 and 24 h as described above. Control samples were treated
with EdU, compound or solvent alone. After treatment, harvested
cells were fixed as described above. After acetone + methanol
treatment, cells were washed with phosphate buffer and EdU
staining was performed according to standard protocol of Click-
iT" EdU Imaging Kit (Invitrogen) as described by supplier. Total
nuclear DNA was stained with Hoechst 33342 as described. Subse-
quently, cells were mounted on glass slide with ProLong® antifade
and observed under epifluorescence microscope BX61 (Olympus).
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Mitotic index (MI) was calculated as percent of cells in mitosis
related to total counted cells. For classification of the mitotic
phases, Hoechst 33342 stained nuclei were assigned by micro-
scopic observation to interphase or a distinct mitotic phase. In
addition, abnormal nuclei in cells were classified as prometaphase
arrested, condensed, relaxed or multinuclear. Detection of DNA
synthesis in S5-phase of proliferating cells was carried out in a par-
allel experiment. Proliferation index (PI) was calculated as percent
of cells showing nuclear DNA synthesis by EdU coupled Alexa
Fluor® 488 fluorescence related to total counted cells. In each
study, at least 500 cells were counted in two replicate samples.
All experiments were replicated at least twice and proved to be
reproducible.

2.5. Tubulin polymerization assay

Determination of compound effects on tubulin polymerization
in vitro was studied using a microassay biochemical kit from Cyto-
skeleton Inc. (Denver, CO, USA) with soybean tubulin according to
the standard protocol (Tebu-Bio, Offenbach, Germany) as described
[21]. Soybean tubulin was isolated from seedlings in greater than
90% purity. The assay utilizes 4',6-diamidino-2-phenylindole
(DAPI) as fluorescent compound which binds to formed microtu-
bules with higher affinity than tubulin heterodimers [22]. The re-
sult is a fluorescence signal that closely follows microtubule
formation. The microassay was performed in 384-well plates (three
replications) at 25 °C, and fluorescence was measured every 30s
during a time of 60 min at an excitation of 360 nm and an emission
wavelength of 405 nm using a temperature-controlled fluorescence
plate reader (SpectraFluor Plus; Tecan Deutschland GmbH, Crails-
heim, Germany) The extent of polymerization in each assay was
measured as mean of arbitrary fluorescence units during plateau
phase of polymerization (range from 34 to 60 min of incubation).
Inhibition of tubulin polymerization by compound treatment was
expressed in percentage related to maximum polymerization of
control assays.
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3. Results
3.1. Physiological profiling using bioassays

In initial experiments, a set of established bicassays were used
to characterize and classify the mode of action of endothall in the
search for its inhibitory process leading to plant damage. These
systems included heterotrophic corn (Z. mays) and photoauto-
trophic green alga (S. obliquus) cell suspensions, duckweed
(L. paucicostata), isolated mustard (S. alba) shoots and germinating
cress (L. sativum) seeds. The test panel was completed by assays for
monitoring physiological processes, including the Hill reaction of
isolated wheat thylakoids, respiration by measuring oxygen con-
sumption in heterotrophic G. aparine cell suspensions, membrane
function and uncoupler activity determined in Lemna root mito-
chondria using the potential sensor JC-1, carbon gas-exchange
measurements in cleaver (G. aparine) plants. The response pattern
represents a fingerprint of a phytotoxic compound, which has
proved to be typical of its mode of action [13].

The response pattern of endothall (Fig. 1) shows strong inhibitory
effects in bioassays with growth governed by high cell division activ-
ity including heterotrophic cell suspensions, Lemna and germinating
seeds of cress. In the latter bioassay, in darkness, hypocotyl and root
growth of cress seedlings were stunted and roots were swollen. In
light, growth inhibition of cress seedlings, Lemna and isolated mus-
tard shoots were accompanied by necrosis of shoot tissue. Light-
dependent photosynthetic Hill reaction, carbon assimilation and
green algae growth were less affected. Moderate effects were found
on mitochondrial membrane potential (uncoupler activity) in all
concentrations tested. No effects were observed on respiratory
activity as measured through oxygen consumption in heterotrophic
cell suspension. In summary, typical plant symptoms elicited by
endothall were growth inhibition and swelling of roots on the one
hand and tissue desiccation and necrosis on the other (Fig. 1).

The response pattern of cantharidin (Fig. 1) and pendimethalin
(Fig. 1) in the bioassays were quite similar to endothall (Fig. 1).
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Fig. 1. Effects of endothall, cantharidin and pendimethalin in bioassays including corn and algal cell suspensions, duckweed, isolated mustard shoots, germinating cress
seeds, the Hill reaction of isolated wheat thylakoids, respiration by measuring oxygen consumption in heterotrophic Galium cell suspensions, uncoupler activity in Lemna root
mitochondria and carbon assimilation in Galium plants. SE of the mean in all cases was less than 10%, Symptoms observed: A, desiccation; I, root growth inhibition; K, reduced
seed germination; N, necrosis; V, root swelling; WR, intensified green leaf pigmentation.
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Particularly, root growth inhibition and swelling of root tips in
dark-grown cress seedlings were typical of all compounds tested.
However, the overall activity of cantharidin was higher than that
of endothall. Here, cantharidin clearly shows higher activity in
the algae bioassay than endothall. Different to endothall and can-
tharidin, the mitotic disrupter herbicide pendimethalin showed
necrosis only at the meristematic leaf area in Lemna. In addition,
slight uncoupler activity of pendimethalin was only observed at
100 pM.

3.2. Effects on tubulin polymerization in vitro

Induced root swelling into a club shape which was caused by
endothall and cantharidin (Fig. 1) is very characteristic for mitotic
disrupter herbicides such as pendimethalin, cyanoacrylates or
flamprop-m-methyl [14,21,23]. Therefore, the effect of endothall
on tubulin polymerization to microtubules in vitro was measured
with purified tubulin from soybean (Table 1). It was shown for
pendimethalin that tubulin polymerization was completely
blocked at 50 uM and 10 pM. At 3 uM, pendimethalin inhibited
polymerization by 48%, in comparison to control. In contrast, the
in vitro polymerization of plant tubulin by endothall was minimal.
At the highest concentration of 50 pM which could be tested in the
assay, only 12% inhibition was measured.

3.3. Endothall influences cell division plane and mitotic spindle
formation in tissue of corn root tips

To study effects on cell division processes in vivo, the effect of
endothall on mitosis and microtubule cytoskeleton in meriste-
matic tissue of corn root tips was analyzed (Fig. 2). Corn seedlings
were treated hydroponically with 10 and 100 pM endothall for 4
and 24 h, respectively. The tips of primary and adventitious roots
were sampled, and serial longitudinal sections were processed
for microscopic examination. In order to investigate compound ef-
fects on mitosis and microtubules, nuclear DNA was stained with
Hoechst 33342, and microtubule arrays were visualized by means
of fluorescence-labeled monoclonal antibodies against p-tubulin.

After treatment with 10 pM endothall, cells with metaphase
and prometaphase stages accumulated within 4 h (Fig. 2B), in com-
parison to control (Fig. 2A). As illustrated in Fig. 2B by arrows,
endothall caused a change in the orientation of mitotic metaphase
chromosomes. Most of the chromosomal metaphase plates showed
adiagonal orientation and were not aligned transversally as in con-
trol tissue (Fig. 2A). Therefore, the cell division plane in endothall-
treated tissue was disoriented. Prometaphase stages were also
detected after endothall treatment (Fig. 2B, indicated by star).
However, anaphase and telophase were not found which indicates
cell cycle arrest in a condensed state of metaphase or prometa-
phase. Concomitantly, formation and orientation of spindle

Table 1

Effect of endothall and pendimethalin on in vitre polymerization of soybean tubulin.
The microassay was performed in three replications of each treatment. Inhibition of
tubulin polymerization by compound treatment was expressed in percentage related
to maximum polymerization in control assays.

Compound (M) Inhibition of tubulin
polymerization compared
to control (%)

Endothall 50 12

10 0

3 ]
Pendimethalin 50 100

10 100

3 48
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microtubule arrays were largely affected (Fig. 2D and E). Phragmo-
plast microtubule arrays were observed only scarcely and cortical
microtubules decreased after 4 h of endothall treatment, depen-
dent on concentration (Fig, 2D and E). Spindle microtubules were
severely disorganized and unevenly oriented. Treatment with high
endothall concentration (100 uM) led to a more condensed micro-
tubule spindle array with shortened microtubule bundles, com-
pared to control (Fig. 2E). Spindle microtubule length at 10 uM
endothall treatment was not visibly changed (Fig. 2D). At both con-
centrations, the majority of microtubule spindle arrays were diag-
onally oriented and not longitudinally as in untreated cells. The
arrays were unevenly arranged and apparent microtubule spindle
poles showed malformations including condensed and twisted
structure or widespread and disorganized appearance (Fig. 2D
and E).

3.4. Endothall influences mitotic spindle organization, causes unusual
prometaphase arrest and reduces proliferation in BY-2 cells

To elucidate effects on mitosis and microtubule cytoskeleton in
more detail, endothall was investigated in comparison to the struc-
turally related cantharidin and the known phosphatase inhibitor
okadaic acid [24] in tobacco BY-2 suspension cells, a powerful sys-
tem to analyze cell cycle processes [17].

Staining of microtubules in endothall-treated BY-2 cells with
monoclonal antibodies against p-tubulin (Fig. 3) showed compara-
ble effects on spindle microtubules as observed in tissue of corn
root tips (Fig. 2). Most of the spindle structures observed in endot-
hall-treated BY-2 cells were unequally oriented and showed disori-
ented and multipolar spindles (Fig. 3B and |), compared to control
(Fig. 3A and 1). After only 4 h of treatment, microtubule spindle
were asymmetrically dispersed and no longer oriented towards
one spindle pole (Fig. 3B). In contrast to endothall, cells treated
with cantharidin or okadaic acid showed strong accumulation of
perinuclear microtubules (Fig. 3C and D). Abnormal mitotic spindle
structures, similar to that observed in endothall-treated cells
(Fig. 3B and ]), could be found rarely in cantharidin (Fig. 3C and
K) or okadaic acid (Fig. 3D and L) treated cells after 4 h (Fig. 3C
and D) and 24 h (Fig. 3K and L).

In endothall-treated cells, malformed spindles ultimately led to
disturbed chromosome arrangements which showed accumulation
of prometaphase nuclei in mitosis as early as 4 h after treatment
(Fig. 3F and N). Disturbed chromosome arrangement between pro-
phase and metaphase is the dominant visual effect of endothall
within 4 h of treatment (Fig. 4). The structure of arrested promet-
aphase were similar to abnormal, arched metaphases with single
chromosomes outside the metaphase plane (Fig. 3F). This phenom-
enon is different to prometaphase arrest elicited by other mitotic
disrupter herbicides, such as pendimethalin (Fig. 4) or cyanoacry-
lates (not shown), which induce prometaphase arrest by microtu-
bule assembly inhibition and disrupting microtubule stability
[14,25] Similar to endothall effects on mitotic nuclei, cantharidin
and okadaic acid caused accumulation of prometaphase nuclei
(Fig. 4). Additionally, strongly condensed nuclei, characterized by
their compact and homogenous Hoechst 33342 stain, were ob-
served particularly after treatment with the protein phosphatase
inhibitors okadaic acid, cantharidin and endothall but not after
treatment with the microtubule assembly inhibitor pendimethalin
(Fig. 4). Strongest accumulations of condensed nuclei were elicited
by okadaic acid and cantharidin treatment (Figs. 3G and H, 4 and
5). Both compounds also caused strong accumulations of nuclei
with relaxed DNA structures (Figs. 3G, H and 5), whereas endot-
hall was less effective (Fig. 5). In contrast, pendimethalin showed
only accumulated prometaphase nuclei and cells with multinuclei,
whereas cells with condensed nuclei or relaxed nuclei did not
occur (Fig. 5).
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Fig. 2. Effects of endothall on orientation of division plane, mitosis and microtubule cytoskeleton in meristematic corn root cells. Seedlings were treated with 10 and 100 pM
endothall for 4 h hydroponically. Tips of primary and adventitious roots were sampled, and serial longitudinal sections were processed for microscopic observation. (A)
Control root tips and (B) 10 pM endothall treatment: Hoechst 33342 staining of mitotic structures. The orientation of the cell rows in the images is exactly longitudinal. The
lower part of the images corresponds to the apical part of the root. Transversal (A) or diagonal (B) orientation of the division plane is denoted by arrow direction. Control cells
(A) undergoing mitosis; metaphase and telophase stages (arrows) are shown. Endothall treated cells (B) showing disoriented metaphase stages (arrows) and malformed
prometaphase stages (star). (C) Control cells, (D) 10 uM endothall, (E) 100 uM endothall treated cells: immunofluorescent staining of microtubules using monoclonal
antibody against tubulin (red). Nuclear DNA was stained with Hoechst 33342 (blue). Control cells (C) show cortical [arrow), spindle (arrowhead) and phragmoplast
microtubules (star). Endothall treated cells (10 uM}) (D) show disorganized, uneven spindle (arrowhead) with spread microtubule spindle pole zone (star) and reduced cortical
microtubules (arrow). Endothall treated cells (100 uM) (E) show accumulation of disorganized microtubule spindle and twisted or uneven spindle apparatus (arrowhead).

Bar: 50 pm (A and B); 10 um (C and D and E).

To determine if either the cells enter the S-phase or the cell
cycle was blocked at G1/S transition by the compounds, cell prolif-
eration rate was analyzed. DNA synthesis in proliferating cells was
detected using a method based on the incorporation of the artificial
nucleotide 5-ethynyl-2'-deoxyuridine (EdU) and its subsequent
detection by a fluorescent azide, as described by [19]. BY-2 cells
undergoing S-phase incorporate EdU into DNA during replication
which results in a fluorescent signal after staining procedure
(Fig. 3M-P). Proliferation index (PI) was determined as percent of
fluorescent cells to total counted cells. As shown in Table 2, endot-
hall decreased Pl moderately after 4 h and strongly after 24 h of
treatment in a dose dependent manner, respectively. Compared
to endothall, cantharidin and okadaic acid caused a strong decrease
of Pl even at lower compound concentrations. No effect was ob-
served by pendimethalin. A more detailed analysis of mitotic
DNA stages after cantharidin and okadaic acid treatment revealed
condensed nuclei which did not show DNA synthesis during 24 h
of treatment (Fig. 30 and P). This effect was similar in endothall-
treated cells. But different to cantharidin and okadaic acid,
endothall additionally induced prometaphase nuclei which
showed fluorescent staining for S-phase transition. Consequently,
these cells were still able to enter G2/M transition during time of
treatment (Fig. 3N). Accumulation of condensed nuclei without
DNA synthesis in cantharidin, okadaic acid and endothall-treated
cells clearly shows that nuclei, classified as condensed nuclei, did
not undergo S-phase,

Shown as percent of affected nuclei in cell cycle to total counted
cells (Fig. 5), the overall effect of endothall at 100 uM (15%) is
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lower compared to 10 pM cantharidin (34%), 10 pM okadaic acid
(19%) or 10 pM of the microtubule assembly inhibitor pendimeth-
alin (59%) after 24 h of treatment. Mitotic index (MI) as percent of
cells in mitosis to total counted cells (Table 2) was only slightly
changed 4 h after treatment with endothall, cantharidin and oka-
daic acid. In contrast, 10 pM pendimethalin increased MI from
nearly 10% in control to 18% in treated cells (Table 2). After 24 h
of treatment, endothall, cantharidin and okadaic acid mostly de-
creased MI, whereas pendimethalin showed an increase in Ml from
nearly 15% in control to 23% in treated cells (Table 2).

4. Discussion

The herbicide endothall was presented for the first time in 1951
[1]. However in spite of extensive research, the herbicide mode of
action has not been clarified. The molecular interactions of endot-
hall and the structurally related cantharidin with serine/threonine-
specific plant protein phosphatases PP1 and PP2A have been
shown and related to inhibitory effects on nitrate assimilation
[11] and cell cycle processes [3,12].

To characterize the mode of action of endothall and the inhibi-
tory process leading to plant damage, we used a set of bioassays for
comprehensive physiological profiling of endothall and cantharidin
effects. The results can be interpreted directly, or a library of re-
sponse patterns of compounds with known modes of action can
be screened for similarities to provide some clues that can be used
as an aid to direct further investigations [13]. The overall response
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4h 24 h

Fig. 3. Effects of endothall, cantharidin and okadaic acid on microtubule cytoskeleton and mitosis of tobacco BY-2 suspension cells. Exponentially growing BY-2 cells were
treated with 10 pM compounds for 4 and 24 h and processed for fluorescence microscopic observations, (A-D) and (I-L) Immunofluorescent staining of microtubules using
monoclonal antibody against f-tubulin (in red). Nuclear DNA was stained with Hoechst 33342 (in blue). Control cells (A, 1) show typical mitotic phases (e.g. metaphase,
arrows) and cortical microtubule patterns (I, inset). Endothall-treated cells (B). 4 h after treatment, show outspread spindle poles (inset, arrowhead) and uneven or
asymmetrical mitotic spindle apparatus (arrows). Endothall-treated cells (]}, 24 h after treatment, with affected spindle poles and deformed spindle apparatus (arrows).
Cortical microtubules are reduced but still visible (], inset). Cantharidin-treated cells (C), 4 h after treatment, show condensed microtubule patterns around the nucleus (C,
arrows ) or near by the nucleus (C, arrowheads). Cantharidin treated cells (K), 24 h after treatment, show strongly condensed and enlarged microtubule filaments often near by
the nucleus, but also randomly distributed in the cell (arrows). Okadaic acid treated cells (D), 4 h after treatment, show similar changes in microtubule pattern than
cantharidin. Nuclei are surrounded by condensed microtubules (D, arrows). Okadaic acid treated cells (L), 24 h after treatment, show condensed microtubule patterns in
prophase or metaphase nuclei (L, arrowheads ) and randomly distributed microtubules (L, arrow) in interphase cells. (E-H) and (M-P) Hoechst 33342 staining of nuclei. (M-P}
Additional EdU labeling of nuclei (color coded in red) to visualize compound effects on cell proliferation. Characteristic structures of nuclei during cell cycle and mitosis are
shown for each compound. Control cells (E), show distinct mitotic chromosome structures like anaphase (arrow). After 4 h of treatment, endothall-treated cells (F) show
deformed chromosome structures (arrowhead), classified as prometaphase and incomplete distribution of chromosomes during mitosis (arrows). Cantharidin-treated cells
(G)show strongly condensed nuclei (arrows) and relaxed nuclei structure (arrowhead). Okadaic acid (H) induces accumulation of strongly condensed nuclei (arrows) and few
relaxed nuclei structures. Within 24 h, most of the control cells (M) entered or passed S-phase (red nuclei), including cells in mitotic phases. Metaphase and telophase nuclei
show fluorescence which indicated EdU incorporation during S-phase (arrows). Endothall treated cells (N) show decreased S-phase transition and nuclei in mitosis with EdU
incorporation (arrow). Cantharidin-treated cells (0) show few interphase nuclei with EdU incorporation, whereas strongly condensed nuclei do not show EdU mediated
fluorescence (arrows), Okadaic acid-treated cells (P} also show no EdU mediated fluorescence (arrow), Prometaphase nuclei show only marginal EdU labeling (arrowhead).
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Fig. 4. Effects of endothall, cantharidin, okadaic acid and pendimethalin on the distribution of mitotic phases in tobacco BY-2 cells. Suspension cells were treated with
compounds for 4 h. Hoechst 33342 stained nuclei of formalin fixed BY-2 cells were classified according to their cell cycle phase. Mitotic stages were categorized by
microscopic observation of at least 500 cells per sample. Means of 4 biological replicates are shown. Cells in distinct mitotic phases were calculated as percent to total number

of mitotic cells.

O relaxed nuclei

M prometaphase

O multinuclei

% of affected nuclei in cell cycle

B condensed nuclei

Fig. 5. Malformative effects on nucleus structure in different cell cycle phases induced by endothall, cantharidin, okadaic acid and pendimethalin in tobacco BY-2 cells.
Hoechst 33342 stained nuclei of compound treated cells were classified as normal interphase, prophase, metaphase, anaphase or telophase nuclei. Malformed nuclei were
classified as relaxed nuclei, prometaphase, multinuclei and strongly condensed nuclei. Relaxed nuclei were defined by their unusual Hoechst 33342 staining appearance and
loosening of nucleus structure. Malformed nuclei of the distinct classes were calculated as percent to total number of affected nuclei and to total number of examined cells.

pattern of endothall and cantharidin in the bioassays together with
typical plant symptoms like swelling of the meristematic root tip
zone in cress seedlings showed strong similarity to inhibitors of
microtubule assembly in mitosis such as pendimethalin (Fig. 1).
The symptoms of tissue desiccation and necrosis which are, com-
pared to pendimethalin, more dominant in endothall- or canthari-
din-treated tissues are more typical for inhibitors which interfere
with photosynthesis related processes and therefore induce reac-
tive oxygen species, leading to cell death. These necrosis effects
of endothall at high compound concentrations [4] could be based
on inhibition of protein phosphatase regulated enzymes like ni-
trate reductase [11], sucrose phosphate synthase or hydroxymeth-
ylglutaryl-CoA reductase (reviewed by [26]). In addition, the
observed slight uncoupler activity of endothall and cantharidin
(Fig. 1) might contribute to membrane damage and leaf necrosis.
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However, further study is needed to clarify the mode of action be-
hind the necrosis effects of endothall at high compound
concentrations.

The relatively high endothall concentrations needed for induc-
tion of necrosis and the similarity of the physiological profile to
mitosis inhibitors suggests that effects on cell division processes
are the primary mode of action of endothall and cantharidin.
Therefore, our advanced studies were focused on affected cell divi-
sion processes. A direct interference of endothall in tubulin poly-
merization to microtubules does not appear to be the case,
because endothall did not affect plant tubulin polymerization
in vitro (Table 1). As shown in meristematic corn root tips, endot-
hall has a strong distorting influence on the orientation of the cell
division plane and microtubule spindle structures (Fig. 2). This ef-
fect was different to known microtubule assembly inhibitors such
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Table 2

Changes in mitotic index (MI) and proliferation index (PI) in BY-2 tobacco suspension
cells treated with endothall, cantharidin, okadaic acid and pendimethalin. Mitotic
index was calculated as percent of cells in mitosis to total counted cells. Proliferation
index was calculated as percent of fluorescent cells with EdL incorporation into DNA
during S-phase to total counted cells.

(M) 4h 24h
MI Pl mi Pl
Control 103 24.1 147 86.0
(£0.5) (£1.4) (£0.4) (£5.0)
Endothall 100 123 13.5 164 154
(£1.1) (£03) (£1.0) (25.8)
10 137 17.1 56 47.1
(£1.0) (£3.6) (£0.4) (21.6)
Cantharidin 10 144 13.3 85 212
(£1.0) (£2.5) (£0.6) (25.6)
1 135 18.8 146 17.6
(£1.1) (£2.0) (£1.1) (£1.0)
Okadaic acid 10 137 14.1 9.8 8.0
(£0.7) (£2.9) (£1.3) (23.4)
1 140 9.6 6.1 183
(£1.7) (£1.4) (£0.5) (24.0)
Pendimethalin 10 179 26.8 229 73.1
(£1.5) (£2.0) (£1.2) (25.5)

as the dinitroaniline pendimethalin or flamprop-m-methyl [21,25].
Division plane orientation in corn cells has also been shown to be
governed by DISCORDIAT (DCD1) a homologue of the TONNEAU2
(TON2) protein in Arabidopsis thaliana, which functions as a regula-
tory subunit of protein phosphatases PP2As [27,28]. In accordance
to microscopic observations in T-DNA inserted A. thaliana ton1 and
ton2 mutants [28,29], most of the corn root cells undergoing mito-
sis were blocked by endothall in metaphase and chromosomal
metaphase plates showed a diagonal orientation and were not
aligned transversally as in untreated cells (Fig. 2). In addition,
defective mitotic spindle microtubules oriented diagonally in the
cell, similar to tonl and ton2 mutant phenotypes, were observed
in endothall treated plants. Studies in tenl and ton2 mutants addi-
tionally revealed loss of preprophase band structures [28,29],
which were also apparent in endothall-treated corn root cells
(not shown). Walker et al. [30] described a relationship between
TANGLED protein, which identifies the cell division plane through-
out mitosis and cytokinesis, and TON2 pathway. Localization of
TANGLED protein is disturbed in preprophase band defective
ton2 mutants. tangled mutants are affected in correct cell division
plane orientation [30]. In conclusion, endothall-induced changes
in microtubule cytoskeleton and cell division plane orientation
resemble abnormalities observed in Arabidopsis tonl and ton2 mu-
tants [28,29]. Since endothall is an inhibitor of protein phosphatase
PP2A in vitro [11,12], a direct effect of endothall on the functional
protein complex of catalytic subunit PP2A and regulatory PP2A
subunit TON2 could be expected to cause distorted microtubules
and division plane orientation leading to mitotic disruption.
Further support of a causal relationship between protein phos-
phatase inhibition and effects on mitosis, is given by the observation
of perinuclear microtubules patterns. This condensed pattern of
microtubules around the nucleus was observed in tonl and ton2
mutants [28,29] as well as in BY-2 tobacco suspension cells treated
with endothall, cantharidin and the structurally different okadaic
acid (Fig. 3). This effect was most pronounced in BY-2 cells treated
with cantharidin and particularly with the more specific PP2A
inhibitor okadaic acid. Mammalian PP2A responded 50 times more
sensitive to okadaic acid than PP1 [31]. Endothall treatment elicited
perinuclear microtubule patterns particularly at high concentration
(100 pM). Treatment with 10 uM caused perinuclear microtubule
patterns only occasionally. This could be due to less enzymatic
inhibitor activity or PP2A sensitivity to endothall. Erdodi et al.
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[10] reported that, compared to PP1, mammalian PP2A responded
only 3-fold and 1.8-fold more sensitive to cantharidin and endot-
hall, respectively. This corresponds with data reported by [12] on
the sensitivity of plant PF2A and PP1 to endothall.

Although the so far discussed effects of the protein phosphatase
inhibitors including distorted microtubule and division plane ori-
entation and perinuclear microtubule pattern correspond to the
ton] and ton2 phenotype, additional phenomena appear to be not
based on TON2-pathway inhibition. These phenomena include
especially the effects of the protein phosphatase inhibitors on dis-
tinct mitotic DNA phases and proliferation, which were not ob-
served in tonl and ton2 mutants. Nevertheless, induction of
condensed nuclei in treated BY-2 cells appears to be also an effect
based on PP2A inhibition. Snaith et al. [32] described Drosophila
PP2A mts mutants with similar strongly condensed nuclei in em-
bryos. In addition, condensed nuclei were also observed after
endothall treatment of alfalfa cells [12]. However, it was difficult
to evaluate in which cell cycle phase the condensed nuclei were ar-
rested. In BY-2 cells, EAU labeling of nuclei revealed that none of
the condensed nuclei contains artificial nucleotide EdU. This indi-
cates that these nuclei have not entered S-phase with DNA replica-
tion during treatment with protein phosphatase inhibitors. It was
speculated by [12] that these condensed nuclei are arrested in
early prophase. This would implicate that protein phosphatase
inhibitors interfere with mitosis and block S-phase entry and con-
sequently, DNA replication. Based on our analysis of proliferation
and detailed morphological evaluation of nuclei structure, it seems
that the condensed nuclei are in late mitosis and are not able to un-
dergo S-phase. This is supported by the observation of the fine
structure of condensed nuclei. Whereas, chromosome like struc-
tures could be identified (Fig. 30 and H). Generally, BY-2 cells trea-
ted with endothall, cantharidin and okadaic acid showed strongly
reduced proliferation activity, but EdU incorporation during DNA
replication was not completely blocked. This suggests that S-phase
transition from G1 is blocked, but ongoing DNA replication in S-
phase cells is not or only less affected. Therefore, in addition to
mitosis arrest, S-phase initiation might be an additional target site
for protein phosphatase regulation.

Based on investigations in mammalian cells where PP1 activity
was neutralized by an antibody, cells in mitosis where blocked at
metaphase [33]. Derived from this effect, it could be speculated
that the block during mitosis in BY-2 cells, characterized by con-
densed nuclei, could be based on PP1 inhibition by the compounds,
This speculation is also supported by the observation that the
strongest accumulation of condensed nuclei occurred after can-
tharidin treatment, which has a strong inhibitory effect on PP1
[10]. Okadaic acid was shown to possess a higher selectivity for
PP2A inhibition and therefore, PP1 regulated processes should be
less affected [31]. Endothall was found to be a 10-fold less potent
protein phosphatase inhibitor than cantharidin in vitro [10,11].
This explains why endothall caused identical cell cycle phenomena
to cantharidin in BY-2 cells, but, at higher compound concentra-
tion. The results suggest that, dependent on the protein phospha-
tase inhibitors used and their different potency and preference to
PP1, PP2A or other phosphatases, slightly different phenotypes at
the cytological level are induced. Additional experiments with
inhibitors, such as fostriecin or tautomycetin [34,35], which act
possibly more specific on the different protein phosphatases in
plants, could clarify the distinct roles of the protein phosphatases
in the cell cycle processes in more detail.

5. Conclusions

Supported by physiological and cytological investigations in
comparison with known mitosis or protein phosphatase inhibitors,
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the preferred phytotoxic mode of action of endothall appears to be
based on changes in microtubule array formation and cell cycle
regulation in meristermatic cells, which lead to mitotic disruption,
inhibition of cell division and, ultimately, to cell death. This sug-
gests that endothall and cantharidin induced effects on cell cycle
processes are mediated by protein phosphatase inhibition. Because
of similarity of endothall-induced distorted microtubule array and
division plane orientation, to phenomena observed in fonl and
ton2 Arabidopsis mutants [28,29], we suggest that PP2A{TON2 pro-
tein phosphatase complex is an in planta molecular target of endot-
hall. On the other hand, the endothall-induced phenomena of
condensed nuclei, which indicate late mitosis arrest, and block of
S-phase initiation in BY-2 cells, might be caused by inhibition of
PP1 andfor other protein phosphatases related to PP2A.

Based on the mode of action discovery, endothall and canthari-
din can be used in basic research as additional probes to unravel
the function of the different types of protein phosphatases in plant
cell cycle regulation.
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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 profiing 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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The trifluoromethanesulphenanilides mefluidide and perfluidene are used in agriculture as plant growth
regulators and herbicides. Despite the fact that mefluidide and perfluidene have been investigated exper-
imentally for decades, their mode of action is still unknown. In this study, we used a cascade approach of
different methods to clarify the mode of action and target site of mefluidide and perfluidone. Physiclog-
ical profiling using an array of biotests and metabelic profiling in treated plants of Lemna paucicosrata
suggested a common mode of action in very-long-chain fatty acid {VLCFA) synthesis similar to the known
3-ketoacyl-CoA synthase (KCS) inhibitor metazachlor. Detailed analysis of fatty acid composition in
Lemna plants showed a decrease of saturated VLCFAs after treatment with mefluidide and perfluidone.
To study compound effects on enzyme level, recombinant KCSs from Arabidopsis thaliana were expressed
in Saccharomyces cerevisiae. Enzyme activities of seven KCS proteins from 17 tested were characterized by
their farty acid substrare and preduct spectrum. For the KCS CERB, the VLCFA product spectrum in vivo,
which consists of tetracosanoic acid, hexacosanoic acid and octacosaneic acid, is reported here for the
first time. Similar to metazachlor, mefluidide and perfluidene were able te inhibit KCS1, CER6 and
CERB0 enzyme activities in vivo. FAE1 and KCS2 were inhibited by mefluidide only slightly, whereas met-
azachlor and perfluidone were strong inhibitors of these enzymes with ICs, values in pM range. This sug

gests that KCS enzymes in VLCFA synthesis are the primary herbicide target of mefluidide and

perfluidene.

@ 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The plant growth regulator mefluidide and the herbicide per-
fluidone were developed and introduced in agriculture by 3 M
Company as Embark and Destune, respectively {Tomlin, 2010).
Both compounds belong to the class of trifluoromethanesulpho-
nanilides which derived from a chemical synthesis and screening
program in the 1970s (Friedinger, 1978). Because of their broad
spectrum of effects on plant growth and development, studies on
the mode of action of mefluidide and perfluidone were the objec-
tive of several reports in the 1980s (Moreland, 1981; Wilkinson,
1982; Valadon and Kates, 1984; Tautvydas and Hargroder, 1985).
Due to the plant growth regulating activity of mefluidide, mode
of action research was mainly focused on an interference of meflui-
dide in hormone biosynthesis and signaling. Glenn and Rieck
{1985) found that the polar transport of auxin was influenced in
corn coleoptiles after mefluidide application. Wilkinson {1982)

# Corresponding author, Tel.: +49 621 6027317; fax: +45 621 6027176,
E-mail address; stefan. tresch@basfcom (5 Tresch),
U present address: Institute of Molecular Cell and Systems Biology, University of
Glasgow, Glasgow G128Q0Q. UK.

0031-8422(% - see front matter @ 2012 Elsevier Ltd. All rights reserved.
doi:10.1016fj.phyochem.2011.12.023
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suggested that mefluidide inhibits the synthesis of gibberellins.
Since growth effects of mefluidide could not be reversed by adding
of gibberellic acid A;, an indirect interference of mefluidide in the
production of gibberellins is most likely {Truelove et al, 1977;
Tautvydas and Hargroder, 1985). In addition, effects of mefluidide
on protein, DNA and RNA synthesis were reported, but not clarified
if they are elicited by mefluidide directly or indirectly {Tautvydas
and Hargroder, 1985). Investigations with perfluidone showed that
the compound uncouples the electron transport of isolated thyla-
koid membranes as well as isolated mitochondria, but no evidence
was obtained for a direct interaction between perfluidone and the
redox components of the electron transport pathways (Moreland,
1981). Monitoring of changes in lipid classes and fatty acids
showed that perfluidone affects the desaturation grade of fatty
acids (Valadon and Kates, 1984). Valadon and Kates (1984) ob-
served that the mol% distribution of linolenic acid (18:3) is de-
creased in comparison to saturated, mono- and di-unsaturated
stearic acid. So far, no specific target site could be identified for
mefluidide and perfluidone.

In order to characterize the growth-inhibiting effects of meflui-
dide and perfluidone and to identify the mode of action and target
site, we initially used a set of bioassays for physiological profiling
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of the compound effects in a physionomics approach {Grossmann,
2005). In addition, metabolic profiling in treated Lemna paucicosta-
ta plants was performed to quantitate metabolite changes, relative
to untreated controls. Physiological and metabolic profiling sug-
gested a mode of action similar to inhibitors of very-long-chain
fatcy acid {(VLCFA) biosynthesis such as the chloroacetamide-type
herbicide metazachlor.

VLCFAs, fatty acids with more than 20 carbon atoms, have mul-
tiple functions in the plant. Primarily, they serve as precursors of
cuticle wax biosynthesis and as components of storage lipids,
sphingolipids and phospholipids (reviewed by Kunst and Samuels,
2003; Bach and Faure, 2010). An additional function in polar auxin
transport has recently been identified { Roudier et al., 2010). Chlo-
roacetamides have been shown to inhibit the plant VLCFA elongase
complex, a four-step-catalytic system including a condensation,
reduction, dehydration and a second reduction step {reviewed by
Boger, 2003 ). Experniments with transgenic Saccharomyces cerevisi-
ae strains expressing the plant 3-ketoacyl-CoA synthase (KCS)
FAE1, which catalyzes the first, rate limiting step in the elongation
of VLCFAs, identified this condensing enzyme as the primary target
of chloroacetamides (Millar and Kunst, 1997; Biger, 2003). In
plants, KCS enzymes are encoded by a gene family which contains
21 members in Arabidopsis thaliana {reviewed by Joubes et al,
2008) and similar number of genes in Oryza sativa (23), Zea mays
(27), Brachypodium distachyon (23) and Glycine max (31) {Phyto-
zome vE.0, 2011, http://www.phytozome.org). The different KCS
genes vary in their tissue and ontogeny-specific expression pat-
terns and the proteins show distinct substrate specificity {Joubes
et al, 2008). The KCS isoenzymes are differentially inhibited by
class K3 herbicides {according to HRAC, Herbicide Resistance Ac-
tion Committee; Senseman, 2007), which include the chloroacet-
amide-type herbicides {Trenkamp et al., 2004).

In order to reveal direct effects of mefluidide and perfluidone on
VLCFA synthesis, VLCFA contents in treated L. paucicostata plants
and inhibition of enzyme activity in vivo of seven recombinant
KCSs from A. thaliana, expressed in 5. cerevisiae wildtype {Invscl)
and Aelo2 or Aelo? knock out strains, were studied. The results
suggest that the primary mode of action of mefluidide and perflui-
done is based on the inhibition of KCSs involved in VLCFA
biosynthesis.

2. Results
2.1. Physiological profiling using bioassays

The physiological and phenotypical plant response after a chem-
ical reatment can be used to diagnose the mode of action of a com-
pound {Grossmann, 2005). Therefore, we have used a set of
bioassays for the comprehensive physiological profiling of plant ef-
fects elicited by mefluidide and perfluidone. The set of tests included
heterotrophic corn { Galium mollugo L.) and phototrophic green algae
{Scenedesmus obliquus) cell suspensions, duckweed { L. paucicostata),
isolated mustard shoots {Sinapis alba) and germinating cress seeds
{ Lepidium sativum ). The test panel was completed by assays for mon-
itoring physiological processes including the Hill reaction of isolated
wheat thylakeid, respiration activity measured by oxygen consump-
tion in heterotrophic Galium aparine cell suspensions, membrane
function and uncoupler activity determined in Lemna root mito-
chondria using the potential sensor JC-1, carbon gas-exchange mea-
surement in G aparine plants and toluidine-blue staining (TBO
assay) of cress hypocotyls for determination of cuticle formation
and function. The physiological profile represents a fingerprint of a
phytotoxic compound, which has proved to be typical of its mode
of action {Grossmann, 2005). The results can be interpreted directly,
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or response pattern of compounds with known mode of action can
be screened for similarities as an aid to direct further studies.

The physiological profile of mefluidide {Fig. 1) shows the stron-
gest inhibitory effects on Scenedesmus, Lemna (see also Table 4) and
cress seedling growth. In Lemna, reduction of frond formation and
growth, accompanied by intensified green frond pigmentation
were observed. In cress seedlings, shoot and root growth were
inhibited; the effects did not depend on light. Furthermore, treat-
ment with mefluidide hampered proper formation of the plant
cuticle which is indicated in the TBO assay (Fig. 1). When com-
pared with the effects of standard herbicides, known inhibitors of
VLCFA synthesis such as metazachlor induced a similar type of
physiological profile as mefluidide; however, at a higher activity
level in the bicassays. In comparison to mefluidide, the structurally
related perfluidone showed similar, but stronger inhibitory effects
particulary on growth of Scenedesmus, Lemna and cress seedlings as
well as on cuticle functionality in the TBO assay (Fig. 1). However,
at high concentrations {100 pM), perfluidone additionally elicited
moderate uncoupling of oxidative phosphorylation in Lemna root
mitochondria, which was accompanied by inhibition of respiration.
Overall, the typical effects of mefluidide and perfluidone with inhi-
bition of Lemna growth and intensified green frond pigmentation,
and inhibition of cuticle formation and function were similar to
those observed after treatment with metazachlor. These similari-
ties indicate a mode of action for the compounds in VLCFA biosyn-
thesis similar to metazachlor.

2.2. Metabolic profiling in Lemna

Metabolite changes induced by plant growth regulators and
herbicides are a plant response which can provide information
on affected metabolic and biochemical processes. Consequently,
metabolic profiling is an opportunity to generate profiles which
are diagnostic of a compound's mode of action {Sauter et al,
1991; Trenkamp et al., 2009; Grossmann et al., 2010; Aliferis and
Jabaji, 2011). Recent studies using the model organism Lemna have
shown that comparison of metabolic patterns after treatment with
different compounds provide reliable and highly consistent results
for mode of action classification {Grossmann et al., 2010). The
small aquatic plant Lemna exhibits all organs of a higher vascular
plant, is growing vegetatively with a doubling time of 24 h, and
is therefore genetically uniform. The small space requirement for
growth allows highly standardized experimental conditions and
emphasizes Lemna as an excellent model organism for metabolic
profiling studies.

Mode of action classification of metabolic changes induced by
mefluidide or perfluidone was performed by cluster analysis based
PAM. We searched against our reference metabolic profile database
which consists of ca. 150 known herbicides and plant growth regu-
lators from more than 60 different mode of action classes and several
hundred new compounds. As shown in Table 1 for mefluidide as well
as for perfluidone, PAM ranking assigned inhibition of "VLCFA syn-
thesis, elongase’ at the first position with good maximum log likeli-
hood {mil) values of —-0.18 and —0.0064, respectively. This mode of
action class contains alachlor, metazachlor, propachlor, mefenacet
and dimethenamid, which are all described as inhibitors of KCSs
{Trenkamp et al., 2004; Senseman, 2007). Close to the ‘VLCFA syn-
thesis, elongase’ inhibitor mode of action class, mefluidide and per-
fluidone ranked at the second pesition to inhibitors “VLCFA
synthesis, not elongase’ which consists of benfuresate, diallate,
ethofumesate, methyldymron, molinate and triallate. These com-
pounds are known inhibitors of VLCFA biosynthesis through a, so
far, unknown mechanism { Senseman, 2007).

In the case of mefluidide, the relatively low distance value of
0.98 for the first ranking position indicates that the second ranking
position could not be clearly separated from the first {Table 1). On
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Fig. 1. Effects of mefluidide, perfluidone and metazachler in bicassays including corn and Scenedesmus cell suspensions, duckweed (Lemna paucicostara), isolated mustard
shoots, germinating cress seeds, the Hill reaction of isolated thylakeids, respiration by measuring oxyzen consumption in heterotrophic Calium aparine cell suspensions,
uncoupler activity in Lemna root mitechondria, test on cuticle function with toluidine-blue O (TBO) in cress hypocotyls and carbon assimilation in G. aparine plants. SE of the
mean in all cases was less than 10%. Symptoms observed: A, desiccation; C, chloresis; I root growth inhibition; N, necrosis; 5, swelling; WE, intensified green frond

pigmentation.

Tahle 1
Mode of action classification by cluster analysis of metabolite changes with the use of
prediction analysis of microarrays (PAM ).

Ranking Class Distance mll

Mefluidide

1 Very-long-chain-fatty acid synthesis, 0,508 =018
elongase

2 Very-long-chain-fatty acid synthesis, not 10,65 -0.00014
elongase

3 HMG-CoA reductase 1.21 ~06a

4 Microtubule assembly 204 0085

Perfluidone

1 Very-long-chain-fatty acid synthesis, 7.15 —D0064
elongase

2 Very-long-chain-fatty acid synthesis, not 8.59 —0.0002
clongase

3 Acetyl-CoA-carboxylase 0.23 24

4 Purine synthesis .41 -2.0

In Lemna paucicostata plants treated with mefluidide (10, 100 and 200 pM) and
perfluidone (1, 10, 100 pM) for 48 and 72 h, changes of about 200 identified and
about 300 unknewn analytes, relative to control, were determined. PAM was
applied for the ranking of prefile changes elicited by the compounds. The profile
classes for comparison were generated by herbicides with known MoA class
membership. Ranking pesition of the best four modes of action frem 60 is shown
with their indicative statistical values. The ranking is based on the logarithmized
prebahbility indicated by mil. The distance value is an indicater for the degree of
distinctness in the classification, with the highest value as the best, and results frem
the mll values of the two hest ranks of the classes.

the other hand, the high distance value of 10.69 for the second
ranking position separates the first two clearly from the consecu-
tive mode of action classes ‘'HMG-CoA reductase’ {3-hydroxy-3-
methylglutaryl-coenzmye-A reductase) inhibitors and inhibitors
of ‘microtubule assembly’. For perfluidone the distance and mll
values indicate the "VLCFA synthesis, elongase’ class as the most
likely mode of action. The high distance value of 7.15 clearly sep-
arates the second possible mode of action VLCFA synthesis, not
elongase’ from the first one (Table 1).

For refinement of the mode of action classification to VLCFA
synthesis inhibition, the supervised statistical clustering method
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PLS-DA was carried out (Fig. 2). The used mathematical model
with a quality of prediction F (cum) of 80% separated inhibitors
of the two mode of action classes ‘"VLCFA synthesis, elongase’ and
‘VLCFA synthesis, not elongase’ (Fig. 2). As shown in Fig. 2A, PLS-
DA revealed that mefluidide-induced metabolite changes cluster
in and between the cluster of profiles of known *VLCFA synthesis,
elongase’ and ‘VLFCA synthesis, not elongase’ inhibitors. However,
most of the mefluidide profile samples cluster with "VLCFA syn-
thesis, elongase’ inhibitor profiles. For perfluidone, PLS-DA clearly
assigned metabolic profiles to the pre-defined cluster of profiles
of known ‘VLCFA synthesis, elongase’ inhibitors (Fig. 2B). These
results further support a primary mode of action of mefluidide
and perfluidone in VLCFA biosynthesis, possibly based on the
inhibition of elongation steps catalyzed by VLCFA elongases
{KCSs).

2.3. Farty acid analysis shows particularly a decrease in saturated
very-long-chain fatty acids

To determine the effect of mefluidide and perfluidone in com-
parison to the known KCS inhibitor metazachlor on VLCFA biosyn-
thesis in Lemna tissue, quantitative analyses of fatty acids were
performed by GC/MS. As shown in Fig. 3, based on mol% of a fatty
acid related to the total fatty acid content in Lemna, the saturated
VLCFAs eicosanoic acid {20:0), docosanocic acid {22:0) and tetraco-
sanoic acid {24:0) were strongly decreased by treatment with
mefluidide, perfluidone and metazachlor, in a concentration
dependent manner. Compared to control { 100%), contents of satu-
rated VLCFAs decreased to 36%, 53% and 52% after treatment with
metazachlor (10 pM), perfluidone {10 pM) or mefluidide (100 pM),
respectively. In contrast, the mol% of fatty acids with less then 20
carbon atoms showed only minor changes. Only tetradecanoic acid
{14:0) showed an increase, particular after metazachlor treatment.
Unsaturated VLCFAs, which account for 0.4 mol of total fatty acids
in Lemna tissue, were only slightly influenced. Only dodecanoid
acid {22:1) showed a slight increase after metazachlor or perflui-
done treatment.
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Table 2
KCS proteins with their respective VLCEA elongation products.

Gene Locus 1D 20 22 c24 C26 C28 FVLCFA from total (SE)
FAE1 (KCS18)° AT4G34520 2000, 20017 15.20 (+0.17)
K51 ATIGO1120 20, 20:1 22:0 2.58 (+0.06)
KCS2 ATIGO4220 200 22:0 6.21 (=0.18)
ATSC43760 2000 azo 9,20 (£0.19)
30 (KOS5 ATIG25450 280 5.85 (+0.09)
RG (KCSE) ATIGBEG3D 28:0 B8.73 (+0.21)
K AT4G34510 143 (D.05)

sion of seven Arabidopsis KCSs in 5. o cells, the VLCFA products solely produced by the plant KCSs are shown. With the use of distinct 5. cerevisiae strains
(wildiype Invscl, Aeled, Aelo3), VLCFAs synthesized by the plant KCS proteins were dillerentiated [rom those produced by the endogeneous 5. cerevisige ele proleins, The
identified plant-KCS-derived VLCFAs are listed and their summarized amount is given as $VLCFA from total content of fatty. The respective standard error (SE) was caleulated

from at least three biclogical replicates. Main VLCFA preducts with a share of more than 60% of the toal amount of VLCFAs synthesized by the plant KCS proteins are indicared

by asterisks,

* In KCS18 (FAE1), feeding of yeast cells with polyunsaturated C18 fatty acids resulted in additional accumulation of eicesadienoic acid (C

[C2(n3) (not shown),

Table 3
Inhibition of activity ol different plant KCS proteins by meluidide and metazachlor.

Gene Genetic background Flnkibition at 100 uM
Mefluidide Metazachlor
FAED [KCS18) Aelo2 5.1(+2.10) 95.7 (+0.27)
KCs1 Aeloz 91.0 (*1.41) 93.0 (+1.64)
KCS2 W 0.3 (#541) 824 (+1.73)
KCS20 Aelo2 26.8 (£1.07) 97.5 (+0.24)
CERBO (KCS5) Aelod 71.8 (#0.51) 100 (+0)
CERG (KCSB) Aelo3 512 (+1.54) 100 (+0)
KCs17 Aelo3 nd. 100 (+0)

Inhibition of KCS activity by mefluidide (100 pM) and metazachlor (100 uM) was
demonstrated in transgenic 5. cerevisioe cells which expressed different Arabidopsis
KCS prateins. Inhibition of the different KOS enzyme activities were determined
with the aid of wildtype (InvSc1) and Aele2 and Aelo3 knock cut strains to mini-
mize influences of 5 cerevisioe endogencus ELO-proteins on inhibitien values.
Inhibition values were calculated as percent inhibition of detected VLCFA products
synthesized by a given KCS in comparison to untreated 5. cerevigige cells (nd.: not
determined) The standard error was calculated from at least three biological
replicates.

Table 4
Inhibition of activity of plant KCS FAED and CERE and Lemmna growth by mefluidide,
perlluidone ard metlazachlor,

Compound 1C5, CERG ICsq FAEL Lemna growth inhibition 1Cs,
[M] [um] (M|

Metazachlnr 0,032 (+0.002)  1.99 (+047) 012 (+0.03)

Mefluidide 114 (+12) »500° 3.15 (+0.74)

perfluidone  0.21 (+0.08) 760 (+0.74) 052 (20.03)

Compound concentrations required for 506 inhibition (1Csy) of FAE1 and CERG
activities were determined in 5. cerevisiae Aelo2 and Aelo3 strains, respectively, and
for growth inhihiton of Lemna pavcicostata after seven days of treatment. Caleu-
lation of 1Cs; values were performed from at least four inhibiter concentrations
wilh three biclogical replicates using a twe-logistic regression model. Standard
errors (SE) derived from the hest fi

* Mefluidide inhibited the activity of FAET by 30.3% (SE 3.4) at a concentration of
500 puM.

2.4. Heterologous expression of Arabidopsis KCS genes in 5. cerevisiae

In order to investigate effects of mefluidide and perfluidone on
KCS enzyme activity, we have cloned 17 A. thaliona KCS genes for
recombinant expression in the galactose inducible expression vec-
tor pYESZ.1. To determine the activity of expressed KCS isven-
zymes in S. cerevisine, the VLCFA content in the transgenic strain
was analyzed in comparison to the wildtype {InvScl).

This study showed functional expression of seven KCS gene
products that were able to synthesize VLCFAs from substrates pro-
vided by 5. cerevisine. Due to the capability of the endogeneous 5.
cerevisiae elo2 and elo3 enzymes to synthesize the VLCFA hexaco-
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12} and ewcosatrienoic acid

sanoic acid {26:0), clear differentiation between VLCFA products
that were solely synthesized by expressed Arabidopsis KCS proteins
or the 8 cerevisiose ELO2/ELO3 enzymes was not possible. As illus-
trated in Fig. 4A, the ELO2 enzyme is capable of synthe: g eico-
sanoic (20:0) and docosanoic acid {22:0) using octadecanoic acid
{18:0) as substrate, whereas the ELO3 protein is able to use doco-
sanoic acid (22:0) as substrate to produce tetracosanoic {24:0) and
hexacosanoic acid {26:0) as reported by Oh et al., {1997). Paul et al.
(2006) showed that deletion of either the ELO2 or ELO3 gene is not
lethal for 5. cerevisice. Therefore, in addition to the 5. cerevisioe
wildtype strain (InvScl), elo2 and elo3 knock out mutants were
used to differentiate the specific VLCFA product spectrum synthe-
sized by the expressed Arabidopsis KCS proteins. Since the sub-
strate and product spectrum of the CERG protein {KCS6,
AT1G68530) has not been shown before, this KCS activity is pre-
sented in more detail. After induction of CERG protein expression
with galactose for 48 h in wildtype 5. cerevisiae cells {InvSc1), accu-
mulations of hexacosanoic acid (26:0) and octacosanoic acid (28:0)
were detected (Fig. 4B). In 5. cerevisiae elo3 knock out mutant cells
{Aele3), accumulations of tetracosanoic acid {24:0), hexacosanoic
acid {26:0) and octacosanoic acid (28:0) were detected after induc-
tion of CERG protein expression with galactose for 72 h, whereas
eicosancic acid (20:0) and docosanoic acid {22:0) levels decreased
{Fig. 4B). This indicates that the CERE protein is most likely able to
catalyze each elongation step from docosanoic acid {22:0) to octa-
cosanoic acid {28:0). In total, Aelo3 CERG S. cerevisiae cells accumu-
lated 5.96% (SE 0.09) of total fatty acid content as plant-KCS-
derived VLCFAs.

Also for the plant KCSs KCS1, KCS2, CERGD (KCS5), KCS17, FAE]
{(KCS18) and KC520, 5. cerevisiae wildtype and elo2 and elo3 knock
out mutants were used to differentiate between the VLCFA prod-
ucts that were solely synthesized by the expressed Arabidopsis
KCS proteins or the endogenous S. cerevisiae enzymes, According
o the identified plant KCS-derived VLCFAs, the KCSs could be
grouped in three different classes of KCS enzymes {Tahle 2). FAE1
(KCS518) and KCS1 produced saturated and unsaturated VLCFAs
with chain length up to 22 carbon atoms. KC52 and KCS20 pro-
duced the saturated fatty acids eicosanocic (20:0), docosanoic
{22:0) and retracosanoic acid {24:0). The third type of KCS enzymes
which includes of CERGO (KCS5), CERG { KCS6) and KCS17 produced
saturated fatty acids with chain length longer than or equal to 24
carbon atoms {Table 2).

2.5. Inhibition of activity of different plant KCSs by mefluidide,
perfluidone and metazachlor

To study the effect of mefluidide and perfluidone in comparison
to the known KCS inhibitor metazachlor, S. cerevisiae cells which
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by partial least square-discriminant analysis (PLS-DA). In Lemna pouctcostata plants treated with different concentrations of mefluidide (10, 100, 300 uMj and perfluidone (1,
10, 100 pM) for 48 and 72 h, changes of appreximately 200 identified and 300 unknown analytes were determined, relative te centrel plants, Testing for profile assignment to
the mode of action classes of VLCFA elongase inhibiters {represented by alachlor, metazachlor, propachler, mefenacet and dimethenamid) and VLCFA non-elongase inhibitors
(repres d by t , el , diallate, methyldymron, molinate and triallate) were performed using PLS-DA. PLS-DA constructs an empirical model which
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classification. The predicted scores of the three components (tPS[i]) were plotted on the axes x, y and z.
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Fig. 3. Levels of fatty acids based on mol% (Amol®) in lemna poucicostata treated with different concentrations of mefluidide {10, 100, 200 pM), perfluidone (1, 10, 100 pMj or
metazachler (1, 10uM) for 45 h, relative to untreated samples. The Amol values of each farty acid were normalized on a scale of 1 o <1 for heatmap visualization in
Cyloscape, For example, a value of 0.8 (dark blue} indicates 80% decrease of a lally acid in a treated Lemna versus a contrel sample, Numerical values used [or visualization
and respective standard errors from at least three biological replicates are available as Supplementary Table 2.

expressed different Arabidopsis KCS enzymes were treated with the fatty acid profile from treated and untreated S. cerevisiae wildtype
test compounds. Inhibition of different KCS enzyme activities were (InvScl) cells (data not shown). Inhibition values were calculated
determined with the aid of wildtype {(InvScl) and Aelo2 and Aelo3 as percent inhibition of detected VLCFA products synthesized by
knock out strains to minimize influences of S, cerevisiae endoge- a given KCS in comparison to untreated 5. cerevisiae cells. As shown
neous ELO-proteins on inhibition values. In control experiments, in Table 3, the activity of the investigated KCS enzymes was
it was shown that the tested compounds did not affect 5. cerevisiae strongly inhibited by metazachlor applied at a concentration of
cell suspension growth at highest concentrations applied {100 uM, 100 uM. In contrast, mefluidide (100 pM) inhibited CERGO
data not shown). In addition, the compounds did not inhibit the {KCS5), CER6 (KCS6) and KCS1 activities by more than 50%,
activity of the endogeneous S. cerevisine ELO proteins, especially whereas KCS20 and FAE1 (KCS18) were only slightly inhibited by
VLCFA production, which was determined hy comparison of the 26.9% and 5.1%, respectively. For a detailed inhibitor study, effects
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Fig. 4. Simplified pathway of hexacosanoic acid [C26:0) biosynthesis from octade
canoic acid (C18:0) by the & cerevisige ELO2 and ELO3 proteins with their typical
substrates is shown in panel A I i$ also known that ELO3 can have some minoer
activity on C18:0 and C20:0 fatty acids (A} Very-long-chain fatty acid product
spectra of transgenic 3. cerevisiae wildtype (Invscl) and Aelo3 strains expressing
the A thaiigng CERE (AT1GE8530) protein is shown (Invsc1/pCERE; Aelo3/pCERE,;
B). Based on percent share of distinct VLCFAs relative to the total amount of fatty
acids {100:%), 5. cerevisige endegencus VLCFA and additienal VLCFA produced by the
expressed CERG protein, with (diagonal striped) and without (menechrome)
galactose induction are shown. Standard errors were calculated from three
bivlogical replicates,

of mefluidide, perfluidone and metazachlor were tested on CERG
{KCS6) and FAE1 {KCS18) activity at different concentrations. Both
KCS enzymes were used, because they produced, expressed in 5.
cerevisiae cells, high amounts of plant-KCS derived VLCFAs which
accumulated to 8.73% and 15.20% of total fatty acid contents for
CERG (KCS6) and FAE1 {KCS518), respectively (Table 2). In addition,
the VLCFA spectrum is different between CERG {(KCSG) and FAE1
{KC518) (Table 2). This could clarify differences in inhibitor quality
between meiluidide and periluidone and metazachlor.

As shown in Table 4, CERG {KCS6) activity was inhibited by met-
azachlor {ICsp: 0.032 uM) and perfluidone {I1C;y: 0.21 uM) in the
submicromoelar range. Mefluidide showed clearly lower inhibition
of CERG (1Csq: 114 uM). FAE] {KCS18) responded with similar pref-
erence to the inhibitors, but with less sensitivity compared to
CERG. Metazachlor {1Csp: 199 pM) and  perfluidone (ICsy:
7.60 pM) inhibited FAE1 activity with 1Csq values in the micromo-
lar range, whereas mefluidide showed only low enzyme inhibition
{20% inhibition at 500 pM ). Overall, enzyme inhibition correlated
with the phytotoxic activity of the compounds to affect Lemna
growth. Here, Lemno showed the highest sensitivity against met-
azachlor {ICsq: 0.12 uM), followed by perfluidone {1Csq: 0.52 uM)
and mefluidide {ICsq: 3.15 pM) {Table 4).

3. Discussion

Mefluidide and perfluidone, both trifluoromethanesulphonani-
lides, were developed as plant growth regulator or herhicide,
respectively (Tomlin, 2010} Several studies in the 1980s investi-
gated the mode of action, but could not unravel a specific target site
for this class of compounds. The physiclogical profiling approach
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revealed that both compounds induce growth inhibition with
symptoms of intensified green frond pigmentation in Lemna fol-
lowed by tissue necrosis particularly in the case of perfluidone
(Fig. 1). These symptoms are typical of inhibitors of fatty acid syn-
thesis and cell division {Grossmann, 2005). Additionally, treatment
of cress seeds with mefluidide and perfluidone caused staining of
developed hypocotyls with teluidine blue O. This indicates a defect
of cuticle function, which is typical especially of inhibitors of VLCFA
synthesis for cuticular wax formation like the chlorpacetamide
metazachlor (Fig. 1), the oxyacetamide flufenacet or the tetrazoli-
none fentrazamide {Tresch et al., 2008 ). Overall, the effects on Lem-
na growth and cuticular function suggested a mode of action of
mefluidide and perfluidone in VLCFA synthesis. In addition, the
physiological profile of perfluidene confirmed studies of Moreland
{1981) that the compound has moderate uncoupler activity at high
concentrations and can act as a protonophore to alleviate proton
gradients across membranes. This effect was not observed after
mefluidide treatment. It could he speculated that the uncoupler ef-
fect is most likely based on the acidic proten at the nitrogen atom in
the trifluoremethanesulphenate meiety which is easily released be-
cause of the electron acceptor group in para position at the phenyl-
ring. This is in contrast to mefluidide that is substitured with a
methyl group at the phenyl-ring which functions as an electron do-
nor. However, the uncoupler activity of perfluidone appears to be a
secondary effect which was observed in Lemna only at high concen-
trations. Herbicides with uncoupler activity are known to cause ra-
pid necrosis on plant tissues accompanied by inhibition of
respiration {Grossmann, 2005). However, strong growth inhibition
in Lemna already occurred at 1 M perfluidene (Fig. 1). Accordingly,
cluster analysis of metabolite changes induced by perfluidone and
mefluidide in Lemna indicated inhibition of VLCFA biosynthesis as
the primary maode of action {Tahle 1). The metabolic profile of per-
fluidone is typical for known inhibitors of KCS-catalyzed elongation
steps like metazachlor (Fig. 2B). In the case of mefluidide, metabo-
lite changes cluster in and between the cluster of profiles of known
KCS and “not elongase” inhibitors in VLCFA synthesis (Fig. 2A). De-
tailed analysis of fatty acids in Lemna revealed that both, perflui-
done and mefluidide, elicited changes in VLCFAs which were
identical to this induced by the KCS inhibitor metazachlor {Fig. 3).

In order to investigate the effects of mefluidide and perfluidone
on possible KCS target enzymes, 17 A. thaliana KCS genes were ex-
pressed in S. cerevisize and their activity determined by VLCFA
analysis according to Trenkamp et al. {2004). With the use of wild-
type {InvScl) and Aelo2 and Aelo3 knock out strains of 5. cerevisioe
that lack the activity of the endogenous VLCFA elongases elo2 or
elo3, VLCFA products of seven plant KCS enzymes were identified
{Table 2). The product spectrum of six from these seven KCS pro-
teins were already described {(Trenkamp et al., 2004; Blacklock
and Jaworski, 2006; Paul et al, 2006). In addition, we have shown
here the activity of the KCS protein CER6. CERG is expressed in the
epidermal cells of all shoot tissues {Hooker et al,, 2002) and is in-
volved in wax production of the stem and in pollen development
(Fiebig et al., 2000). CERG recombinantly expressed in S. cerevisiae
produced VLCFAs with chain length of 24, 26 and 28 carbons. Stud-
ies with Arabidopsis plants lacking the CERG protein were found to
accumulate C24 VLCFAs, accompanied by decreased levels of C28
and C30 (Millar et al., 1999). It was suggested that CERG catalyzes
the elongation of C24 to (28 and C30 VLCFAs. According to our re-
sults, CER6 catalyzes the elengation, beginning one step earlier in
the path, of C22 to €24, €26 and C28 VLCFAs {Table 2). It could
be speculated that in planta, due to the functional redundancy of
different KCS isoforms, the production of C24 VLCFAs is not solely
based on CERG activity. The activities of the KCS20 or even KCS2
enzymes might be additionally involved because they are also able
to produce C24 VLCFAs (Table 2) and are transcribed particularly in
plant stem, flowers and siliques {Joubes et al., 2008).
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It has been previously shown that most herbicides listed in the
HRAC K3 mode of action group including metazachlor {Senseman,
2007) are inhibitors of VLCFA biosynthesis {Biger, 2003; Yang
et al., 2010}, These herbicides inhibit specifically the first process
step in the elongation of VLCFAs, the condensation of acyl-coen-
zyme A with malonyl-coenzyme A, catalyzed by KCS enzymes
(Trenkamp et al., 2004). Accordingly, we showed for the first time
that mefluidide and perfluidone are also inhibitors of KCS enzyme
activities in the micromolar range {Tables 3 and 4). While metaza-
chlor was shown to inhibit the activities of FAE1, KCS1, KCS2,
KCS20, CERGD, CERG and KCS17 (Table 2), mefluidide inhihited
KCS1, CER60, CERG, and only slightly KCS20 and FAEL. As particu-
larly shown for the inhibition of CERG and FAE1, perfluidone was
more active than mefluidide, but inferior to metazachlor {Table 4).
Accordingly, inhibitor effects on KCS enzyme activities correlated
well with the induced growth inhibition in Lemna {Table 4). This
is also in accordance to the use of mefluidide as growth regulator
and perfluidone and metazachlor as herbicides. In addition, the
plant phenotype (intensified green frond pigmentation) which is
induced after mefluidide treatment of Lemna is very similar to that
described for the mutant cer6-1 which is defective in 3
neef et al, 1989). The cer6-1 plant phenotype exhibit:
growth and intensified green leaf pigmentation ({The Arabidopsis
Information Resource {TAIR), http:{fwww.arabidopsis.org/serv-
lets{TairObject ?id=137221type=locus, on www.arabidopsis.org,
December 4th, 2011).

In Lemna tissue, mefluidide and perfluidone strongly decreased
the level of tetracosaneic acid {C24:0), accompanied by moderate
reductions in docosanoeic acid {C22:0) (Fig. 3). In comparison, met-
azachlor additionally reduced the level of eicosanoic acid {C20:0).
The levels of unsaturated fatty acids were not reduced by meflui-
dide, perfluidone or metazachlor treatment. Only the levels of
docosenoic acid (C22:1) slightly increased after treatment with
metazachlor or perfluidone.

In conclusion, our results suggest that the plant growth-regulat-
ing and herbicidal activity of mefluidide or perfluidone is based on
the inhibition of distinct KCS isoenzymes in VLCFA synthesis, Con-
sequently, the triflucromethanesulphonanilides mefluidide and
perfluidone represent a new chemical class of KCS inhibitors. It is
assumed that, dependent on the affected KCS isoenzymes and the
intensity of inhibition, plant phenotypes are induced hy mefluidide
and perfluidone which are characterized by shoot stunting with
intensified green pigmentation or strong growth inhibition fol-
lowed by tissue necrosis and plant death, respectively.

4. Experimental procedures
4.1. Chemicals

Metazachlor {2-chloro-N-{ 2 6-dimethylphenyl}-N-{ 1H-pyrazol-
1-ylmethyllacetamide, Fig. 1) were purchased from Sigma-Aldrich
{Deisenhofen, Germany). Perfluidone {1,1,1-trifluoro-N-{ 4-phenyl-
sulphonyl-o-tolyl)methanesulphonamide, Fig. 1) and mefluidide
15~ 1,1, 1-trifluoremethanesulfonamido Jaceto-2'4"-xylidide, Fig. 1)
were ohtained from Dr. Ehrenstorfer GmbH {Augsburg, Germany)
or from BASF SE {Ludwigshafen, Germany ).

4.2, Physiological profile

The hioassays of the physionomics approach were carried out as
described in Grossmann (2005 and Tresch et al. (2008). In the het-
erotrophic cell suspension assay with callus cells from G. molfugo
L., cell suspensions {2 ml) were treated with compound in plastic
tubes for 8 days and the conductivity of the nutrient solution
was measured as the parameter for cell division growth. For the

algae bioassay, photoautotrophically growing cells of S. obliquus
were incubated in microtitre dishes with 24 wells (1 ml per well)
and growth was measured photometrically 24 h after test com-
pound treatment. For the Lemna bioassay, L paucicostata plants
were (reated with compound in petri dishes which contained
15 ml nutrient solution for 8 days and the increase of the area cov-
ered by the fronds in each dish was measured by digital image
analysis. For the isolated shoot bicassay, shoots of S. alba plants,
10 days after sowing, were placed in vials which contained 12 ml
water and test compound. After 3 days of treatment, the changes
in fresh weight were measured by weighing the shoots. To mea-
sure compound effects on Hill reaction, isolated thylakoids from
shoots of Triticum aestivuim were used and after illumination, for-
mation of a complex of ferrous salt with phenanthroline was mea-
sured in the assay photometrically. For the germination bivassay,
seads of L sativum were incubated in petri dishes which contained
a vermiculite substrate moeistened with aquecus compound selu-
tion. After 3 days in the dark and subsequent 3 days in the light,
compound effects on seed germination and seedling development
were evaluated. To determine CO; uptake as a parameter for €O,
assimilation, young G. aparine plants were foliar-treated with test
compound and incubated in illuminated glass chambers for 24 h
under controlled air conditions. The amount of CO, assimilated
per unit time was determined from the difference hetween the
CO; contents of the inflowing and outflowing air streams. For
determination of respiration, the oxygen consumption of . mol-
fugo cell suspensions {5 ml) in plastic tubes was measured after
5 h of compound treatment with an oxygene sensor, The determi-
nation of uncoupler activity, in roots of L paucicostata plants, the
membrane potential of mitochendria was visualized by the poten-
tial sensor dye JC-1. Uncoupler activity was evaluated visually by
fluorescence microscopy after 90 min of compound treatment.
For evaluation of compound effects on VLCFA synthesis in cuticular
wax formation, induced cuticular defects of cress seedlings were
used as an indicator. Five days after seed treatment, shoots of cress
seedlings (L sativum) were cut off and immersed in toluidine-hlue
0 {TBO) staining solution {0.05% in water) for 5 min. The epidermal
surface of hypocotyl without a functienal cuticle is permeable (o
the hydrophilic dye toluidine-blue O, which leads to blue staining
of the hypocotyl tissue with staining intensities related to the
cuticular defects Tanaka et al. {2004),

The results were expressed as percentage inhibition or effect
and mean values of three replicates are given relative to the con-
trol. Individual standard errors were less than 10%. The effect on
cuticle function and uncoupler effect was visually evaluated by
grouped values (0%, 30%, 60% and 100% ). All experiments were re-
peated at least twice and proved to be reproducible. The results of
representative experiments are shown.

4.3. Metabolic profile

Metabolic profiling was performed as described in Grossmann
er al. {2010). Duckweed (L. paucicostata) plants were cultivated
and treated with test compounds in plastic petri dishes (three rep-
licates) under continuous light {80 pmol Phot m~2 571 in a growth
chamber at 25 °C as described {Crossmann, 2005). Compounds,
dissolved in acetone, were added to the dishes containing 15 ml
Lemna nutrient solution without sucrose (Pirson and Seidel,
19507, Organic solvent was allowed to volatilize before the dishes
were loaded with about 120 fronds each. Controls {nine replicates)
received corresponding amounts of acetone alone. After 48 h and
72 hof treatment with mefluidide {10, 100, 300 pM) or perfluidone
{1,10,100 uM), plants from three replicates were washed with dis-
tilled water, rapidly dried with filter paper, sampled {approxi-
mately 200 mg fresh weight), and immediately frozen in liquid
nitrogen. After freeze drying, the metabolites were extracted with
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the use of accelerared solvent extraction { ASE) with polar {metha-
nol:water, 4:1, viv) and nonpolar {methanol:dichlormethan, 2:3, v/
v) solvents. Subsequent analyses of metabolites were performed by
gas chromatography-mass spectrometry {GC-MS) and liquid chro-
matography-mass spectrometry {LC-MS/MS) were performed as
described (Roessner et al, 2000, Walk et al, 2007; Niessen,
2003; Gergov et al., 2003 ).

After GC-MS and LC-MS/MS analyses, data normalization and
data validation, significance hetween treatment-group values per
time and metabolite and respective untreated control-group values
were tested with the use of the Student's r test (two-sided with
inhomogeneous variance; Mead et al., 1993). Overall, changes in
the levels of about 200 identified metabolites and 300 unknown
analytes were determined and calculated as numerical ratios, rela-
tive to control samples. Known mode of action assignment was
performed by comparing the metabolic profile of mefluidide and
perfluidone, including total changes of known and unknown ana-
Iytes, with those of about 150 previously characterized herbicides
and growth regulators representing a range of about 60 mode of
action. For mode of action cluster analysis, prediction analysis of
microarrays (PAM, described in Tibshirani et al., 2002) and partial
least square-discriminant analysis {PLS-DA, described in Ramadan
et al,, 2006 and van Ravenzwaay et al., 2007) were used as multi-
variate statistical data analysis. PAM was applied for ranking pro-
file changes elicited by a new compound to profile classes
generated by compounds with known mode of action class mem-
bership with the use of the nearest-shrunken-centroid methodol-
ogy. The quality of the classification can be estimated by the
distance values (dist) and maximum log likelihvod values {mll).
The ranking is based on the logarithmized probability indicated
by mll. The mill values are always below or, in the best case, equal
to 0, because p values lie between 0 and 1. The dist value is an indi-
cator for the degree of distinctness in the classification, with the
highest value as the best, and results from the mil values of the
two best ranks of the classes. PLS-DA, which was performed with
the use of Simca-P + Version 12 {Umetrics AB, Umea, Sweden), is
a supervised regression method. It is used to construct an empirical
model relating y-type variables {e.g. treatments) with x-type vari-
ables {e.g. analytes) when the variables are many and highly corre-
lated. By applying PLS-DA, a model is obtained that describes
maximum separation among predefined classes, whereas the mod-
el quality value R {cum) indicates the coverage of the sample var-
iability by the PLS-DA model and Q” (cum) indicates the prediction
power of the model {Holmes and Antti, 2002).

4.4. Recombinant expression of A. thaliona KCS genes in 5. cerevisioe

Seventeen from 21 KCS genes (Joubes et al., 2008) were cloned
into pYES2 {Invitrogen, Karlsruhe, Germany) vector for galactose
inducible expression in 5. cerevisiae with standard cloning tech-
niques described in Sambrook et al,, {2001). The genes were se-
lected because of their expression pattern analyzed with
Genevestigator (Hruz et al., 2008), presence of cysteine at active
site (Joubes et al., 2008) and availability of full length cDNA clones
at Arahidopsis Biclogical Resource Stock Center. Plasmids with full
length cDNA clones of 13 KCS genes {TAIR ID: AT1G01120, TAIR ID:
AT1GE8530, TAIR 1D: AT2G15090, TAIR ID: AT5G04530, TAIR 1D:
AT1G04220, TAIR 1D: AT1G 19440, TAIR ID: AT1G71160, TAIR 1D:
AT2G26250, TAIR ID: AT2G26640, TAIR ID: AT2G28630, TAIR 1D:
ATSG4A3760, TAIR 1D: AT1GOT720, TAIR 1D: AT3G52160) were re-
ceived from the Arabidopsis Biological Resource Stock Center
(ABRC, The Ohio State University, Columbus, USA) and either di-
rectly cloned into pYES2 or PCR amplified with suitable restriction
sites for subsequent cloning into pYESZ. The protein coding se-
quences of TAIR ID: AT1G25450, TAIR ID: AT2G16280 and TAIR
ID: AT4G34510 were codon optimized for expression in 5. cerevisi-
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ae and made synthetically {fehit synbio GmbH, Heidelherg, Ger-
many) with respective 5 and 3’ restriction sites added for
subcloning into pYESZ. The pYES2 expression vector containing
TAIR ID: AT4G34520 (FAE1) was kindly provided by O. Rowland
{University of British Columbia, Vancouver, Canada). For detailed
cloning strategy see Supplementary Table 1.

5. cerevisioe cells are capable to synthesize eicosanoic, docosa-
neic, tetracosanoic and hexacosanoic acid with its endogenous
elo2 and elo3 proteins {Paul et al., 2006). In order to differentiate
between the S. cerervisiae endogenous elongase activity and the
plant KCS activity we introduced the KCS plasmids in wildtype
INVScT strain {Invitrogen, Karlsruhe, Germany) as well as Aelo2
(acc. No.: Y05736; Euroscarf, University of Frankfurt, Germany)
and Aelo3 [acc. No.: Y15281; Euroscarf) deletion mutants. 5. cere-
visiae strains were transformed with S.c.EasyComp™ transforma-
tion kit {Invitrogen) as described in the manufacturers manual.
Transformants were selected on 5C minimal medium agar plates
{Amberg et al., 2005) lacking uracil. Before induction, transformed
cells were grown overnight on a rotary shaker at 30°C with
180 rounds per minute in SC minimal medium lacking uracil and
supplemented with 2% glucose as the only carbon source. Expres-
sion of recombinant protein was induced by transferring cells to
SC minimal medium lacking uracil and supplemented with 1% raf-
finose and 2% galactose for 72 h at 24 °C. Supplementation studies
were used to examine the utilization of polyunsaturated octadeca-
noic fatty acids by KC51 and FAE1 {KCS18) proteins expressed in
transgenic 8. cerevisioe strains (InvScl ). Therefore, induction med-
ium was supplemented by addition of respective fatty acids, dis-
solved In acetone, to a final concentration of 200 uM and of 0.2%
Tergitol {Sigma-Aldrich). For inhibitor experiments the test com-
pounds, dissolved in dimethylsulfoxide (DMSO), were added to
the S. cerevisine cell suspensions simultaneously with the induction
of the KCS expression for 48 h (InvScl, Aelo2) or 72 h {Aelo3). In
order to analyze the fatty acid composition, 2 = 107 §. cerevisiae
cells were harvested by centrifugation (5 min, 4 °C, 6000g), washed
one time with agua dest. and Iyophilized prior to subsequent
extraction of fatty acids.

4.5, Fatty acid extraction of S. cerevisiae

To determine total fatty acid composition, fatty acid methyl es-
ters were prepared according to a modified protocol described in
Browse et al. {1986). For transesterification 2107 lyophilized cells
of 5. cerevisine were resuspended in 2.44 ml BCly:methanol {9.8%, v/
v; Sigma-Aldrich, Deisenhofen, Germany) including 1.7% 2,2-dime-
thoxypropane and 15 pg internal standard pentadecanoic acid.
After incubation for 4 h at 80 °C, samples were cooled down, 1 ml
0.9% NacCl {wiv) was added and fatty acid methyl esters were ex-
tracted in liquid hexane for two times. After evaporation of hexane
under nitrogen at 50 °C, the fatty acid methyl esters were dissolved
in 100 pl heptane containing 15 pg quantitation standard hepta-
decaneic acid methyl ester and subsequently analyzed by GC/MS.

4.6. GG/MS analysis of fatty acid methyl esters

Fatty acid methyl esters from either S. cerevisiae cells or Lemna
tissue were injected in an Agilent 5973 N gas chromatograph (Agi-
lent, Waldbronn, Germany) and separated on a DB-5 MS column
{Agilent; length: 20 m; film thickness: 0.18 pm). The column was
operated with helium carrier gas (flow: 7.1 mlfmin) and 4:1 split
injection {injection remperature: 250°C). The oven temperature
was increased constantly from 120 to 190 °C with 6 °C per min
and further up to 260 °C with 3.5 °C per min. Subsequent to the
detection of the mass fragments in a mass spectrometer detector
{detector temperature: 230 °C), the analytes were identified by
their mass spectra {Wiley Registry of Mass Spectral Data, 8th edi-
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tion, 2006, John Wiley & Sons, Inc., Hoboken, NJ, USA) and con-
firmed by analytical fatty acid methyl ester standards {Supelco®
37 Component FAME Mix; Sigma-Aldrich).

4.7, Determination of fatty acid content and KCS inhibition in 5.
cerevisiae cells

Each detected fatty acid analyte was integrated and evaluated
as percent amount of total detected fatty acid analytes. Each sam-
ple from transgenic S. cerevisiae was compared Lo their respective
untreated or non-induced control and identified plant-KCS-derived
VLCFAs were calculated as %VLCFA from total content of fatty acids.
Inhibition of KCS activity after compound treatment was calculated
by comparison of #VLCFA of treated versus untreated cells. 1Cs, cal-
culations, based on inhibition values of five different compound
concentrations with three parallel samples, were executed with a
two-logistic regression model by SAS statistical analysis tool (Ver-
sion 9.2; SAS Institute Inc,, Cary, NC, USA).

4.8, Farty acid extraction and analysis of [. paucicostata tissue

L. paucicostata plants were cultivated and treared with com-
pounds in plastic petri dishes (three replicates) with 15 ml Lemna
nutrient solution without sucrose (Pirson and Seidel, 1950) under
continuous light {40 pmol Phot m=2s~") in a growth chamber at
25 °C, Compounds in DMSO solution {final DMSO concentration
0.1%) were added to dishes which contained about 25 Lemna fronds
each. Control samples received corresponding amounts of DMSO
alone. After 48 h of treatment with mefluidide {10, 100, 200 pM),
metazachlor {1, 10 uM) or perfluidone {1, 10, 100 pM) about
50 mg of plant tissue per replicate were collected, dried with filter
paper and lyophilized after freezing on dry ice. Fatty acid extrac-
tion was done according to a modified protocol described in
Browse et al. {1986). Lyophilized tissue was mixed with 2.44 ml
BCly:methanol (9.8% viv, Sigma-Aldrich, Deisenhofen, Germany)
including 1.7% 2 2-dimethoxypropane and 15 pg pentadecanoic
acid as transesterification standard. Afterwards the tissue was
homogenized for 2 min with a frequency of 25 Hz in a mixer mill
MM400 { Retsch, Haan, Germany ). Subsequently, homogenized tis-
sue was incubated for 4 h at 80°C for direct transesterification.
After samples were cooled down to 20=C, 1 ml 0.9% NaCl {wjv)
was added and fatty acid methyl esters were extracted in hexane
for two times. After evaporation under nitrogen at 50 °C, fatty acid
methyl esters were dissolved in 100 pl heptane containing 15 pg
quantitation standard heptadecanoic acid methyl ester and subse-
quently analyzed by GC/MS as described herein.

For quantitation of fatty acids, the molar fraction { mol%) of ana-
Ivtes were calculated based on the peak area compared to an ana-
Iytical standard for each fatty acid species. In addition, two internal
standards {pentadecancic acid, heptadecancic acid methyl ester)
were used to eliminate the extraction and injection variability.
For comparison of changes in fatty acid content of treated versus
control femna., each fatty acid was normalized to a scale from
=1 and 1 using Amol% = {mol% treated — mol# control)f{ mol’
treated + mol® control). With this normalization, a value of -1
indicates that a fatty acid is completely vanished, whereas values
close to one indicate strong increase compared to control. Accord-
ingly, a value of 0.5 means an increase of about three times com-
pared to control. The Amol% values plotted on a fatty acid
biosynthesis pathway scheme with Cytoscape software package
{Cline er al., 2007).
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DISCUSSION

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 Boger investigated the MoA of chloroacetamides intensively (reviewed in
Schmalful’ 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, azido-
atrazine with a photoaffinity group was combined with a radioactive "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 NAD-
dependent 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 1%-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);

compounds from a company proprietary library; 2 Publicly available compound library (for details see

;
1

Toth and van der Hoorn, 2010); ® Year of first market introduction (Phillips McDougal, 2011).

Source of compound Mode of Action
Cpd. Origin Organism for plant MoA  Pathway
Structure tumguund Source  Type Reference studies Target Slralgg_v Reference
Du Pant, et o, *
see review by Singh and Shaner, Am. Cyanamide, et al. * amino acid biosynthesis
1985 various classes (e. g. LaRossa and Schloss,
sulfonylureas & [Zea mays (suspension 1984
imidazolinone herbicides)  |FS 5 1982" culture) Acetolactate synthase P Shaner et al. , 1984
I W Mansanta’ amino acid biosynthesis
o |~ \)I\ Jaworski, 1972
= Enaolpyruvylshikimate Steinbricken and
Glyphosate F5 5 Baird et al. , 1971 Lemna gibba synthase P Amrhein, 1980
i | i Streptomyces
viridichromogenes amino acid biosynthesis
::/| o
\ Glufosinate Pisum sativum [enzyme
{Phosphinotricine) Fs NP Bayer et ol. 1972 assay) Glutamine synthase P Leason et al. , 1982
/] | Hoechst AG' amino acid hiosynthesis
v o Lemna gitba, Kiebsielia
Hoe 704 Fs 5 Schulz et ol , 1988 |pneumonioe ketol-acid reductolsomerase P Schulz et al. , 1988
|
\[/u\ I/\/\ JL Pseudomonas syringae. amino acid biosynthesis (Arg)
j:/\’ L Mitchell, 1976 Ornithine Ferguson and Johnston,
] ||*g Phaseclotoxin Extract NP Moore et al. 1984 various plants Carbamayltransferase [ 1980
., 1
\ Jlf Ciba-Gelgy
H Monsanto® amino acid biosynthesis [His)
P IRL1803, IRLLBSE (triazoke Meori and Fonne- Qcymum basilicum (cell
/|/ phasphonates) Plister, 1995 culture}, Arabidopsis Imidazaleglycerclphosphate Mari and Fonne-Pfister,
pyrrole aldehydes 150 5 Schweitzer et al. , thaliana dehydratase T 1995
/Y \N\r Rhizobium japanicum amino acid blosynthesis (Met)
Owens and Wright, |Spinacia oleracea Giovanelli et al. , 1971
Rhizobitoxine Extract NP 1965 | Zea mays P-Cystathionase P Glovanelli et al. , 1972
Ml/ American Cyanamid’ Solmonello typhimurium  amino acid biosynthesis (Trp)
I Tsa enzyme
Arylsulfide phosphanates (e [ Arabidopsis thaliana
g Cpdl) (111 5 Finn et al, , 1999 (reversal} Tryptophan synthase T Finn et ol , 1999
o targeted synthesis biotin synthesis
8-Amino-7-oxo-8-
phosphonononaoic acid Ploux et al. , 1999 7-keto-8-amincpelargonic Ploux et al. , 1999
Triphenyltin acetate 15D 5 Hwang et al., 2010  |Arabidopsis thaliana acid synthase T Hwang et al. , 2010
Carotenoid biosynthesis
CPTA (2-14- Hsu and Yokoyama,
chlorophenytthic)- Porter and Lincoln, 1972
triethylamine HCI F5 5 1950 trispora Lycopene synthase P Bouvier et al. , 1997
Syngenta, et al. B carotenoid biosynthesis
Pyridazinone {Norflurazon,
1971} Mayer et al. , 1989
Fluridone (1981} F5 5 1a71? Narcissus Ph P Sandmann et al. , 1989
| Rhone-Poulenc’ Caratenaid biosynthesis
~ [Aphonocapsa (blue-green
LSBO707, 1852 F§ 5 Vial and Borrod, 1984 |algae) Z-Carotene-Desaturase P Sandmann et ol. , 1985
o,
/N Dow Agro Science’ cell wall biosynthesis
T Heim et al., 1989
~ Isoxaben, Thiazolidinone FS 5 1984° | Arabidopsis thaliona Cellulose synthase G Scheible et al , 2001
1 . 5
see review by Hao et al., 2011 Bayer, etal. chlorophyll biosynthesis
various classes, eg. diphenyl Zea mays, Solanum Protoporphyrinogen IX
ether herbicide Bifenox FS S 1969° tuberosum Oxidase P Matringe et gl., 1989
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Table 1: continued

Source of compound Mode of Action
Cpd. Origin Organism for plant MoA  Pathway
Structure comound Source Type Reference studies Target Strategy Reference
\_u#:
Dow, et al. * cytoskeleton Strachen and Hess,
1983
Pendimethalin and other Marejohn et al., 1987
Dinitroanilines FS 5 1964* (Chlamydomonas a-Tubulin P Anthony et al., 1998
o BASF cytoskeleton
= Zea mays, Eleusine indica ,
Cyanoacrylates F5 5 Tresch et al., 2005 |various model systems w-Tubulin P Tresch et al. , 2005
e
CH 1 e
O Maonsanto, et al. fatty acid biosynthesis
W
}—\ Chloroacetamides (e. g.
5 Propachlar) FS 5 19657 Arabidopsis thaliama 3-Ketoacyl-CoA synthase P Trenkamp et al. , 2004
Il ) )
-—“ 3M Company fatty acid biosynthesis
o Trifluaromethan-
>_-. sulfananilides (e. g. Lemna paucicostata ,
Mefluidide) FS 5 Friedinger, 1978 various model systems 3-Ketoacyl-Coh synthase 4 Tresch et al. , 2012
various classes (e. g. Bayer, etal. fatty acid biosynthesis Burton et al. , 1987
Eealb e aryloxyphenoxy-propionates Zea mays (seedlings), Focke et al. , 1987
(fop's) & cyclohexanediones Hordeum vulgare Rendina and Felts, 1988
{dim's}) 3 s 1975* (chloroplasts) Acetyl-CoA-Carboxylase P Secor and Ceske, 1988
) o
Fusarium solani, NRRL 13883 Glycalysis
Spinacio oleraces,
o o Anhydro-D-glucitol Extract NP Tanakaet ol , 1996 |Loctuco sative Fru-1,6-bisP aldolase P Dayan et al, , 2002
w
DiverSet NT488, LOPAC, hormone (abscisic acid signal
Spectrum’ perception}
Pyrabactin FS 5 Zhao et al. , 2007 Arabidopsis thaliana Pyrabactin resistance 1 G Park et al. , 2009
Dharmasir et al. , 2005
i & i si i Kepinski and Leyser,
see review by Grossmann, 2010 Dow Agro Science, et al, hormaone {auxin signal perception) 20:5 !
various classes (e, g, Transport inhibitor response Walsh et al. , 2006
phencxycarboxylic acids) FS 5 19457 Arabidopsis thaliana factors G Tan et al. , 2007
a
I DiverSet®
~ =" N Rybel and Audenaert, GSK3 like kinases in Rybel and Audenaert,
Bikinin F5 5 2009 Arabidopsis thaliana brassinolide signaling P 2009
Microsource Spectrum
Collection® hormane {ethylene signalling)
- Arabidopsis thaliana (ctrl-
o Kynurenine FS NP Heetal., 2011 1, etol-2} Tryptophan aminatransferase P Heetal , 2011
Pseudomonas syringae signal
Feysetal ,1994
YIQ,\ Xie etal., 1998
Coronatin Extract NP Ichihara et al. , 1977 bidopsis thaliona Coronatin insensitive 1 G Sheard et of. , 2010
i FMC Corporatia isoprenaid biosynthesis
T Spinacia oleracea;
o Scenedesmus obliguus, Deoxyxylulose-5-phosphate-
Clomazone 3 5 1986 Sinapis alba, Norcissus sp. synthase P Ferhatoghy, 2006
W J‘[SJ Cerep diversity based library® lipid synthesis
Q Botte and Deligny,  |Arabidopsis thaliana
@:)‘ Galvestine-1 RS 5 2011 MGD1 enzyme (in vitro | MGDG-synthase T Botte and Deligny, 2011
=
Q
' Mansanto’ photosynthesis
/ 5 compound classes (e. g. G, Spinacia oleracea Ctph Carbaxyterminal processing
H) RS 5 Duff et al. , 2007 enzyme (in vitro ) protease of D1 T Chen et al. , 2007
MAl, et al. * photosynthesis Wessels and
SEINCEE AL Amaranthus hybridus Vanderveen, 1956
various classes (e, g. urea & {susceptible, resistant) Pfister et al. , 1981
triazine herbicides) FS 5 1954* Rhodopseudomonas D1 protein (psbA gene) BEP Michel et al. , 1986
1 . . .
see van Almsick, 2000 ) Sankyo et. al. plastoquinone biosynthesis
various classes (e. g.
pyrazolones & triketone Hydroxyphenylpyruvate Schulz et al. , 1993
herbicides FS SND 1979* Lemna gibba Dioxygenase 4 Barta and Bdger, 1996
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Table 1: continued

Source of compound Mode of Action
Cpd. Origin Organism for plant MoA  Pathway
Structure Comeound Source Type Reference studies Target Strategy ReTerem:e
o o M Fanne-Pfister et al. ,
Streptomyces hygroscopicus purine biosynthesis 1996
N (Ocymum basilicum [cell Cseske et al., 1996
o \ ! Makahima et al , culture), Arabidopsis Siehl et al. , 1996
o o Hydantocydin Extract NP 1991 i Zea mays Adenylosuccinate synthase P ‘Walters et al. , 1997
" [ Actinomadura madurae purine biosynthesis
o }* )f Schmitzer et al. ,
» o Ribofuranosyl triazolone Extract MNP 2000 Arabidopsis thaliana Adenylosuccinate synthase P Schmitzer et al. , 2000
/J\. J\\ .
o Dow Agro Science purine biosynthesis
Glutamine Phospho-
ribosylpyrophosphate
DAST34 FS 5 Walsh et al. , 2007 [ Arabidopsis thaliana Amidotransferase G ‘Walsh et al. , 2007
W Ciba-Geigy '
| —_— Monsanto steral biosynthesis
m Zea mays (seedlings), Streit et ol , 1991
CGEA214372 F5 s Steeit et al,, 1991 Nicatiana tabacum (BY-2) Obtusifalicl 14c demethylase P Salmon et al, , 1992
) Alternaria tenuis
Kf Alternaria alternata photosynthesis Armntzen, 1972
Spinacia oleracea Steele et ol. , 1976
| (biochemistry) Groth, 2002
Tentoxin Extract NP Meyer et al., 1971 |Arabidopsis thallana chloroplast F1-ATPase P Sobolev et al. , 2002
I Nz
ChemBridge, Diverset library®
Surpin et ol , 2005
Rojas-Pierce et ol ,
Gravacin F5 5 Surpin et al, , 2005 |Arabidopsis thaltana P-glycoproteinld G 2007
\/© 8ASF:
Grossmann etal.,  |lemna paucicostata , Grossmann et al. ,
Cinmethylin FS S 2012 various model systems Tyrosine aminotransferase  p 2012b
— Lo ——

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
a-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 14a-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 MoOA 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); '
Compound from a company proprietary library; 2 Publicly available compound library (for details see
Toth and van der Hoorn, 2010); 2 Year of first market introduction (Phillips McDougal, 2011).

Source of compound Mode of Action
Cpd. Origin Organism for plant MoA  Pathway
Structure ComEund Source Type Reference studies Target Strategy Reference
Streptomyces lovenduloe biatin synthesis
Nudelman et ol , 2004 Sandmark et ol , 2002
Desmethyl-KAPA 150 Ashkenazi et al., 2005 7, B-diaminopelargonic acid Ashkenazi et al. , 2005
Amiclenomycin Extract S Okami et al., 1974 - aminotransferase P Mann et al. , 2009

Gardner and Gorton,

1985
M Streptomyces loyocoenis Piswm sativum, Z. mays, chlorophyll biosynthesis Kannangara and
Avena sativa Schouboe, 1985
Hordeum vulgare Glutamate 1-semialdehyde Kahn and Kannangara,

Gabaculin Extract NP Mishima et al, 1976 [Chiemydomaonas, aminotransferase P 1987
Ciba-Geigy' fatty acid biosynthesis
Zinkernagel and Kénig, enoyl-acyl carrier protein McMurry et al., 1998
Triclosan F5 5 1967 Arabidopsis thaliana reductase G Heath et al., 1999
Preussia fleischhakii fatty acid biosynthesis
-
Weber and Gloer 1988 enayl-acyl carrier protein
Cyperin Extract MNP Stierle et al. 1991 [ Arabidopsis thaliana reductase P Dayan et al., 2008
WA A ] ]
— — Bayer Folate biosynthesis
Veerasekarana et al.,
Triticum oestivum (shoot 1981
Sulfamethoxazole, Asulam  |FS 5 1965 tips), Avena fatua Dihydropteroate synthase P Guerineau et al. , 1990

small set of synthesized

O compounds. hormone (brassinolide synthesis)

W ? Asami and Yoshida, cytochrom PA50
Brassinazole Fs s 1999 Arabidopsis thaliana MEnooxXygenase P Asami et al., 2001
Xkr\‘@\ Syngenta (former ICI)* hormone (Gibberelin synthesis)
( .} (Cucurbita maxima, Malus Hedden and Graebe,
h —f‘r Paclobutrazol FS s Lever et al. 1982 pumila ent-Kaurene oxidase P 1985
= ICCB diversity set of compounds,
! ICCB Chem-
| Bridge Library® hormene perception [auxn); cell eycle rey
sirtuin family of NAD- Grozinger ef al., 2001
i == dependent deacetylases; acts Zhao et al., 2003
Sirtinol F5 5 Grozinger efal,, 2001 |Soccharomyces cerevisiae auxin like after metabolisation G Dai et al., 2005
n\‘|u| T Streptomyces lovenduloe isoprenoid biosynthesis
“ o
P N =
& =E Lemna gibba, Hordeum 1-Deowy-D-xylulose-5- Zeidler et al., 1998
Fosmidomycin Extract MNP Okuhara et ol 1980 vulgare phosphate reductoisomerase P Kuzuyama et al., 1998
varicus model systems,
Sharples Chemicals Inc.' (Nicotiona tabacum {cell  signaling cascades
culture), Arabidopsis
thaliana, Lemna serine [ threonin protein Tresch et ol ., 2011
Endothall FS SND Tischler et al. , 1951 paucicostata phosphatases. P Bajsa et ol ,, 2012

Streptomyces sp. CUTTER ¢f2

\”I NCIB 8845 translation
-~ Attwood, 1969
) Chen et al., 2000

Actinonin JExtract NP Gordon et al. 1962 Nicotiana tabacum Peptide deformylase p Hou et al., 2007

62



DISCUSSION

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 "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 o/p-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 inhibitor-
protein 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 B-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 ARRS. 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 brassinosteroid-
controlled 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); ' compound from a company proprietary library; > Publicly available compound library (for details
see Toth and van der Hoorn, 2010).

Source of compound Mode of Action
Cpd. Origin Organism for plant MoA  Pathway
Structure Compound Source  Type Reference studies Target Strategy Reference
——
Chemtura® cell wall biosynthesis
Koopman and Daams, target in cellulose Montezinos and Delmer
Dichlobenil F5 5 1960 Gossypium hirsutum biosynthesis not known ] 1980
Streptomyces scables cell wall Biosynthesis
Fry and Loria, 2002
target in cellulose Scheible et al. , 2003
Thaxtomin A Extract NP King et al., 1989 | Arabidopsis thaliona biosynthesis not known [ Bischoff et al. , 2009
I J\ Ciba-Geigy" cell wall biosynthesis
O/ CGA325615, AE F150944, target in cellulose
Indaziflam, Triaziflam Fs 5 Peng et al., 2001 Glycine max (cell culture) biosynthesis not known [ Peng et al., 2001
A~ A
,\ﬁ Kureha Chemical® cell wall biosynthesis
(P
_S: O'Keefe and Klevorn, | Arabidopsis thalian, target in cellulose
Flupoxam, Triazofenamide  |F5 5 1991 Agrostis biosynthesis not known P Heim et al., 1998
4 Streptomyces sp. OM-5714 cell wall biosynthesis
. Phytophthora parasitico
vs. Candida albicans, target in cellulose
Phthoxazolin Fs NP Omura et al., 1990 Acetobacter xylinum biosynthesis not known P Omuraet al., 1990
Il
-
/@'/ Microsouce Spectrum & LATCA? cytoskeleton orientation and cell wall con
g\ Cobtorin FS 5 Yoneda et gl , 2007 Nicotiana tabocum (BY-2) no target described 4 Yoneda et al. , 2010
QY’ 8 Shell Research Limited" eytoskeleton (regulation)
: -
\rU\' leffcoat and Harries,  |various plant models
Flamprop-M-Methyl Fs 5 1975 sytstems, Zea mays no target described ] Tresch et al. , 2008
S DiverSet plates 10,126-10,250
P and 10,626-10,750° cytoskeleton orientation and cell wall con
Morlin F5 5 DeBold et al. , 2007 Arabidopsis thaliong no target described P DeBolt et af. , 2007
~
Microsource Spectrum® endocytosis
\*([‘ —~ involving an earty SYPE1/VHA-
Endosidin, alternative name: Nicotiana tabacum al endosomal compartment,
g Prieurianin Fs 5 Robert and Chary, 2008 |{pollen) no defined target described P Robert and Chary, 2008
f’ Streptomyces
™~ diostatochromogenes 859 hormone {auxin signal perception)
o F5,
/i{:r - reporter
Yokonolide B system NP Hayashi et al., 2001 | Arabidopsis thaliona auxin signaling [ Hayashi et al. , 2003
. hormone (auxin signal perception) / RNA
| ﬁl Streptomyces toyocaonsis translation
. : £5,
/\ﬂ reporter auxin signaling Hayashi et al. , 2009
% o Toyocamydn system NP Nishimura et al. , 1956  |Arobidopsis thaliana RNA synthesis / processing P Sverak et al. , 1970
Y S 4 DiverSet library® hormone {auxin signal pereeption)
| >_ F5,
- repoarter
Compound A& B, C, D system 5 Armstrong et ol , 2004 |Arabidopsis thaliona auxin signaling, anti-auxing P Armstrong ef al. , 2004
_gis_/ Streptomyces sp. hormone (ausxin signal perception)
F5,
Terfestatin A system NP Yamazoe et al , 2004 | Arabidopsis thaliona modulator of aux/IAA stability P Yamazoe et ol. , 2005
/\O DiverSet library® hormone (brassinosteroid signaling)
F5,
)l reporter
Brassinop 5 Gendron et al. , 2008 unknown [

Lsystem

LArabidopsis thaliana
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Table 3: continued

Source of compound Mode of Action
Cpd. Origin Organism for plant MoA  Pathway
Structure comEound Source  Type Reference studies Target Strategy Reference
Phoma macrostema unknown
Macrocidin A Extract NP Graupner etal., 2003 |- induce bleaching symtpoms P
WNectrig sp. DADBDOST unknown

structurally similar to
Cinnacidin Extract NP Irvine et al. , 2008 - coronatin P Irvine ef ol , 2008

DiverSet NT488, LOPAC,

Spectrum® unknown
UDP glycosyltransferase
Hypostatin FS 5 Zhao et al., 2007 Arabidopsis thaliana (Ler) activates compound Hyp G Zhao et al., 2007
Ascochyta cauling unknown

Lemng poucicostata,

Ascaulitoxin Extract NP Evidente et al., 1998 various model systems unknown P Duke et al., 2011
Streptomyces griseolus unknown
A-75943 Extract NP Xu et al , 2009 - unknown

b1

DiverSetE? vacuelar transport

Socchoromyces cerevisioe,
g BY-2 cells, Arobidopsis Zouhar et al. , 2004
4
r Streptomyces albus subsp.
< = J Chilorinus unknown

|
Sortin F5 5 Zouhar et al., 2004 thaliana unknown G&EP Rosado et al., 2011

bleaching and chlorosis, no

Albucidin Extract NP Hahn et al. , 2009 - detall description of MoA - Hahn et al. , 2009
Streptomyces olfvareticuli hormone perception (jasmonic acid)
| I\I/ described inhibitor of
) = aminopeptidase, but detail
Bestatin Extract NP Suda et al., 1976 Arabidopsis thaliona target in plants is not . Zheng et ol. , 2006
P
\q@ ’_( Analyticon Discovery® unknown
/J% Arabidopsis thaliona most probably blocks protein
4,15-Diacetoxyscirpenol F5 NP Serrano et al. , 2010 fil RPM1 translation - Semrano et ol. , 2010
b J Streptomyces platensis protein synthesis
Wj:f' : Selenastrum
Resormycin FS NP lgarashiet al. , 1997 |eqpricornutum unknown P Jgarashi et al., 2001

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 1%
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:
e Is the compound in general cytotoxic?
e 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?
e Does the compound act on primary metabolism, structural targets or the hormone
system?
e 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?

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

Based on the initial characterisation in the 1 level, a decision can be made about what MoA
approach (Figure 3) is applicable in the 2" 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

67



DISCUSSION

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 2™ 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
Jabaiji, 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 1°-level studies indicate a target
site in signalling pathways or targets that regulate cell structure. Because of the well-
established 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 3™ 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 well-
accepted 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.

69



DISCUSSION

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 dose-
dependent 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:
o Data about selectivity in various plant species should be provided to estimate the
application range in different species.
e 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

70



DISCUSSION

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 1 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 Jabaiji, 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 Jabaiji,
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 RNA-
seq, 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 high-
resolution 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 um) 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 re-
sequencing 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 non-

model 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 (Bdger 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 three-
hybrid (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 2"-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 1%-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 2"-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 3™ level with the in vivo data from 1% and 2™
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 large-
scale 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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