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Summary

Even the most complex organism has its origin in a single cell. During development the
descendants of this cell adopt diverse fates in response to a variety of endogenous and
exogenous factors, giving rise to the overwhelming diversity of life. Plants use the
phytohormone auxin as a major patterning factor. Auxin controls asymmetric growth in
response to photo- and gravitropic stimuli, suppresses shoot branching and promotes

lateral root initiation.

Because of the stereotypic cell division pattern in early Arabidopsis thaliana
embryogenesis, the role of auxin in embryonic root formation is particularly well
understood (Lau et al. 2012). Auxin degrades the Aux/IAA protein BODENLOS (BDL),
thereby releasing the AUXIN RESPONSE FACTOR (ARF) MONOPTEROS (MP), and

MP in turn initiates primary root formation.

To study the regulation of the auxin response mediated by the MP-BDL module, we
employed a suppressor screen on the root initiation defect of the bdl mutant which
expresses a stabilized version of the BDL inhibitor. This screen resulted in the
identification of the nuclear import receptor IMPORTIN ALPHA 6 (IMPa6) as a critical
determinant of auxin response. In impa6-1 bdl double mutants the primary root initiation
defect of bdl is partially rescued, presumably because of a reduced nuclear uptake of bdl
into the nucleus. Incorporation of delayed nuclear import into a previously established
computational model auxin-modulated MP-BDL interaction revealed that such a delay
can be sufficient to trigger an auxin response in bdl after a short auxin pulse (Herud et
al. 2016).

Traditionally auxin localization is inferred from the expression of reporter genes under
the control of the auxin-inducible promoter DR5. The presence of reporter signal is
usually referred to as an auxin-response maximum, and it is assumed that each
reporter-signal maximum represents a local auxin maximum. Quantitative
measurements indicate that this is not necessarily the case. We employed the
similarities between auxin and tryptophan to develop an auxin sensor based on Forster

resonance energy transfer (FRET) by semi-rational redesign of an established



Zusammenfassung

tryptophan sensor. This sensor enables us to visualize auxin directly and with high

temporal and spatial resolution.

Zusammenfassung

Die Entwicklung auch des komplexesten Organismus beginnt mit einer einzelnen Zelle.
Eine groRe Anzahl von endogenen und exogenen Faktoren beeinflusst die
Spezifizierung aller Organe aus den Nachkommen dieser Zelle. In Pflanzen ist das
Phytohormon Auxin ein sehr wichtiger Musterbildungsfaktor. Auxin kontrolliert z.B.
asymmetrisches Wachstum wahrend des Photo- und Gravitropismus, unterdrickt die

Ausbildung sekundarer Sprossachsen und férdert die Bildung von lateralen Wurzeln.

Aufgrund des stereotypischen Zellteilungsmusters in der Embryogenese von
Arabidopsis thaliana ist die Wirkung von Auxin in der embryonalen Wurzelinitiierung
besonders gut verstanden (Lau et al. 2012). Auxin degradiert Aux/IAA Proteine wie
BODENLOS (BDL) und befreit dadurch AUXIN RESPONSE FACTORS (ARFs) wie
MONOPTEROS (MP) von ihrer Inhibierung. Wahrend der Primarwurzelinitiation wird
BDL in den inneren Zellen des apikalen Proembryos degradiert, dadurch kann MP die

Waurzel initiieren.

Um die Regulation der Auxinantwort besser zu verstehen, haben wir nach Mutanten
gesucht, die den Wurzelinitiierungsdefekt von bdl retten; die bdl Mutante exprimiert ein
stabilisiertes BDL Protein. Dabei haben wir den Kerntransportrezeptor IMPORTIN
ALPHA 6 (IMPa6) als wichtigen Teil der Auxinantwort identifiziert. In impa6-1 bdl
Doppelmutanten tritt der Wurzelinitierungsdefekt seltener auf, vermutlich weil bdl
langsamer in den Zellkern aufgenommen wird. Indem wir einen verlangsamten Import in
ein etabliertes Model der Auxinantwort eingefligt haben, konnten wir zeigen, dass dies
ausreichend sein kann, um in der bdl Mutante eine Auxinantwort nach einer kurzen

Erhéhung der Auxinkonzentration auszuldsen.

Traditionell wird die Auxinkonzentration aus der Expression von Reportergenen unter
der Kontrolle des artifiziellen, auxin-induzierbaren Promotors DR5 geschlossen. Der
Bereich, in dem das Reportergen exprimiert ist, wird als Auxinantwort-Maximum

bezeichnet, und es wird angenommen, dass jedes Auxinantwort-Maximum auch ein
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Maximum der Auxinkonzentration ist. Quantitative Messung zeigen jedoch, dass
Auxinkonzentration und DR5 Aktivitat nicht immer korrelieren. Wir haben die Ahnlichkeit
von Tryptophan (Trp) und Auxin ausgenutzt, um einen auf Forster-Resonanz-Energie-
Transfer basierten Trp-Sensor zu einem Auxin-Sensor zu machen. Mit diesem Sensor

kénnen wir Auxin in einer hohen zeitlichen und raumlichen Auflésung visualisieren.
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Introduction

The establishment of polarity
The development of an organism begins with the fusion of a sperm with an egg cell,
resulting in the formation of a zygote. How this cell and its progenitors establish polarity
and initiate all the organs of the organism is one of the fundamental questions in biology.
Remarkably, different species use widely different arrays of signaling and gene networks

to organize these processes.

While fertilization and sperm entry define the final axis in amphibians and ascidians
(Lane and Sheets 2002), in most animal species the anterior-posterior axis is only
recognizable at the end of the gastrulation stage (Kimelman and Martin 2012). In
contrast, many species of the spermatophytes exhibit a clear polarity already at the
zygote stage (Ueda and Laux 2012). But in the very same spermatophytes, in which the
apical-basal axis of the progeny is already predefined by the position of the egg cell in
the embryo sac, microspore embryogenesis and callus cultures prove that the polarity

can also be established de novo (Luo and Koop 1997, Tang et al. 2013).

Experiments in Oryza sativa showed that the sperm entry site does not correlate with the
apical-basal axis of the proembryo (Nakajima et al. 2010) but several other groups
reported a role of the zygote cell wall. In microspore embryogenesis of Brassica napus
the axis correlates with the exine opening, suggesting that mechanical stress might
influence the polarity (Tang et al. 2013). Similarly in Nicotiana tabacum, polarity seems
to be correlated with zygote elongation, eventually influenced by cell wall proteins. He et
al. (2007) could show that even a loosely attached fragment of the cell wall appears

sufficient.

Extensive research is aimed at understanding the molecules that pattern the subsequent
specification events in the early embryo. One of the popular models explaining how a
complex pattern can arise from a single pole is the French flag model. Originally
proposed by Wolpert (1969), the model predicts a complex pattern arising from a single
morphogen gradient. Different downstream modules are purportedly induced by different
concentrations of the morphogen (Figure 1a). A good example for this mode of

patterning is the pattern formation in the syncytial Drosophila melanogaster embryo
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(Kimelman and Martin 2012). The dorso-ventral axis is defined by the ventral activation
of dorsal (Reeves and Stathopoulos 2009). Dorsal induces the expression of twist, and
together they control several target genes. The different affinities of the transcription
factors for promoters of their target genes enable the establishment of distinct
expression zones. Simultaneously, dorsal represses other promoters, preventing the
expression of the corresponding genes in the ventral expression domain of dorsal and
twist (Figure 1b) (Reeves and Stathopoulos 2009).

a b

I I I+ 11-

AN

\

Figure 1: French Flag model and the expression domains along the dorsoventral axis of D.
melanogaster.

a) French Flag model with 3 different thresholds.

b) Simplified illustration of the dorso-ventral patterning in D. melanogaster, modified from
Reeves and Stathopoulos (2009). Snail (green) is only expressed at high dorsal (blue) levels and
represses the expression of the Domain Il and 111+ genes, which only require low dorsal levels.
In domain |1l zelda acts as transcriptional activator, while domain-11l genes are repressed by

dorsal.

The role of auxin response in embryogenesis and directional root growth

A major patterning factor in plants is the phytohormone auxin. Some researchers
propose a role for auxin already in the patterning of the female gametophyte (Pagnussat
et al. 2009) but this notion has been challenged (Lituiev et al. 2013). Nonetheless, auxin
participates in the establishment of the apical-basal axis after the first cell division of the
zygote at the latest. In the mutants that are defective in auxin perception or transport, for
example bodenlos (bdl), monopteros (mp), and pin-formed 7 (pin7), the apical daughter

12
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cell division is not reliably vertical, and therefore does not follow the stereotypical

division pattern of Arabidopsis thaliana (Hamann et al. 1999, Friml et al. 2003).

Later in embryo development, bdl and mp exhibit additional defects in root specification
and cotyledon initiation (Hamann et al. 1999). Furthermore, mutations affecting auxin
transport or perception can lead to the absence of leaves (Okada et al. 1991),
abnormally patterned or absent inflorescences (Yamaguchi et al. 2013), and the

absence of photo- and gravitropism (Zadnikova et al. 2015).

The effect of auxin on organ patterning is largely controlled by localized transport.
Grieneisen et al. (2007) developed a model of auxin transport and response. They
showed that in the root, patterning can be recapitulated by directed transport,
independently of the biosynthetic source of auxin. This model predicts an auxin
maximum in the organizing center of the root meristem, where auxin concentration is
higher than in the rest of the root by two orders of magnitude. The main transport route
of auxin in the root is summarized in Figure 2a. Auxin is transported downwards through
the vasculature by PIN1. Below the organizing center of the root, in the gravity-sensing
columella cells, PIN3 transports auxin laterally and then PIN2 transports it upwards the

root again.

Under gravity-stimulation, amyloplasts in the columella cells follow the gravity vector and
trigger calcium (Ca?*) release from the endoplasmic reticulum (Vandenbrink et al. 2014).
This triggers the relocation of PIN3 towards the lower side of the root within a few
minutes (Friml et al. 2002) and thereby establishes a 2-fold increase of auxin levels on
the lower side of the root (Band et al. 2012). This results in root bending until an angle of

40° toward the gravity vector is reached after about 100 min (Band et al. 2012).

Mechanism of auxin perception
Auxin controls organ and cell shape by transcriptional and non-transcriptional responses
(Chen et al. 2015). Whereas the mechanism of non-transcriptional response is still
debated (Gao et al. 2015), the transcriptional response is well understood, with the main
factors illustrated in Figure 2b. At low auxin concentrations, proteins of the INDOLE-3-
ACETIC ACID INDUCIBLE (Aux/IAA) family inhibit the ARF transcription factors by
heterodimer formation and potentially multimerization (Korasick et al. 2014). In addition,

13
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Figure 2: Auxin transport and mechanism of auxin response.

a) Auxin is transported through the root by PIN proteins; (right) relocalization of PIN3 protein in
response to gravity stimulation increases auxin concentration on the lower side of the root. The
black arrow indicates the gravity vector. Increasing auxin concentrations are highlighted by green
coloration. Modified from (Petrasek and Friml 2009).

b) Scheme of the auxin response. Aux/IAA proteins (purple) inhibit ARF transcription factors
(yellow). In the presence of auxin, the Aux/IAA proteins are polyubiquitinated and the ARFs

induce the expression of their target genes.

Aux/IAA proteins contain ETHYLENE RESPONSE FACTOR-associated amphiphilic
repression motifs and mediate repression employing the histone deacetylase TOPLESS
(Szemenyei et al. 2008). Auxin functions as a molecular glue between Aux/IAA proteins
and TRANSPORT INHIBITOR RESPONSE 1 (TIR1) / AUXIN-SIGNALING F-BOX
PROTEINs (AFBs) 1 — 5. These F-Box proteins are a part of a specialized SKP, Cullin,
F-box (SCF) complex resulting in SCFTRVAFB  SCRTIRVAFE  guxin-dependently
polyubiquitinates Aux/IAA proteins which are in turn degraded by the 26S proteasome.
The ARFs are released from inhibition and activate or repress genes with AUXIN-
RESPONSIVE ELEMENTS (ARESs) in their promoters (Pierre-Jerome et al. 2013).

This auxin response is regulated on several levels: transcriptionally, post-
transcriptionally, and post-translationally (Table 1). ARF genes are transcribed in a
tissue-specific manner (Rademacher et al. 2011), the mRNAs of some ARF genes are
further restricted by miRNAs (Mallory et al. 2005, Wang et al. 2005, Liang et al. 2015),

14
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and some ARF proteins are regulated by phosphorylation (Vert et al. 2008, Cho et al.
2014). Furthermore, the F-Box proteins are miRNA targets as well and regulated by S-
nitrosylation (Navarro et al. 2006, Terrile et al. 2012). Such regulation might enable the
plant to regulate different sets of target genes at similar auxin concentrations and
incorporate exogenous factors into patterning decisions, e.g. nutrient supply into the root

architecture (Liang et al. 2015).

Target Modification Effect Reference
. Mediating root cap formation, lateral root number, and
ARF10, ARF16,  Degradation by . . o . (Mallory et al. 2005, Wang et
. primary root length. miR160 is induced by nitrogen, sulphur .
ARF17 miR160 o al. 2005, Liang et al. 2015)
and carbon deprivation.
Degradation by Nitrogen represses miR167 and thereby regulates lateral root .
ARF8 . L (Gifford et al. 2008)
miR167 initiation and emergence.
TIR1, AFB2, Degradation by Repression of the auxin response as part of the immune
. . (Navarro et al. 2006)
AFB3 miR393 response towards Pseudomonas syringae.
Phosphorylation by ~ Brassinosteroid promotes auxin response by inactivation of
ARF2 o (Vert et al. 2008)
BIN2 inhibiting ARFs.
Phosphorylation by Inhibition of ARF — Aux/IAA interaction during lateral root
ARF7, ARF19 (Cho et al. 2014)
BIN2 development.

. ) Enhances F-Box — Aux/IAA interaction in response to changes _
TIR1, AFB2 S-nitrosylation . . (Terrile et al. 2012)
in the redox potential.

Table 1: Examples of the regulation of transcriptional auxin response by different signals.

A further leverage point of auxin response modulation is the size of the involved gene
families. Auxin concentration is translated into a specific response by a large family of 29
Aux/IAAs, 22 ARFs, and 6 TIR1/AFB proteins. Most, but not all Aux/IAA proteins are
degraded in response to auxin; others are auxin-insensitive or also degraded in the
absence of auxin, while the Aux/IAA-TIR1/AFB co-receptor complexes exhibit different
affinities for particular Aux/IAAs and natural auxins (Shimizu-Mitao and Kakimoto 2014).
In addition, ARFs and Aux/IAAs exhibit various affinities to each other and thereby allow
the co-existence of different response modules (Calderon Villalobos et al. 2012, Piya et
al. 2014). Modelling is further complicated by functionally different classes of ARF
proteins, which are commonly referred to as activating or repressing. This classification
is based on protoplast experiments and homology of the DNA-binding domains. But
rescue experiments with the “repressive” ARF ETTIN/ARF3 revealed that only a
transcriptional activation domain fused ARF3 rescues the arf3 phenotype, while a

repressor-domain fusion does not (Pekker et al. 2005).
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Weijers et al. (2005) demonstrated that the stabilization of the Aux/IAA proteins BDL and
IAA3 triggers specific responses and interferes mainly with different target genes.
Furthermore, the suspensor-expressed IAA10 (Rademacher et al. 2012) and BDL,
genes which are expressed in largely complementary domains in early embryogenesis,
exhibit different auxin sensitivities in the presence of TIR1 or AFB2. While the auxin
sensitivities of most Aux/IAAs in the presence of TIR1 and AFB2 are similar, IAA10
shows a 2-fold higher sensitivity in the presence of AFB2, and BDL exhibits a 2-fold
higher sensitivity in the presence of TIR1 (Shimizu-Mitao and Kakimoto 2014). Thus
auxin controls the expression of a wide number of target genes, for example in the root
where the auxin responsiveness correlates loosely with the position (Bargmann et al.

2013), but the specific readout in a single cell is influenced by many more factors.

One of the best studied auxin responses is the initiation of the primary root meristem in
early embryogenesis (Lau et al. 2012). Auxin degrades the Aux/IAA protein BODENLOS
(BDL), thereby releasing the AUXIN RESPONSE FACTOR (ARF) MONOPTEROS
(MP), MP in turn initiate the primary root formation. Auxin response takes place in the
nucleus since ARFs, Aux/IAAs and TIR1/AFB family members are localized in the
nucleus (Abel et al. 1994, Dharmasiri et al. 2005, Weijers et al. 2006). If bdl is excluded
from the nucleus by fusing it with the ligand-binding domain of the glucocorticoid
receptor, it does not inhibit MP unless it is translocated into the nucleus upon

dexamethasone treatment (Weijers et al. 2006).

Nuclear transport in plants

Small proteins up to the size of GREEN FLUORESCENT PROTEIN (GFP) can
passively diffuse into the nucleus, but the enrichment in the nucleus is achieved by
active transport (Figure 3). Proteins with nuclear localization sequences (NLS) are either
bound by the import receptor of the importin beta (IMPR) family, or indirectly through
interaction with proteins of the importin a (IMPa) family (Merkle 2011). The complex is
then transported through the nuclear pore complex. Here the transport receptors interact
with the intrinsically disordered phenylalanin and glycine rich (FG)-repeats of the nuclear
pore proteins. The transport receptors can pass this barrier within milliseconds (Yang et
al. 2004) because they possess a high number of FG binding sites which the FG repeats

can transiently interact with (Hough et al. 2015). Additional to this canonical pathway at
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least in yeast atypical interactions are common: predicted NLS, nuclear localization, and

interaction with IMPa correlate only weakly (Lange et al. 2007).

Within the nucleus the complex dissociates after binding guanine triphosphate (GTP)-
bound Ras-related nuclear protein (Ran). RanGTP-bound IMPf is transported directly
back, IMPa proteins are transported with the help of the specific exportin Exportin2.
Similarly, proteins with nuclear export sequences shuttle to the cytoplasm with other

exportin proteins (Figure 3).

cargo

cargo

VP& cargo
LIMPB —
RanGDP Ran(j'l'
RanBP1

RanGAP1

Cytoplasm

Nucleoplasm

cargo

RanGTP IME
cargo

VPG IMPa RanG 1Ty Exportin ]
5 lMI’El

RanGTP T
- cargo RanGDP>  (RanGTP

RanGLEF
Chromatin

Figure 3: Nuclear import and export cycle.

The energy for this process is provided by RanGTP. In the nuclei of yeast and
vertebrates, Ran nucleotide exchange factors (RanGEF) promote the exchange of
guanine diphosphate (GDP) against GTP. No homolog has been found in plants yet, but
a similar mechanism is likely to exist. The hydrolysis of RanGTP in the cytoplasm is
mediated by Ran-specific binding protein 1 (RanBP1) and GTPase-activating protein
(RanGAP). Then RanGDP is transported by NUCLEAR TRANSPORT FACTOR 2
(NTF2) back into the nucleus (Figure 3) (Merkle 2011).

Aux/IAAs are constantly synthesized and degraded, therefore the auxin response
depends on the complete functionality of protein biosynthesis and nuclear transport.
Inhibition of the protein biosynthesis, e.g. with the ribosome inhibitor cycloheximide, and

protein import defects both stimulate the expression of auxin-inducible genes because
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their pool can be rapidly depleted (Abel et al. 1995, Parry et al. 2006). In contrast to this,
inhibition of protein degradation by the 26S proteasome inhibitor MG132 stabilizes

Aux/IAAs and prevents auxin responses (Dharmasiri et al. 2005).

Attempts to determine intracellular auxin concentration
Although difficult to obtain, to understand the function of auxin in any given process,
knowledge about its exact localization is essential. Commonly, auxin concentration is
inferred from the expression of reporter genes like B-glucuronidase or GFP under the
control of a tandem multimer of the ARE with the sequence TGTCTC, termed DR5
(Ulmasov et al. 1997, Sabatini et al. 1999). Another ARE, which was designed using the
crystal structure of ARF1 and ARF5, exhibits a higher affinity and shows further auxin
response maxima (Liao et al. 2015). Unfortunately, both reporter constructs
unfortunately show a switch-like response, while direct quantification of auxin in the root
indicates a smooth gradient in the root (Petersson et al. 2009). This suggests that auxin-
responsive promoters are active when certain auxin concentration thresholds are
reached. Possible response curves resulting from the incorporation of changes in the
ARF-ARE affinities into an established model (Lau et al. 2011) are illustrated in Figure 4.

Intensity

J

Figure 4: Auxin switches modelled with different dissociation constants.

=

Time

Various ARF promoter affinities result in different auxin response thresholds. Blue: auxin, red:
expression strength of ARF genes with different affinities of ARFs to the promoter of the
corresponding Aux/IAA and its own promoter. Only auxin and the expression levels of the ARFs

are shown.
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The model predicts different sets of ARFs being activated at different auxin
concentrations and thereby demonstrates how various auxin reporters can give rise to
different results. This is further corroborated by early studies on the expression of
Aux/IAAs. Abel et al. (1995) showed the wide range of expression responses upon
treatment with auxin: the concentration of auxin necessary to induce expression of
Aux/IAAs differs by several orders of magnitude. In addition, the temporal response
curves studied by Abel et al. (1995) are in agreement with the idea that each ARF has
an activating influence on the subsequent ARF-Aux/IAA pair, similar to the time-
dependent gene activation model proposed by Meinhardt (2015). Therefore expression-
based sensors can only have a very limited dynamic range, mainly exhibiting “on” or “off”
response, and do not correlate well with auxin concentrations. This critique has also
been raised when DR5 expression in young and old leaves was compared to direct

auxin quantifications (Ljung et al. 2010).

Some of the problems associated with the usage of expression-based reporters have
been circumvented by a novel sensor, directly employing auxin-dependent degradation
of Aux/IAA proteins. Brunoud et al. (2012) fused the degradation domain of IAA28 (DlII)
with the fast maturing yellow fluorophore Venus, resulting in DII-Venus. With this tool
they generated a negative auxin response map, where cells exposed to high auxin
concentrations exhibit no fluorescence. This sensor is independent of ARFs and
Aux/IAAs and is degraded in response to auxin within a similar timeframe as auxin
induces the expression of DR5 mRNA, but without the time lag originating from protein
maturation. By addition of a non-degradable DIl version fused to a red fluorophore, the
expression can be monitored and the absence of the sensor can be attributed reliably to
an increased auxin concentration (Liao et al. 2015). DR5 is known to oscillate in the
timeframe of hours at the lateral root initiation sites (Xuan et al. 2015); if no faster
oscillation takes place in plants, the irreversible DII-Venus degradation should offer a

high enough temporal resolution.

Besides the abovementioned approaches which employ the plant auxin response
machinery, antibodies and mass spectrometry can be used to quantify auxin. The
highest spatial resolution can be achieved by immunolocalization, but auxin is a hapten,

a molecule too small to trigger an immune response (Caruso et al. 1995). Therefore
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antibodies have been raised not against free auxin but against carboxyl (IAA-C1) or
nitrogen (IAA-N) conjugated auxin. In contrast to IAA-N binding antibodies which also
bind free auxin, IAA-C1 antibodies are only specific for conjugated auxin, but exhibit a
higher sensitivity (Caruso et al. 1995). Benkova et al. (2003) used antibody staining to
demonstrate auxin maxima in root tips and lateral root primordia, confirming the results
obtained with DR5 (Sabatini et al. 1999).

Quantitative readouts can be obtained by mass spectrometry. The combination of this
technique with tissue-specific fluorescent cell sorting was used to generate an auxin
concentration map in the root, auxin concentrations reaching up to 50 uM in the root
meristem (Petersson et al. 2009). The need for relatively high numbers of cells allows
only statements on auxin distribution in cell populations, but also this method suggests
an auxin maximum in the root tip, an observation that was confirmed by phenotypical
analysis (Sabatini et al. 1999). Small differences are found in the developing vasculature
of the embryo, the metaxylem of the root, trichoblasts, and the root cap (Petersson et al.
2009, Liao et al. 2015).

Biosensors and the principles of FRET
In contrast to these methods, which only give qualitative readouts of the concentration of
their target molecule or only exhibit a limited special and temporal resolution, genetically
encoded sensors can typically be employed to monitor concentrations in the range of
two orders of magnitude; they can even resolve Ca?* spikes that result from a single

action potential (Okumoto et al. 2012).

The development of genetically encoded sensors was pioneered by R. Tsien’s group.
Miyawaki et al. (1997) designed FRET-based sensors to quantify Ca?* concentrations in
living cells. The sensor consists of a blue and a green or yellow fluorescent protein fused
to calmodulin and the M13 peptide. Upon Ca?*-binding the M13 peptide and the
calmodulin domain interact with each other and change the orientation of the
fluorophores (Figure 5a,b). Fluorescent probes transfer energy to each other when the
chromophore dipoles are arranged in parallel and the distance between them is in the
order of few A. The change of the conformation of the fluorophores is thereby translated
into a change in the blue and yellow emission intensities (Figure 5a-c). Other biosensors
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are based on changes in the properties of fluorescence proteins, like the reduction of the

florescence intensity or a shift of the emission maxima (Okumoto et al. 2012).
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Figure 5: The principle of FRET.

a, b) Scheme of a FRET sensor.

a) In the absence of the ligand, the two fluorophores are too distant, or their chromophore dipoles
are perpendicular to each other: the donor (blue) is excited and directly emits photons.

b) When the ligand (black) is bound, the orientation or distance changes and energy is directly
transferred from the donor to the acceptor, which then emits more photons, while the photon
emission of the donor is quenched.

c) The energy transferred (Erret) from the donor to the acceptor depends on the sixth power of
the distance. See also (d).

d) Formulas to calculate Erret, Forster distance (Ro), and the spectral overlap J(A). Ro depends on
the quantum yield of the donor Qp, the dipole orientation factor «, the spectral overlap J(A), the
refraction index n, and the Avogadro number Na. The spectral overlap also depends on the
excitation coefficient of the acceptor (ea).

The percentage of energy transferred (Errer) depends on the distance between the
fluorophores and the Forster distance (Ro) (Figure 5c¢,d). The typical distance is between
50 A for the traditional eCFP-Venus and 63 A for the optimized Clover-mRuby2 pair
(Lam et al. 2012). The constants which can be optimized by the use of improved

fluorophores are: 1) the quantum yield of the donor (Qb) which gives the probability of a
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photon being absorbed; 2) the spectral overlap between the emission spectra of the
donor and the excitation spectra of the acceptor (Figure 6a); 3) the excitation coefficient,

which defines the brightness of the acceptor (Figure 5d).

All these factors only affect Ro in the one-sixth power; if the Qo is increased by a factor
of 2 the Ro is only increased by 12% and even a 120-fold change in the overlap integral
results in only a 2.2-fold increased Ro (Lakowicz 2006). This exemplifies that small

alterations in the properties do not cause large changes in Ro (Figure 6b-g).

In contrast to the parameters Qp, €a, and J(A), which are given by the fluorophores used,
K and r are much more complicated to optimize. Okumoto et al. (2012) first used
periplasmic binding proteins as a biosensor scaffold, because they undergo large
conformational changes upon ligand binding, hence a large change in r. They found that
similar ratio changes can be obtained when the donor and acceptor fluorophores were
fused to the same linker, indicating that changes in the dipole orientation, Kk, dominate
the observed FRET ratio change. No clear rules can be defined for the optimal
connection of the fluorophores. Long linkers (around one hundred amino acids) are
believed to be more likely to create a distance-dependent FRET sensor whereas short
and rigid linkers fix fluorophores in specific orientations and result in orientation-
dependent sensors (Hamers et al. 2014). Similarly, weakly dimerizing fluorophores give
the highest FRET contrast. Grunberg et al. (2013) used a weak interaction domain to
increase the FRET contrast. This was additionally demonstrated by the development of
the CyPet-YPet pair. This optimized FRET pair was designed by directed evolution but
the remarkable FRET properties were not due to enhanced fluorescence properties and

might be caused by increased dimerization of the fluorophores (Vinkenborg et al. 2007).

Further complications in the observation of FRET stem from the method used. The most
commonly used calculation of the ratio between donor and acceptor fluorescence
(ratiometric) is very easy to perform, but suffers from cross-excitation, the direct
excitation of the acceptor upon excitation of the donor, and cross-bleeding from the
donor emission into the acceptor channel (Figure 6a,f-g). Therefore acceptor
photobleaching is frequently used to quantify FRET, but it strongly depends on the
bleaching efficiency. If only 70% of the acceptor is bleached the error is 50%,
furthermore the error rate increases between 70 - 100% bleaching efficiency and even
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Figure 6: Optimization of the FRET effect and the effect of cross-talk, based on the Aquamarine
— mNeonGreen pair.

a) Excitation (dashed) and Emission (solid) spectra of donor (blue) and acceptor (yellow), as well
as the resulting emission spectra of the FRET-pair at r =65 A (pink) and r = 50 A (red). The solid
line is the theoretical result without cross-talk, the dotted line considers cross-talk.

b — g) The theoretical FRET ratio under consideration of the different optimized variants.

b) Qo varies between 0.4 and 0.9 for the commonly used enhanced CYAN FLUORESCENT
PROTEIN (eCFP, pale) and most advanced variants like Aquamarine (dark).

C) ea varies between 60 000 and 120 000 for eGFP (pale) and more advanced variants like
mNeonGreen (dark). Most variants used are close to the optimum.

d) The spectral overlap has a bigger effect on the FRET ratio change because the available
fluorescent proteins can exhibit very different excitation and emission spectra.

e) 12 has the biggest effect. Here only variants between /3 and #/5 are shown, but in theory values
between 0 (dipoles are perpendicular to each other) and 4 (dipoles are parallel) are possible; for
free-floating fluorophores 2 is assumed to be /3. In addition, «2 is not a constant defined by the
properties of the fluorophores and might change upon substrate binding. In this case the «2-
induced changes would occur on top of distance-caused changes.

) Observed ratio changes, when cross-excitation of up to 20 % (dark) is considered.

g) Observed ratio changes, when cross-bleeding of the acceptor into the donor channel of up to
40 % (dark) is considered.
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100% photobleaching can provide 10% error (Berney and Danuser 2003). Fluorescence
lifetime imaging (FLIM) can reduce these artifacts, as FLIM only depends on the
reduced lifetime of the donor. But because most natural fluorophores do not follow a
mono-exponential decay, relatively bright signals are necessary for careful quantification

(Lakowicz 2006) and the equipment necessary is not widely available.

As most researchers focus on quantitative differences between genotypes and tissues,
the precise quantification is not the biggest concern and the quality of the data obtained
depends on the dynamic response of the sensor and the signal-to-noise ratio of the
sensor in the tissue. Since the original publication of the Ca?* sensor by Miyawaki et al.
(1997) the sensor readout change was increased to 11 000 % (Zhao et al. 2011), and
sensors for metabolites, morphogens and hormones have been developed (Kaper et al.
2007, Shimozono et al. 2013, Jones et al. 2014).

All examples shown are based on endogenous proteins which were fused to fluorescent
proteins. For example Jones et al. (2014) and Waadt et al. (2014) fused the two abscisic
acid receptor complex proteins PYR1/PYL1 and ABI1(PP2C) with each other and with
the fluorescent proteins into a single polypeptide chain and expressed it under the
strong 35S promoter of the Cauliflower mosaic virus. This resulted in ABA-
hypersensitivity of the transgenic plants, exemplifying the risks of this approach (Jones
et al. 2014).

Kaper et al. (2007) used the tryptophan repressor (TrpR) to quantify tryptophan (Trp) in
planta. The TrpR protein from Escherichia coli represses the expression of several
genes involved in the biosynthesis of Trp. Upon binding of Trp, TrpR forms a complete
helix-turn-helix motif and subsequently binds DNA, preventing RNA polymerase from
interacting with DNA (Somerville 1992). TrpR forms a dimer that non-cooperatively binds
Trp with a dissociation constant (Ka) of 14.6 uM and indole-3-acetic acid (IAA) with 72.9
MM (Marmorstein et al. 1987). Therefore the TrpR repressor is active as long as the
cellular Trp concentration is in the normal range of 70 — 150 uM, an order of magnitude
higher than the Kq of the main Trp-consuming enzyme Trp-tRNA synthetase with a Kq of
5 uM (Somerville 1992).
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Design of novel protein function

If the use of a protein from another kingdom is not suitable or no protein is available,
interactions between the sensor and the organism and hence possible interferences with
the natural processes can be minimized by de novo protein design or by modification of
unrelated proteins (Marvin and Hellinga 2001, Looger et al. 2003, Hamers et al. 2014).
Different approaches have been taken in the past to develop enzymes with novel
properties. In general a scaffold with a limited affinity is chosen, by mRNA display of a
random-sequence library (Keefe and Szostak 2001), by computational design (Siegel et
al. 2010), by natural diversity-guided design (Jochens and Bornscheuer 2010) or by
literature-based search for a protein with minimal affinity (Bornscheuer and Kazlauskas
2004) (Figure 7). These engineered proteins are commonly screened for binding or
catalytic activity, but computational design was also successfully used to design sensors
for diverse ligands, such as L-lactate, serotonin and zinc (Marvin and Hellinga 2001,
Looger et al. 2003).

Y

Random-sequence - Error-prone PCR
»

Computational design ~ Binding site mutagenesis y—X

Y

Guide focused - Substrate tunnel mutagenesis
Lal » -

Catalytic promiscuity Circular permutation

Y

Figure 7: Design of a novel protein function.
Different methods can be employed to find a scaffold with minimal affinity (left). They provide
suboptimal binding, which can be further improved to give rise to highly efficient catalysts or

sensors (right).

Keefe and Szostak (2001) could show that random-sequence libraries yield proteins with
a minimal affinity towards their target molecule adenosine triphosphate (ATP) with a
frequency of 1 in 10'!. Several rounds of mutagenesis with error-prone PCR and in vitro
selection resulted in a protein with ATP affinity of 100 nM. Computational design allows
the screening of even bigger libraries. Siegel et al. (2010) used de novo protein design
screening a library of 10'° possible active sites by modelling a defined active site of
substrates and catalytic residues into 207 stable protein scaffolds. After computational
optimization 84 designs were tested and 2 showed the desired Diels-Alderase activity,

which was further improved by mutating the residues within the active site in direct
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contact with the transition state. Smaller libraries can be screened if biological
knowledge is incorporated into the design. Jochens and Bornscheuer (2010)
incorporated multiple sequence alignments and information about the important residues
to identify promising candidates; within just 520 variants screened, 36 members

exhibited higher enantio-selectivity.

Those methods did not only differ in regard to finding the scaffold, but also the way in
which the activity of the enzyme was further enhanced. While Siegel et al. (2010)
specifically mutated the residues facing the transition state, and Keefe and Szostak
(2001) increased binding by error-prone PCR, circular permutation (Bottcher and
Bornscheuer 2010) and mutation in the substrate tunnel (Banas et al. 2006) can also be

used to increase catalytic efficiency (Figure 7).

Auxin metabolism
Like the natural receptors optimized by millions of years of evolution, these newly
designed sensors might also bind other components present in the organism. The F-Box
proteins of the TIR1 family for example bind not only the main auxin IAA but also several
natural auxins such as 4-chloroindole-3-acetic acid and phenylacetic acid (Shimizu-
Mitao and Kakimoto 2014), as well as the synthetic auxins 2,4-dichlorophenoxyacetic
acid (2,4-D) and 1-naphthalene acetic acid (NAA) (Tan et al. 2007). But because an
artificial sensor would not be shaped by evolution to prevent IAA metabolites or storage
forms to trigger signaling, these structurally similar compounds have to be taken into

account if an artificial sensor is desired.

In Figure 8 the current knowledge about auxin metabolism is summarized in a simplified
form. The main auxin pathway of A. thaliana is shown in black. Auxin is synthesized
from Trp via indole-3-pyruvic acid (IPA) by the sequential action of the TRYPTOPHAN
AMINOTRANSFERASE 1 (TAA1) and YUCCA (YUC) gene family proteins (Zhao et al.
2001, Stepanova et al. 2008). Degradation occurs mainly through oxidization to
oxindole-3-acetic acid (oxIAA) and hexose conjugated to oxIAA (oxIAA-GIc) (Ostin et al.
1998). Feeding experiments additionally showed conversion to indole-3-acetyl aspartic
acid (IAAsp) and indole-3-acetyl glutamate (IAAGIu). Especially the conjugation to IAAsp
does not show any sign of saturation, even at the very high rates of 143 yM/h (Kramer

and Ackelsberg 2015); however, its role under normal conditions is less clear.

26



The role of auxin during pattern formation in Arabidopsis thaliana

. vp19B3
L,\'L‘("M‘El' C

"NIAOx " 1AM IPA " TRA
) 10 nM 2 10nM T 100nMm ) 10 M

1Gs " IAN ° 1AAld
o\
@-} i lwguM 100 uM h 4 A ©:§= 10 1M

/\.7 Cam " IAEt
100 nM . <1 nM

« Amino- ) i Amino 0 IAA .IB A
my‘r/"—omm,\ Sy ;(\A-]AA ST P -Hex W -

10 nM 100 nM 100 nM

TIAA /

1 nM
A i 2 oxIAA
g Amino oxIAA —~— 100 nM
@:i\r;(v\ ox-TAA [@?( 100 M PO Hex J 10 pM
< 1uM .l mM

Figure 8: Auxin metabolism and quantification of the specific compounds.

a) Composition of the indole derivatives in plants. Only a minority of the indole derivatives are
part of the IAA metabolism, the highest concentrations are reached by the defense components
Indole-Glucosinolates (about 300 uM) and IAN (about 70 uM).

b) Overview of the auxin and indole glucosinolate metabolism (Ostin et al. 1998, Kai et al. 2007,
Bednarek et al. 2009, Sugawara et al. 2009, Normanly 2010, Ludwig-Miller 2011, Zandalinas et
al. 2012, Ljung 2013). The order of magnitude of the concentrations in planta is indicated by the
color code. (Kowalczyk and Sandberg 2001, Brown et al. 2003, Kai et al. 2007, Bednarek et al.
2009, Sun et al. 2010, Novak et al. 2012, Peer et al. 2013, Bottcher et al. 2014). Solid lines refer
to established steps. The main route is highlighted in black.

Beside biosynthesis and degradation, reversible conjugation is also important for auxin
homeostasis. GH3 proteins conjugate IAA to amides, and while IAAsp and IAAGIu are
irreversibly inactivated, the leucine and alanine conjugates are hydrolyzed back to IAA
by IAA-LEUCINE RESISTANT 1 (ILR1) and other hydrolases (Ludwig-Muller 2011). A
similar role has been proposed for indole-butyric acid (IBA) (Ludwig-Muller 2007), but it
could not be detected by Novak et al. (2012) in A. thaliana seedlings. Interestingly, IBA
does not produce the same response as IAA, but induces lateral root initiation at

concentrations which IAA is ineffective at, arguing against a direct conversion of IBA to
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IAA. Additionally, a mutant that is resistant to IBA is also resistant to the synthetic auxin
2,4-D but not to IAA or NAA (Ludwig-Muller 2007).

But beside this main pathway, other pathways are also important in A. thaliana, for
example the Brassicaceae-specific indole-3-acetaldoxime (IAOx) pathway (Zhao et al.
2002), or the poorly understood Trp-independent pathway affecting early embryo
development (Wang et al. 2015). Ljung et al. (2001) showed that sources and
degradation routes of IAA in Pinus sylvestris change during seedling development.
Similarly the contributions of the individual auxin biosynthesis and catabolism pathways
as well as the concentrations of the individual components might change during the
development of A. thaliana. Furthermore, metabolic rates differ tremendously between
species. Zea mays exhibits biosynthesis and hydrolysis rates an order of magnitude

higher than those observed in eudicots (Kramer and Ackelsberg 2015).

The maijority of Trp metabolized in A. thaliana is not shuffled into the auxin biosynthesis,
but into the defense pathway (Figure 8). Brassicaceae use glucosinolates for antifungal
defense (Bednarek et al. 2009). They are mainly stored in the vacuole, especially in
reproductive organs and the flower stalk, where cells with exceptionally high
glucosinolate concentrations are accompanied by idioblasts, which break during insect
feeding and release a wide array of bioactive compounds, including thiocyanates and
nitriles (Grubb and Abel 2006). At fungal entry sites high concentrations are achieved by
active transport of the B-thioglucoside glucohydrolase PENETRATION 2 (Bednarek et
al. 2009).

Because of the very high levels of glucosinolates in comparison to auxin metabolites and
their degradation to IAN and IAA, as well as underestimated Trp conversion, early
papers overestimated the amount of amide-bound IAA and free IAA. More than 2/3 of the
putative IAA and IAA-amide conjugates can be attributed to glucosinolates or IAN (Llic et
al. 1996, Yu et al. 2015).

Beside the absolute concentration, also the location is of great importance for the
interfering potential of the different compounds. The data available in this regard are
highly encouraging. All enzymes of the Trp biosynthesis pathway are putatively localized
in the chloroplast (Maeda and Dudareva 2012), and the glucosinolates are believed to
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be sequestered in the vacuole or specialized cells where they reach concentrations of
up to 130 mM (Grubb and Abel 2006, Jorgensen et al. 2015). In addition there may be
multiple pools of indole-3-acetonitrile (IAN), not all of which are available for IAA
synthesis (Normanly 2010), indicating compartmentalization. Furthermore, glucose-
conjugated IAA (IAA-Glc) reaches high concentration in the vacuole (Ranocha et al.
2013). These substances would therefore not interfere with the quantification of IAA in
the cytoplasm or nucleus. IBA would be expected, at least partially, to be present in the
peroxisome where it is to be oxidized to IAA (Spiess and Zolman 2013), while IAA-
conjugating enzymes are located in the ER (Rampey et al. 2004), a notion that is
supported by the ER-localized PIN-LIKE (PIL) proteins (Barbez et al. 2012). The PIN-
LIKEs are evolutionarily older than PINs mediating cell-cell transport, supporting the idea
that intracellular compartmentalization is a conserved mechanism, present already in

unicellular algae (Barbez et al. 2012).
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Aims of this thesis

This thesis is aimed to better understand pattern formation of A. thaliana and in
particular its major patterning factor, the phytohormone auxin. To address this topic we
employed semi-rational protein design to engineer a dynamic and direct fluorescence
resonance energy transfer sensor. This approach additionally resulted in a better
understanding of the sensor binding pocket. Several approaches undertaken to optimize
the readout, can furthermore be employed for general improvements of FRET sensor
design. Thereby we aim to provide a tool for the plant science community to gain further

insights into auxin-controlled processes.

The characterization of IMPORTIN ALPHA 6 and the modeling of the auxin response
should further facilitate the understanding of hormone response pathways and auxin-

dependent organ initiation.
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Results and Discussion

Review of the embryogenesis of flowering plants (Lau et al. 2012)
This review describes the successive establishment of the polarity axes during plant
embryogenesis as well as the regulatory networks controlling it. Examples focus on
experiments from A. thaliana and are supplemented by studies on other dicots and
monocots. The expression patterns of genes involved in radial pattern as well as their
gene regulatory network are summarized and highlight the signaling within the

protoderm cell.

Developing programs to analyze the splicing pattern in a splice-factor mutant
By chance we generated a line mutated in the splice factor CELL CYCLE CONTROL
PROTEIN 15 (CWC15). This line showed cell division defects in embryogenesis. To
analyze the defects observed in cwcl5 embryogenesis in molecular detail, we
developed tools to process comparative RNA sequencing data from wild-type and

mutant.

The primary data generated by an RNAseq experiment are a high number of sequences,
but most commercially available tools only allow the mapping to whole genes. They
usually provide a readout consisting of the number of reads per gene or kilobase of a
gene. To understand the NTC component CWC15 we developed tools to map RNAseq
data to all exons and introns of A. thaliana and search for genes differently spliced
between mutant and wildtype. These data were used to compare the splicing pattern of

every gene between mutant and wildtype.

On the kinetics of BDL nuclear uptake (Herud et al. 2016)
Screens for suppression of auxin resistance phenotypes identified members of the
nuclear pore complex (NPC) (Parry et al. 2006). Furthermore, several studies on
different members of the plant import machinery showed a high sensitivity of the auxin
response towards perturbation of the nuclear transport (Kim and Roux 2003, Ferrandez-
Ayela et al. 2013, Boeglin et al. 2016).
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In our screen for suppressors of the bdl phenotype we identified the nuclear import
receptor IMPORTIN ALPHA 6 (IMPa6) as an important component of the bdl import. In
bdl impa6-1 the penetrance of the root initiation defect of bdl is reduced, but no other
phenotypic difference was found. The A. thaliana primary root initiation is a particularly
sensitive readout of the auxin response. The specification requires an auxin response
before the hypophysis divides, thus within a relatively short timeframe (Weijers et al.
2006). In the bdl impa6-1 double mutant the hypophysis divides frequently horizontally
and not vertically as in the bdl mutant, thus the impa6-1 mutation rescues the causative

defect in root initiation (Figure 9a).

Furthermore, this phenotype is strongly dose-dependent. Results by Weijers et al.
(2005) and our own results show that the penetrance differs strongly between individual
lines transformed with pBDL::bdl or pBDL::bdl:GUS. In some lines, hemizygous plants
frequently fail to develop a root, whereas in others even homozygous plants frequently
show no defect. Interestingly, several plants hemizygous for pBDL::bdl:3xGFP exhibit a
root initiation defect with an even higher penetrance. This suggests that the GFP fusion
stabilizes the bdl protein. Taken together our results show a high sensitivity of the root

initiation to the bdl protein level.

By fluorescence recovery after photobleaching we confirmed that the rescue of the bdl
phenotype by impa6-1 is correlated with a reduced nuclear translocation of bdl:3xGFP
into the nucleus, and does lead to a reduced transcription of MP targets in protoplast
transient-expression assays. This indicates that impa6-1 mutants fail to facilitate the
translocation of bdl into the nucleus to the extent necessary to inhibit MP-dependent root

initiation (Herud et al. 2016). The presumable mechanism is summarized in Figure 9b.

To understand if the suppression of the bdl phenotype is specific for impa6-1, we
generated impa3-1 impa6-1 bdl:GUS/- triple mutants and found a further reduction of the
bdl phenotype. In their screen for suppressors of auxin-resistant 1, Parry et al. (2006)
also found two NPC components. Thus, the suppression of an auxin-resistant phenotype
is not very specific to single components, but appears to be a general effect of nuclear
transport defects.
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To understand why the auxin response is particularly sensitive to nuclear transport
defects, we used an established model of the auxin-dependent MP-BDL module (Figure
9, solid) (Lau et al. 2011). We integrated a reduced degradation into the existing model
to account for the bdl mutant phenotype. This MP-bdl module fails to exhibit an auxin
response after a short auxin pulse, recapitulating the root initiation defect in bdl (Figure
9, dashed). To account for the impa6-1 mutation, we additionally introduced a delay of
the import of bdl (Figure 9, dotted). Simulations showed that upon a small delay of the

bdl import the switch becomes responsive again, even in the presence of stabilized bdl.
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Figure 9: Summary of the work on the function of IMPa6

a) The vertical cell division of the hypophysis in the bdl mutant embryo is frequently rescued by
impo6-1 (arrows). Modified from (Herud et al. 2016).

b) Model of the nuclear transport of BDL. BDL is translocated with the help of IMPa6 into the
nucleus where it inhibits the activity of MP.

c) Computational simulations of the MP-BDL module in wild type (solid line) and in the bdl
mutant (dashed). The dotted line shows the induction of MP in the presence of bdl if its import is
delayed by 0.5 %o of the time axis. Modified from (Herud et al. 2016).

In comparison to the bdl impa6-1 double mutant, this induction can occur after an even
shorter auxin pulse if the delay is increased, similar to the increased rescue of the bdl
phenotype by the bdl impa3-1 impa6-1 triple mutant. Furthermore the auxin response
and the rescue by a delay of the bdl import would be reduced if the level of bdl is
increased. To confirm the latter, we used additional lines in which the rootless
phenotype is more penetrant, presumably because of higher bdl protein levels. These
lines were crossed with impa6-1. Quantifications of the root initiations defects confirmed
that the rescue is less pronounced, as predicted by the simulations. On the other hand,

a delay in MP import did not trigger a similar auxin response in the bdl background.
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Thus the simulations of the model agree with the experimental data and even predict the
behavior of the module in the presence of higher bdl levels. We conclude that fast
nuclear transport in the response to auxin is important for the primary root initiation. The
proposed model explains why the auxin response, which employs the constant turnover
of a short-lived inhibitor, is especially sensitive to any alteration in protein transport. It
further exemplifies how mathematical models can be used to descriptively summarize

experimental data and support the hypothesis on the function of a gene.

The development of a sensor for the phytohormone auxin
To monitor the main auxin in plants, IAA, we used the Trp FRET-sensor published by
Kaper et al. (2007) as a starting point. This sensor is based on the TrpR from E. coli.
Similar to the TrpR (Marmorstein et al. 1987), the Trp sensor also exhibits low affinity for
IAA.

The binding pocket of TrpR with bound Trp is illustrated in Figure 10a. IAA is a derivative
of Trp with the amino-acid group of the latter replaced by a carboxyl group as a
substituent of the mutual indole-ring (Figure 10b). We assumed a comparable binding
mode for TRP and IAA regarding the indole-ring and focused our design effort on
positions in the vicinity of the two substituents likely to foster their discrimination: S88,
which directly faces the amino group of Trp, and T44, whose backbone oxygen
stabilizes Trp-binding. This selection was later expanded by adjacent residues (Figure
10a). About 2000 variants were generated using saturation mutagenesis, and screened
for 1AA-affinity and -specificity, exploiting the FRET-readout of the original sensor. The
structure of several variants was elucidated allowing us to refine our positional selection.
In Figure 10c all the different candidates that were improved, are indicated. Candidates,
which harbor similar mutations are frequently improved by similar second site mutations.
Some mutations, for example several of the mutations at position S88, had a positive
effect on IAA-binding. Also mutations of N87 and A91, which indirectly affect the
structure of the binding pocket (Figure 10a), frequently had a positive effect on the
readout. On the other hand, mutations at L41 were usually not beneficial. Notable
exceptions were L41M and L41I1, which improved the performance of several putative
candidates. Thus small alterations at the position L41 are tolerated, and even
sometimes lead to a better sensor, while large changes in the biochemical properties at
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Figure 10: Mutations increasing the auxin binding.

a) Structure of the binding pocket of TrpR. Trp is in the middle, the indole ring is perpendicular
to the plane of the paper. Residues directly binding Trp are highlighted in purple. Backbone
residues mutated in this study are shown as arrows. Modified from (Marmorstein et al. 1987).

b) Schemes of Trp and IAA.

c) Effect of different mutations on the binding of the sensor to auxin. Each block represents the
mutated residue indicated at the top, which was changed to all other possible amino acid residues
(rows). Single columns represent individual mutated candidates, their mutations in comparison to
the wildtype are indicated below the schematic. Variants showing auxin-binding are highlighted
in green (darker green indicates stronger binding). While mutations of some original residues
resulted mostly in improved auxin binding, most of the mutations of other residues did not.

this position, like a mutation to a histidine or proline, did abolish IAA binding. Another
example are L89 mutations, which generally had a positive effect on the S88L variant,

but seldom on other variants.

After six rounds of mutation, we obtained several variants that showed a high change in
the FRET ratio upon auxin treatment. We measured the dissociation constant (Kq) of IAA
and the final candidates by isothermal titration calorimetry (ITC), but noticed no

correlation between the Kd and the FRET ratio change (Figure 11a).

The original sensor was designed with the blue eCFP as donor and the yellow Venus
fluorophore as acceptor. The fluorescence properties of these fluorophores are far below
the best fluorophores published to date; therefore, we improved the sensor by employing
new FRET pairs. The results are summarized in Figure 11b. All fluorophore pairs were
tested in two different orientations, located C- or N-terminally in the construct.
Regardless of the fluorophore orientation, there was no close correlation between
Forster distance and FRET ratio change, demonstrating that the behavior of a
fluorophore is largely unpredictable. Interestingly, the blue-yellow (green circles) pairs in
general performed better than the yellow-red (orange circles) pairs. We analyzed the
FRET response of several highly responsive pairs with three fluorescence pairs: an
eCFP-Venus, a mCerulean3-Ypet, and an Aquamarine-mNeonGreen pair. Here we
observed a weak correlation between the FRET ratio change of the mCerulean3-Ypet
and the Aquamarine-mNeonGreen pairs (Figure 11c).
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Figure 11: FRET ratio change correlations.

a) FRET ratio change upon IAA treatment plotted against the Kq of the same variant as
determined by ITC.

b) FRET ratio changes do not correlate with the Forster distance. Blue-yellow pairs are marked in
green, yellow-red ones in orange. Note that blue-yellow pairs in general show a higher FRET
ratio change upon IAA treatment, but a similar range of Forster distances as the yellow-red ones.
c) FRET ratio changes in [%] of several variants tested with two different fluorophore pairs.
Variants which show a strong response with one fluorophore pair usually also show a strong

response with another pair (correlation coefficient = 0.6).

After we had improved the IAA binding, diminished the binding to IAA-related molecules
and optimized the fluorophore pair, we set to improve the last important parameter of our
FRET sensor, the linkers between the sensory domains and the fluorophores. TrpR is a
facultative dimer (Somerville 1992), similarly the auxin sensors also bind IAA as dimers.
We employed this property and designed a sensor composed of Aquamarine, the sensor
domain TrpR, mNeonGreen, and a second copy of the sensor domain (Figure 12a).

Other variants were tested, but proved suboptimal.

First, we mutated all linkers individually, varying the length and the amino acid
composition (Figure 12b-d). Mutations in all linkers resulted in improved variants, but no
pattern arose that would indicate an optimal length (Figure 12b-d). We used the variant
performing best in subsequent experiments, which harbored a mutation in the linker Il,
and subsequently mutated the other linkers (Figure 12e-f). Still no pattern was obvious

and the best candidates differed from the ones obtained in the first round, suggesting
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that the optimal composition of a single linker depends on the structure of the other

linkers of the sensor. This was further confirmed in the third mutation round (Figure 12g).
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Figure 12: Effects of mutations in linkers.

a) Structure of the construct. The IAA-binding TrpR variants were cloned as tandem repeats into
the construct harbouring donor and acceptor fluorophore.

b-d) First-round linker mutations. All three linkers were mutated, but no pattern for the optimal
linker length could be determined. One linker Il variant was chosen for further mutations.

e-f) Second round linker mutations. Linkers | and I1l were mutated in the variant obtained in the
first round, with no changes in the optimized linker 11.

g) Third round of linker mutations. Linker | was further mutated in the variant harbouring

mutations in linkers 1l and IlI.

The findings are summarized in Table 2. The FRET ratio changes differ slightly between
Figure 12 and Table 2, because Figure 12 shows crude measurements, which allow

semi-large scale screening, and Table 2 shows measurements of purified proteins.
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Linker Original (length)  Variant Length  Best Variant (length) Ratio change
mNeonGreen-TrpR LESLYKKAGS (10) 3-13 LESLYKKAGSTQ (12) 70
TrpR-Aquamarine NPAFLYKVVGP (11) 4-12 NPKGP (5) 86
Aquamarine-Trp KL (2) 1-8 KTAGSL (6) 67
mNeonGreen-TrpR LESLYKKAGS (10) 6-13 LASLYTA (7) 91
Aquamarine-Trp KL (2) 1-8 KVFL (4) 143
mNeonGreen-TrpR LESLYKKAGS (10) 2-13 LESLYKKAGSNE (12) 183

Table 2: Summary of linker mutations.
The FRET ratio change [%] indicated was caused by IAA concentrations ranging from 0 to
50 uM 1AA.

The improvement of the sensor achieved by the different ways of optimization is
summarized in Figure 13a. Most effective were the mutations of the binding pocket,
especially the first rounds. Subsequent rounds did not improve IAA-binding much
(Figure 13b), but were used to diminish the binding to IAN, an indole derivative highly

abundant in A. thaliana.

The screen for other FRET pairs almost doubled the readout. Additionally, the new
fluorophores are much brighter than the original ones, enabling easier detection in
planta, and are also more stable to environmental disturbances. Aquamarine, for
example, has a higher Qo (0.89 vs. 0.37 for eCFP), its pKs, the pH at which half of the
fluorescence is quenched, is lower (3.3 vs. 5.6) and in contrast to the multiexponential

lifetime of eCFP its lifetime follows a monoexponential decay (Merola et al. 2014).

The best FRET pair was then tested with all other sensor domain variants, which
showed a high auxin-induced FRET change. The best variants obtained with eCFP-
Venus usually perform equally well in the mCerulean3-Ypet and the Aquamarine-
mNeonGreen pair. Nonetheless, the best Aquamarine-mNeonGreen variant differs in 2

residues from the best eCFP-Venus pair, which increases the response by 40%.

The further improvement of the linkers increased the response tremendously, and after
the third round of mutations no saturation was visible, with several variants showing a
similar improvement (Figure 13c). Further screening could therefore result in even better

Sensors.

39



Results and Discussion

34

2.4 Variants tested Fold change
Linker mutations 745 24
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Figure 13: Summary of the different improvement steps.

a) FRET ratio change plotted against IAA concentration, and contributions of the individual steps
to the final sensor. For “linker mutations”, “Aquamarine-mNeonGreen pairs”, and “other FRET
pairs”, the FRET change is shown. For “TrpR mutations,” the Kq change is shown. “Aquamarine-
mNeonGreen pairs” show the improvement between the TrpR variant used to screen for new
FRET pairs and the variant performing best as an Aquamarine-mNeonGreen pair.

b) Improvement achieved and number of variants screened over 6 rounds of TrpR mutations. In
each round 20 - 300 variants were tested (blue bars, right axis), but the Kq did not improve much
in the last steps (dark blue line, left axis).

c) Improvement achieved and number of variants screened over 3 rounds of linker mutations. The
number of variants screened (pink, right axis) was reduced over time, because fewer linkers were

mutated. The FRET ratio change improvement (red, left axis) ranged from 25 — 100 %.

The final version exhibits a 3-fold change of the FRET ratio upon treatment with 50 yM

IAA, which was shown to be the upper limit of IAA concentration in roots inferred from
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root protoplasts (Petersson et al. 2009). Therefore, we used this version to study the
FRET effect in planta

As a first step to confirm the functionality of the IAA sensor in planta, we expressed the
sensor transiently under the control of the strong viral 35S promoter in Arabidopsis
protoplasts. Figure 14 shows the auxin response in protoplasts. Individual protoplasts
differ strongly in the ratio, but populations do show clear tendencies. At low auxin
concentrations, the standard deviation stays small, but it increases with higher
concentrations in the medium, suggesting that IAA is not taken up by individual cells with
equal efficiency (Figure 14a). Furthermore, the Aquamarine signal reaches background

levels, making its quantification difficult.
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Figure 14: Auxin-sensor response in Arabidopsis protoplasts.
a) FRET ratio of protoplasts treated with different IAA concentrations. Each dot indicates a
single protoplast. The cross shows the mean value and the standard deviation.
b) Protoplasts expressing nuclear-localized auxin sensor. The mNeonGreen signal (yellow)

becomes increasingly dominant with increasing IAA concentrations.

The results of the transient expression analysis show that the sensor is functional in
planta, but the stable expression in Arabidopsis seedling roots proved to be difficult for

several reasons. First, the expression in plants is prone to silencing, esp. when tandem
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dimers are used, second the codon usage differs between plants and bacteria. To
circumvent these problems and enhance expression, we employed codon-optimized and
diversified versions of the sensor domains and the fluorophores. Additionally, we used
promoters with a broad range of expression strength and avoided the usage of identical
terminators for the resistance gene and the sensor. Furthermore, we expressed the
selection marker gene bialaphos resistance rather weakly and omitted the viral 35S

promoter for this purpose.

To drive expression of the sensor itself we used a library of different promoters. To
monitor the concentration of IAA in the range of 1 - 50 uM, the sensor should be
expressed at a similar concentration (Figure 15). The percentage of sensor saturation
depends on the Kq and the concentrations of IAA and the sensor. The fraction of bound
sensor is plotted in Figure 15a for K¢ = 4 uM. If the auxin concentration for example is in
the range between 0 and 50 uM, sensor concentrations of about 25 yM would be
optimal. If the sensor concentration is about 100 puM, almost all IAA will be bound by the
sensor (Figure 15b). But because the affinity of the AuxlIAA-SCF™R is in the order of 10
— 75 nM for many tested pairs (Calderon Villalobos et al. 2012) and thereby 2-3 orders
of magnitude lower than the dissociation constant of the auxin sensor, the sensor should
not be able to compete with the Aux/IAA-SCFTR' co-receptor, unless the sensor
concentration exceeds the Aux/IAA-SCFTR' by a similar excess.Protoplast results are
plotted in Figure 15c. The protoplasts were transiently transformed with a construct
containing the strong but patchy 35S promoter, resulting in a high variability of
expression, as inferred from the fluorescence intensity. These results are highly
encouraging, because they show that the FRET ratio does not strongly depend on the

expression level of the sensor.

To find the optimal promoter for in planta expression, further points should be taken into
account, especially how the sensor could interfere with the plant auxin response. The
degradation of Aux/IAAs depends on the concentration of the Aux/IAAs as well as on the
auxin concentration. Brunoud et al. (2012) showed that an increase in the 1AA28
concentration by the 35S-driven expression does not change the auxin response.
Similarly the auxin response of several AFB double mutants does not differ from the
wildtype (Parry et al. 2009). This indicates that the plant can cope with certain
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differences in the concentrations of each component. Experiments to carefully quantify
any possible alteration in the auxin response of plants expressing the auxin sensor are
currently under way. In addition, the Kon and Koff values will be obtained to evaluate how

well the IAA bound to the sensor is accessible to other processes in the plant.
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Figure 15: Concentration dependence of the sensor response.

a) Dependence of the sensor ratio on the sensor and IAA concentration. At low sensor
concentration (pale blue) the sensor is 90% saturated at 79 puM IAA,; if the sensor is expressed at
100 puM, more than 200 uM IAA is necessary for the same ratio of bound sensor.

b) High sensor concentrations deplete IAA from the cell. If the sensor is expressed at high levels,
most IAA in the cell is bound to the sensor.

c) Ratio of sensor molecules bound to IAA plotted against the sensor concentration, inferred from
the fluorescence intensity in protoplasts. No obvious correlation between fluorescence intensity

and FRET ratio can be detected at any given auxin concentration (green: 0 uM, red: 25 M,
purple: 50 uM).

We used a wide variety of promoters, which are purportedly expressed relatively stable
in the plant (Table 3). Some promoters are used routinely to normalize the expression of
genes in RT-PCR experiments, while others were published to be more stably
expressed in the plant (Czechowski et al. 2005, Wang et al. 2014). By using stably
expressed promoters, we try to avoid to monitor sensor rather than ligand

concentrations (Figure 15a).

Assessing the protein concentration is rather more difficult than measuring mRNA
abundance, but quantifications in yeast might give a hint at the order of magnitude. In

yeast, translation elongation factor 1 alpha, the homolog of TRANSLATION
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ELONGATION FACTOR 1A (EF-1a) is one of the most abundant proteins and quantified
to be 1 200 000 molecules per cell (Lu et al. 2007), the cell size is approximately 40 ym?3
(Tyson et al. 1979), suggesting its concentration to be about 50 uM. The most abundant
protein identified by Lu et al. (2007) is enolase 2, which reaches about 100 pM.
Signaling molecules of the Ras/ERK MAPK cascade are present in much lower
concentrations, ranging from 10 nM to 1 pM (Fujioka et al. 2006). We therefore
concluded that housekeeping genes like EF-1a are especially well suited for driving the
expression in planta. Additionally, we used promoters such as 35S and UBIQUITIN 10 to
drive strong or ubiquitous expression. The precise sensor concentration in plants is
unknown but the 10 promoters used should provide a broad range of sensor

concentrations.

Gene Function Expression Expression Reference

strength stability

(Weijers et al. 2001,

RIBOSOMAL PROTEIN S5A (RPS5A) Ribosomal N.D. N.D. -
Weijers et al. 2006)
35S Viral N.D. N.D. (Benfey et al. 1989)
TRANSLATION ELONGATION FACTOR 1A . .
(EF-1a) Translation 17.9 2.2 (Curie et al. 1993)
-la

GLYCERALDEHYDE-3-PHOSPHATE

14.9 2.5 (Wang et al. 2014)
DEHYDROGENASE C-2 (GAPDH)

(Geldner et al. 2009,

UBIQUITIN 10 (UBQ10) Ubiquitination 12.6 25
Krebs et al. 2012)

ACTIN 2 (ACT2) Cytoskeleton 43 4.6 (An et al. 1996)
UBIQUITIN CONJUGATING ENZYME 9 o

Ubiquitination 3.8 2.2 (Kraft et al. 2005)
(UBC9)

G2/M .
YELLOW-LEAF-SPECIFIC GENE 8 (YLS8) ) 1.8 2.0 (Yoshida et al. 2001)

progression
ADAPTOR PROTEIN-2 MU-ADAPTIN .

Clathrin Coat 1.3 1.6 (Park et al. 2013)
(AP2M)
TUBULIN BETA CHAIN 4 (TUB4) Cytoskeleton N.D. N.D. (Wang et al. 2014)

Table 3: Promoters used in this study to drive expression of the sensor.

The expression strength is an artificial value calculated from mRNA abundance. The
expression stability indicates the variability between different samples, low values indicate
high stability. Normalized mean values from (Czechowski et al. 2005, Wang et al. 2014).

N.D.: not determined.

We generated transgenic Arabidopsis lines expressing the auxin sensor from these 10
promoters. In addition, we created a construct under the control of a UAS promoter
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multimer (effector). This artificial promoter can be induced by GAL4:VP16-harboring
constructs (driver). We crossed 10 effector lines with 3 different driver lines, expressing

GAL4:VP16 from 2 different versions of the 35S promoter or from the RPS5a promoter.

The advantage of this approach is that the transformed lines can be selected without
any risk of sensor expression interfering with cellular processes. Only when the lines are
crossed, the GAL4 transcription factor drives expression with the help of the strong
transcriptional activation domain VP16. Furthermore, this two-component system leads

to very high expression levels due to amplification (Lynd and Lycett 2011).

We found that the few lines showing expression only do so when crossed with one of the
35S::GAL4:VP16 lines. When crossed with the other 35S or the RPS5a driver lines, no
viable seedlings were recovered. This indicates that high expression of the sensor is

lethal for the developing embryo.

a

Figure 16: pEF-1la::NLS:AuxSen in the root. Overlay of donor (green) and acceptor (red)
channels.

(a) Root tip, arrow pointing to the auxin maximum in the meristem.

(b) FRET signal over time upon treatment with 10 uM 1AA.

(c) Time course of auxin concentration upon gravistimulus. Only epidermal cells of the lower

root surface are shown.

Nevertheless, we obtained several lines expressing the sensor from the EF-1a and the
ACTIN 2 promoters (Figure 16). pEF-1a drives detectable expression in all root tissues

analyzed, including the root tip. The red signal in the quiescent center suggests an auxin
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maximum in these cells (Figure 16a). This is supported by the expression of DR5 in
these cells as well as tissue-specific IAA quantifications (Sabatini et al. 1999, Benkova
et al. 2003, Petersson et al. 2009).

Next we examined the response of pEF-1a::NLS:AuxSen upon variation of IAA levels in
planta. First we treated seedlings with 10 yuM IAA and observed the response over time.
Within a few minutes the mNeonGreen signal increased, indicating a higher auxin
concentration, especially in the basal parts of the root (Figure 16b). To further confirm
the AuxSen response we studied the gravitropic response of seedling roots, which
depends on the redistribution of auxin, thereby causing root-bending towards the
gravitropic force. This redistribution becomes visible with AuxSen as the FRET signal

increases basally within a few minutes (Figure 16c¢).

How well the gradient observed in roots represents the absolute auxin concentration is
currently under investigation. Later, auxin gradients in other tissues and under different
conditions will be studied. Nonetheless, the results obtained so far indicate that the
sensor is functional in plants and can visualize auxin in living tissues in a quantitative

manner.

Future perspectives
In the course of this work, we achieved a better understanding of the binding mode of
tryptophan and auxin to TrpR. In addition, we generated a library of FRET pairs which
will in the future reduce the screening effort in FRET sensor designs. Screening of linker
libraries provided insight into the quaternary structure optimal for detection of structural

changes in the helix-loop-helix domain of the tryptophan repressor.

The plant research field will also benefit from the establishment of several ubiquitous

promoters suitable to drive expression at constantly high levels in all tissues.

With the developed sensor we can visualize a major patterning factor of plants for the
first time directly and live. In root tissues, which are in principle accessible to cell type-
specific quantifications by mass spectrometry, we were able to confirm the presence of a
concentration gradient. The sensor developed here should allow us to study highly

dynamic processes like the root gravitropic response. Furthermore, the unique spatial
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resolution will allow us to resolve some long-standing debates in the plant development

field like the possibility of an auxin gradient in the female gametophyte.

The characterization of a mutant affecting the nuclear import of the Aux/IAA protein
BODENLOS showed the importance of the fast import kinetics of Aux/IAAs. The model
of Lau et al. (2011), which was extended in this thesis, confirmed the sensitivity of the

auxin-dependent MP-BDL module towards a delay of the activity of Aux/IAA proteins.

In summary, in this thesis, existing tools have been combined to understand the impact
of IMPa6 and new in situ tools have been programmed to get insights into the splicing
machinery. Furthermore, the development of an auxin sensor starting from conceptual
design to expression in plants provides an example of how biochemical expertise can be
employed to increase our understanding of pattern formation in plants. Vice versa the
knowledge gained in the design of a FRET sensor in plants will pave the way for other

sensor designs in the future.
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Abstract

Early embryogenesis is the critical developmental phase during which
the basic features of the plant body are established: the apical-basal axis
of polarity, different tissue layers, and both the root pole and the shoot
pole. Polarization of the zygote correlates with the generation of apical
and basal (embryonic and extraembryonic) cell fates. Whereas mecha-
nisms of zygote polarization are still largely unknown, distinct expres-
sion domains of WOX family transcription factors as well as directional
auxin transport and local auxin response are known to be involved in
early apical-basal patterning. Radial patterning of tissue layers appears
to be mediated by cell-cell communication involving both peptide sig-
naling and transcription factor movement. Although the initiation of
the shoot pole is still unclear, the apical organization of the embryo
depends on both the proper establishment of transcription factor ex-
pression domains and, for cotyledon initiation, upward auxin flow in the
protoderm. Here we focus on the essential patterning processes, draw-
ing mainly on data from Arabidopsis thaliana and also including relevant
data from other species if available.
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INTRODUCTION

The basic body pattern of a multicellular
organism is established from the zygote—the
fertilized egg cell—during embryogenesis. In

Zygote: fertilization
product of egg and

sperm cell flowering plants, embryogenesis lays down the
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basis for a stereotyped seedling displaying a
simple body organization of two superimposed
patterns. Along the main apical-basal axis of
polarity, the apically located shoot meristem,
which is usually flanked by one or two cotyle-
dons, is linked with the basally located root
meristem via the hypocotyl and seedling root.
The perpendicular radial pattern comprises a
series of concentrically arranged tissue layers,
from the outermost epidermal tissue via the
ground tissue to the centrally located vascular
tissue. Although the body organization of the
seedling looks similar in different flowering
plant species, its developmental origin can vary
between species. For example, members of the
Brassicaceae family (such as Arabidopsis thaliana)
display distinct, nearly stereotypic cell-division
patterns in early embryogenesis, whereas
embryos of other flowering plant species grow
by seemingly random cell divisions (62, 63, 66,
94). In the former group of species, the origin
of seedling tissues and organs can thus be easily
traced back to specific cells or groups of cells
in the early embryo (Figure 1). Although this
correlation might suggest a causal link between
the spatial regulation of cell divisions and pat-
tern formation in the early embryo, A. thaliana
mutants such as fass (f5) displaying altered cell-
division planes nonetheless generate a normal
body organization, whereas morphogenesis is
compromised (147). Thus, the stereotypic cell-
division pattern seen in A. thaliana embryos
expresses, but is not instrumental to, develop-
mental decisions and might facilitate such deci-
sions in the early embryo comprising very few
cells.

This review covers recent studies that ad-
dress molecular mechanisms underlying the
origin of the apical-basal axis of polarity, the ini-
tiation of both the root meristem and the shoot
meristem as well as the cotyledons, and radial
patterning. It also discusses the parental contri-
butions to gene activity in early embryogenesis
in regard to their potential role in early pattern-
ing events. For ease of reference, Table 1 lists
the gene abbreviations and full names referred
to in this review.



Annu. Rev. Plant Biol. 2012.63:483-506. Downloaded from www.annualreviews.org
by WIB6417 - Max-Planck-Gesellschaft on 06/08/12. For personal use only.

ZYGOTE POLARITY
AND ELONGATION

Zygote Polarity

In flowering plants, the zygote is formed by the
fusion of the egg cell with one of the two sperm
cells delivered by the pollen tube (reviewed in
25). Like the egg cell, the zygote is usually po-
larized with respect to the relative position of
nucleus and vacuole. However, egg cell polar-
ity and zygote polarity are different in some
species, suggesting that the latter might be es-
tablished independently of the former.

In many species, the egg cell has its nucleus
located toward the chalazal end of the ovule
(i.e., apically) and usually has a large vacuole lo-
cated toward the micropylar end (i.e., basally).
This is, for example, the case in A. thaliana,
Capsella bursa-pastoris, and Nicotiana tabacum
(tobacco), in all of which zygote organization
resembles egg cell organization (94, 95, 103,
131, 170); polarity—as inferred from nucleus
and vacuole position—appears thus to be main-
tained after fertilization. However, this was
shown notto be the case in A. thaliana and prob-
ably N. tabacum. A transient symmetric stage,
in which the nucleus is located centrally and
smaller vacuoles are distributed rather evenly
within the cell, developmentally separates the
polarized egg cell from the similarly polarized
zygote (29, 103, 151, 170). In A. thaliana, the
transcription factor WRKY DNA-BINDING
PROTEIN 2 (WRKY?2) is involved in the po-
larization of the zygote by transcriptionally ac-
tivating WUSCHEL RELATED HOMEOBOX
8 (W0XS$) and possibly W0OX9 (151). WRKY?2
is dispensable for the establishment or mainte-
nance of egg cell polarity, which corroborates
the notion that egg cell and zygote polarity are
not intimately linked (151). Even stronger ef-
fects of fertilization on zygote polarity are, for
example, observed in Oryza sativa (rice), Zea
mays (maize), and Papaver nudicaule, in all of
which egg cell polarity is reversed after fertiliza-
tion. Whereas the nucleus localizes to the mi-
cropylar/basal end of the egg cell and the large
vacuole to the chalazal/apical end, the opposite
is the case in the zygote (25, 114, 123).

1
AR
oV

Figure 1

B Zygote

B Apical cell/proembryo
B Basal cell/suspensor
B Upper tier

. Lower tier

B Inner upper tier

B Inner lower tier

B Protoderm/epidermis

[ ] Hypophysis or its
descendants

@ inner cotyledon
anlagen/primordia

@ shoot meristematic
region

B Ground tissue
@ Provasculature

Early embryogenesis in Arabidopsis thaliana. Panels show longitudinal sections
of embryos during consecutive developmental stages: (#) zygote, (b) elongated
zygote, () one-cell stage, (d) two- or four-cell stage, (¢) octant stage,

(f) dermatogen stage, (g) early-globular stage, (b) mid-globular stage,

(7) transition stage, and (j) heart stage. Groups of developmentally related cells

are color-coded. Embryos not drawn to scale.

Zygote Elongation

The A. thaliana zygote not only becomes polar-
ized but also elongates approximately threefold
along its apical-basal axis before it divides.
This elongation depends on the GDP/GTP
exchange factor for small G proteins of the
ARF class (ARF-GEF) GNOM (GN). If GN is
knocked out, elongation and asymmetric divi-
sion are compromised, but GN targets in the
zygote are not known (98, 132). Zygote elon-
gation or its asymmetric division also depends

www.annuﬂlrgvszew&arg o Larly Embryogenesis in Flowering Plants

Shoot meristem:
group of self-
replenishing cells at
the shoot apex that
sustain shoot growth
and the formation of
lateral organs such as
leaves and flowers
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Table 1 Gene abbreviations and full names used in this review

Abbreviation Full name
ACR4 ARABIDOPSIS CRINKLY 4
AGO1 ARGONAUTE 1
ALE1/2 ABNORMAL LEAF-SHAPE 1/2
ARR7/15 ARABIDOPSIS RESPONSE REGULATOR 7/15
AS1/2 ASYMMETRIC LEAVES 1/2
ATDEK1 ARABIDOPSIS THALIANA DEFECTIVE KERNEL 1
ATHI ARABIDOPSIS THALIANA HOMEOBOX 1
ATHBS/15 ARABIDOPSIS THALIANA HOMEOBOX 8/15
ATMLI ARABIDOPSIS THALIANA MERISTEM LAYER 1
BBM/PLT4 BABY BOOM/PLETHORA 4
BDL/IAA12 BODENLOS/INDOLE-3-ACETIC-ACID 12
BIM1 BES INTERACTING MYC-LIKE PROTEIN 1
BOP1/2 BLADE-ON-PETIOLE 1/2
CLE40 CLV3/ESR-RELATED 40
CLV3 CLAVATA 3
Ccuc1/2/3 CUP-SHAPED COTYLEDON 1/2/3
CUP CUPULIFORMIS
DCL1 DICER-LIKE 1
DRN DORNROSCHEN
DRNL DORNROSCHEN-LIKE
ENP/MAB4 ENHANCER OF PINOID/MACCHI-BOU 4
FDH FIDDLEHEAD
FS FASS
GN GNOM
GRN/RKD4 GROUNDED/RWP-RK DOMAIN 4
HAN HANABA TARANU
KANI KANADI 1
KNI KNOTTED 1
KNATI1/BP KNOTTED-LIKE FROM ARABIDOPSIS THALIANA 1/BREVIPEDICELLUS
LOG LONELY GUY
LTPI LIPID TRANSFER PROTEIN 1
MKK4/5 MITOGEN-ACTIVATED PROTEIN KINASE KINASE 4/5
MP/ARFS MONOPTEROS/AUXIN RESPONSE FACTOR 5
MPK3/6 MITOGEN-ACTIVATED PROTEIN KINASE 3/6
NAM NO APICAL MERISTEM
NPH4/ARF7 NONPHOTOTROPIC HYPOCOTYL 4/AUXIN RESPONSE FACTOR 7
OSHI Oryza sativa homeobox 1
OSTF1 Oryza sativa transcription factor 1
PDF1/2 PROTODERMAL FACTOR 1/2
PHB PHABULOSA
PHV PHAVOLUTA
(Continued)
66
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Table 1 (Continued)

Abbreviation Full name
PID PINOID

PID2 PINOID 2

PIN1/3/4/7 PIN-FORMED 1/3/4/7

PLT1/2/3 PLETHORA 1/2/3

PNF POUND-FOOLISH

PNY PENNYWISE

QHB quiescent-center-specific homeobox

REV REVOLUTA

RPK1 RECEPTOR-LIKE PROTEIN KINASE 1

SCR SCARECROW

SHR SHORT-ROOT

SSP SHORT SUSPENSOR

STM SHOOT MERISTEMLESS

TAAI TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1
TARI1/2 TRYPTOPHAN AMINOTRANSFERASE RELATED 1/2
TMO7 TARGET OF MONOPTEROS 7

TOAD?2 TOADSTOOL 2

TPL TOPLESS

WAG1/2 WAG 172

WO0X1/2/3/5/8/9 WUSCHEL RELATED HOMEOBOX 1/2/3/5/8/9
WRKY2/33 WRKY DNA-BINDING PROTEIN 2/33

wus WUSCHEL

YDA YODA

YUC1/4/10/11 YUCCA 1/4/10/11

ZLL/AGO10 ZWILLE/ARGONAUTE 10

ZMCUC3 Zea mays CUP-SHAPED COTYLEDON 3
ZMNAM1/2 Zea mays NO APICAL MERISTEM 1/2

on the interleukin-1 receptor-associated kinase
(IRAK)/Pelle-like kinase SHORT SUSPEN-
SOR (SSP), the MAPKK kinase YODA (YDA),
MITOGEN-ACTIVATED PROTEIN KI-
NASE 3 (MPK3), MPK6, and the RWP-RK
family protein GROUNDED (GRN)/RWP-
RK domain 4 (RKD4), which functions as a
transcriptional regulator (7, 58, 89, 154, 155).
There is evidence that SSP, YDA, MPK3, and
MPKG6 as well as MITOGEN-ACTIVATED
PROTEIN KINASE KINASE 4 (MKK4) and
MEKKS actin the same pathway (7, 155), but the
direct targets of this hypothetical kinase path-
way in the zygote remain unknown. However,
it might be meaningful that a close homolog

of WRKY2, WRKY?33, is phosphorylated by
MPK3 and MPK6 (96, 162).

ZYGOTIC GENOME
ACTIVATION

Zygotic genome activation already occursin the
zygote in flowering plants. For N. tabacum, ev-
idence has been presented that deposited ma-
ternal transcripts are not sufficient for zygote
elongation and division, but that this process
requires zygotic de novo transcription (170).
In Z. mays and N. tabacum, transcripts not
presentin egg and sperm cells accumulate in the
zygote, which indicates that these transcripts

www.annuﬂh’ggiew&arg o Larly Embryogenesis in Flowering Plants

Cotyledon:
leaf formed in the
developing embryo

Root meristem:
group of self-
replenishing cells at
the root tip that
sustain root growth

Ground tissue:
primordium that will
give rise to two tissue

layers, endodermis and

cortex
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are made de novo in the zygote (110, 125, 170).
Comparable experiments have not been done
in A. thaliana. However, in both A. thaliana and
Z. mays, genes whose expression has not been
detected in pollen are expressed in the zygote
from the paternal allele (130, 151), implying zy-
gotic genome activation at the zygote stage in
these species.

This de novo expression of paternal genes
in the zygote also indicates that the paternal
genome is not generally silenced in the zygote
or early embryo. This idea has received
support from other studies (120, 156, 165),
although in these cases it cannot be clearly
distinguished between transcripts delivered
by the pollen and de novo transcription from
the paternal alleles in the zygote. However,
whereas Z. mays displays an equivalent parental
contribution in the zygote and during early
embryo development (101), in A. thaliana
maternal transcripts appear to predominate
during early embryogenesis (5). This maternal
predominance is thought to result from the
downregulation of the paternal alleles by the
maternal chromatin small interfering RNA
(siRNA) pathway, whereas the activation of the
paternal alleles during the course of embryo-
genesis is thought to be mediated by maternal
histone chaperone complex CAF1 (5). How-
ever, it cannot be excluded that the maternal
predominance during early A. thaliana em-
bryogenesis is mainly or also due to transcript
carryover from the egg cell rather than specific
downregulation of the paternal alleles. Hence,
the two aforementioned mechanisms (the
chromatin siRNA pathway and activity of the
CAF1 complex) could generally be involved in
zygotic genome activation. In conjunction with
a supposed stronger transcript contribution
of the egg cell as compared with the sperm
cell, mechanisms delaying the zygotic genome
activation would prolong the predominance of
transcripts derived from the maternal alleles.

Some observations argue against general
differences between paternal and maternal
alleles in A. thaliana. For example, both
paternal and maternal histone H3 variants are
replaced by de novo synthesized H3 variants in
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the zygote (50, 51). And although imprinting is
quite common in the angiosperm endosperm,
only a few genes imprinted in the embryo
have been reported so far (56, 90, 118). The
maternal-to-zygotic transition thus appears to
already commence in the zygote. In contrast to
animals, however, because there is pronounced
postmeiotic gene expression in both female and
male gametophytes followed by postfertiliza-
tion gene expression, the maternal-to-zygotic
transition might more appropriately be called
the gametophytic-to-sporophytic transition.
This transition might be completed sooner or
later, presumably depending mainly on species-
specific velocities of development during early
embryogenesis. In this view, the longer it takes
for the zygote and its progeny to divide, the ear-
lier in developmental time the gametophytic-
to-sporophytic transition might occur.

ZYGOTE DIVISION AND
SEPARATION OF APICAL
AND BASAL CELL FATE

In the vast majority of flowering plant species,
the zygote divides transversely, generating an
apical daughter cell and a basal daughter cell,
whereas in some species oblique or longitudinal
divisions occur (62, 133). When the zygote
divides transversely, the two daughter cells
may be quite different in size, depending on the
position of the plane of cell division. In Ricinus
cormmunis and Triticum aestivum (wheat), for
example, the zygote divides “symmetrically,”
generating two daughter cells of equal size
(74, 133). In other species, zygotes divide
asymmetrically. Whereas in Coriaria nepalensis
and Anethum graveolens, for example, the apical
daughter cell is larger than the basal one, in
A. thaliana the apical daughter cell of the zygote
is smaller than the basal one (94, 133). There
seems to be no general rule regarding the size
ratio of the apical daughter cell and the basal
daughter cell of angiosperm zygotes (133).
Nonetheless, the division of the zygote
might still—directly or indirectly—separate
apical and basal cell fate and hence might also
consolidate or establish the apical-basal axis of
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polarity, which is then maintained throughout
plant life. Some evidence supports this view. In
both Z. mays and N. tabacum, the apical daugh-
ter cell of the zygote exhibits a transcriptional
profile distinct from the basal counterpart
(48, 113). In A. thaliana, two developmental
pathways, in addition to the YDA pathway
mentioned above, have been linked to apical-
basal axis establishment after zygote division:
One involves the transcription factors WOXS,
WOXO9, and WOX2, whereas the other is auxin
dependent, involving the auxin efflux regulator
PIN-FORMED 7 (PIN7) as well as the

| , ( f
W WRKY2, WOX2, WOX8
O WRKY2, WOX8, WOX9

@ wox2
B WRKY2, WOX8

|1

transcriptional regulators MONOPTEROS
(MP)/AUXIN RESPONSE FACTOR 5
(ARF5) and BODENLOS (BDL)/INDOLE-
3-ACETIC-ACID 12 (IAA12) (see below)
(Figure 2).

Besides WOXS8, whose expression in the
zygote is induced by WRKY2, WOX2 is also
expressed in the zygote (40, 151). After zygote
division, though, these two genes are not
coexpressed anymore; WOX2 is expressed in
the apical daughter cell of the zygote, and
WOXS (together with W0XY) is expressed in
the basal (40). WOX9, which is assumed to be
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Apical-basal patterning and hypophysis specification in early embryogenesis of Arabidopsis thaliana.
(@) Expression patterns of WRKY?2 and early-expressed WOX genes. (b) Auxin signaling and hypophysis

specification. Embryos not drawn to scale.
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a target of WRKY?2 as well, might already be
expressed in the zygote and possibly also in the
apical daughter cell of the zygote (40, 151, 163).
WOXS8 and WOX9 are supposed to signal from
the basal to the apical daughter cell for proper
WOX?2 expression to occur (10). However,
because there are stronger defects in wox8 wox9
or wox9 alone than there are in wox2 mutant
embryos, WOX8 and WOX9 appear to have
additional, WOX2-independent functions in
early development (10, 40, 163). WRKY?2 is
coexpressed with WOXS§ and partially with
WOXY during the earliest stages of embryogen-
esis (40, 151) (Figure 24), which could account
for the early expression of these two WOX
genes in the basal lineage. The problem of the
separation of apical and basal cell fate, however,
would not be solved with this extension of
the WOX pathway; instead, the problem
would be shifted from understanding WOX2,
WOXS8, and WOXY transcript distribution to
understanding WRKY? transcript distribution.

The auxin-dependent pathway implicated
in apical-basal axis establishment during
A. thaliana embryogenesis becomes relevant
immediately after zygote division, when auxin is
transported from the basal to the apical daugh-
ter cell via PIN7 (30) (Figure 2b). The auxin
response in the apical descendant of the zy-
gote triggered by this directional auxin trans-
port might be important for its proper speci-
fication, as evidenced by its transverse instead
of longitudinal division in bdl, mp, mp bdl, and
pin7 mutant embryos (30, 42). MP encodes an
ARF, BDL encodes an AUXIN (AUX)/TIAA in-
hibitor, and both are expressed in the apical cell
lineage (41, 43); MP and BDL form a system
of two interconnected feedback loops that can
be modulated by auxin via the degradation of
BDL protein (76). The initial transport of auxin
to the apical cell(s) might thus be sufficient to
establish expression of these two important de-
velopmental regulators. But, comparable to the
WOX/WRKY case, the next step on the hi-
erarchy ladder has to be taken now, and how
PIN7-mediated basal-to-apical auxin transport
is set up must be determined.
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HYPOPHYSIS SPECIFICATION
AND ROOT POLE FORMATION

Importance of Auxin in Hypophysis
Specification and Root Pole Formation

The root pole is the basal end of the angiosperm
embryo. In A. thaliana, the specification of the
founder cell of the root meristem is not the re-
sult of a (spatially) isolated developmental pro-
gram, but the consequence of developmental
events that take place in the apically adjoining
cells (157).

One of these events is the overall reversal of
the above-mentioned basal-to-apical auxin flow
from the dermatogen stage onward. The PIN1
auxin efflux regulator formerly nonpolarly dis-
tributed in the cells of the embryo proper starts
to become localized predominantly to the basal
side of the lower inner cells, and the formerly
apically localized PIN7 becomes localized to
the basal side of the suspensor cells. In con-
sequence, auxin accumulates in the hypophysis
and the subhypophyseal cell as indicated by the
auxin response reporter DRS (30) (Figure 2b).

This accumulation of auxin in the hypoph-
ysis appears to be crucial for its specification and
subsequent root pole formation, as suggested
by the fact that impairment of auxin biosyn-
thesis and transport as well as auxin signal-
ing interfere with these processes. The auxin-
biosynthesis multiple mutants yucca 1 (yucl)
yucd yucl 0 yucl I and tryptophan aminotransferase
of arabidopsis 1 (taal) tryptophan aminotransferase
related 1 (tarl) tar2 as well as the auxin transport
quadruple mutant pinl pin3 pin4 pin7 are root-
less, just like seedlings in which the phosphory-
lation status-dependent polar PIN1 localization
is reversed from the basal to the apical side in
the inner cells of the embryo proper by the mis-
expression of the PIN1-phosphorylating ser-
ine/threonine kinase PINOID (PID) (19, 30,
31,102, 139). Moreover, the regulation of PIN1
expression involves MP and its inhibitor BDL
(157). This might explain why the knockout
of MP, or mutations causing the stabilization of
BDL, lead to the non- or misspecification of
the hypophysis and subsequent failure to form
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aroot (157). Thus, MP-BDL-dependent auxin
signaling in the cells of the embryo proper
indirectly ensures the accumulation of auxin
in the hypophysis, where signaling through
another ARF-AUX/IAA pair presumably me-
diates the actual specification process (157)
(Figure 2b). Recently, detailed expression anal-
ysis revealed several ARF candidates expressed
in the hypophysis (117).

Additional Factors Involved in
Hypophysis Specification and Root
Pole Formation

In addition to auxin, other molecules likewise
serve as mobile signaling cues for hypophysis
specification. TARGET OF MONOPTEROS
7 (TMO7), a small transcriptional regula-
tor whose expression is regulated by MP
and BDL, also moves from the provascular
cells into the hypophysis and contributes to
its specification (128) (Figure 25). SHORT-
ROOT (SHR) might also move there, as in-
ferred from the expression of SCARECROW
(SCR) in the hypophysis (106, 164). Although
SCR does not appear to be necessary for hy-
pophysis specification itself—as indicated by
the apparently normal hypophysis division in
the sor mutant—SCR is subsequently required
for proper root pole formation (164). Simi-
lar considerations apply to the PLETHORA
(PLT) genes PLTI, PLT2, PLT3, and BABY
BOOM (BBM)/PLT# and to WOXS5. The ex-
pression of some of them depends on MP
and its close homolog NONPHOTOTROPIC
HYPOCOTYL 4 (NPH4)/ARF7 or is initiated
in the hypophysis in an MP-BDL-dependent
fashion, but at least WOX5 is mainly re-
quired for root organization of later develop-
mental stages and root stem cell maintenance
(3, 34, 40, 122).

Although auxin signaling is of central
importance for root pole initiation, it is not
the only plant hormone signaling pathway
involved. The brassinosteroid signaling com-
ponent BES INTERACTING MYC-LIKE
PROTEIN 1 (BIMI) and the AP2 transcrip-
tion factors DORNROSCHEN (DRN) and
DORNROSCHEN-LIKE (DRNL), which

interact with BIMI, are required for proper
hypophysis division and root formation, sug-
gesting that auxin-brassinosteroid crosstalk is
involved in root pole initiation (16, 17, 169). In
addition, the requirement of two feedback re-
pressors of cytokinin signaling, ARABIDOPSIS
RESPONSE REGULATOR 7 (ARR7) and
ARRIS, for the same process indicates the
necessity to dampen cytokinin signaling (105).
This dampening happens specifically in the
lower derivative of the hypophysis via ARR7
and ARRIS, whose expression depends on
auxin (105) and hence possibly also indirectly
on MP-BDL-dependent signaling.

Positional Information During
Root Initiation

The fate of the hypophysis thus appears to
be determined by its position at the basal end
of the early embryo rather than its descent from
the basal daughter cell of the zygote. Indeed,
the clonal origin of the hypophysis might not
be relevant for root pole initiation. In the han-
aba taranu (han) mutant, expression domains of
genes are shifted apically so that genes normally
expressed only in the suspensor replace “apical”
genes in the lower half of the embryo proper.
As a consequence, it is not the histologically
still-discernable hypophysis that becomes the
founder cell of the future root pole, but rather
cell(s) from the lower-tier descendants (108).
As in the wild type, the cell(s) to be recruited
for root pole formation appear to be those
closest to cells with an apical cell fate.

In an even more extraordinary case of atyp-
ical embryonic root initiation, which occurs in
the topless-1 (¢pl-1) mutant, a root is initiated
not only basally but also apically and, interest-
ingly, like in han, in an MP-independent fash-
ion (87, 108). TPL, a cosuppressor that binds
to BDL and probably other AUX/TAAs as well
as indirectly to jasmonate ZIM-domain (JAZ)
repressor proteins and directly to WUSCHEL
(WUS), might recruit histone deacetylases to
repress gene expression (70, 86, 115, 141; re-
viewed in 73). The #p/-1 mutation is a domi-
nant negative mutation relieving the repression

www.ﬂnmmlr?zﬂiew&org o Larly Embryogenesis in Flowering Plants

Provasculature: cells
that will give rise to
the vasculature (the
conductive tissue)

497



Annu. Rev. Plant Biol. 2012.63:483-506. Downloaded from www.annualreviews.org

by WIB6417 - Max-Planck-Gesellschaft on 06/08/12. For personal use only.

Protoderm:

outermost cell layer of

the embryo proper

that differentiates into

the epidermis

492

of TPL targets; especially derepression of the
TPL targets PLT1 and PLT?2 leads to the for-
mation of a secondary root pole (135).

Many angiosperm species—including vari-
ous monocots and, e.g., Pisum sativum (pea)—
do not exhibit a cell that clearly corresponds
to the A. thaliana hypophysis, i.e., a single up-
permost derivative of the basal daughter cell of
the zygote that invariably divides into a smaller
upper lens-shaped and a larger lower cell to
give rise to the quiescent center and the col-
umella of the root meristem, respectively (re-
viewed in 59). Nevertheless, these species of
course also form a root, and they may do so by
employing signaling pathways similar to those
in A. thaliana, which specify the hypophysis
in a position-dependent manner. In O. sativa,
the WUS-type homeobox gene quiescent-center-
specific bomeobox (QHB) is—similar to WOX5 in
A. thaliana—expressed in a few cells at the basal
pole of the embryo; in Z. mays and O. sativa, an
SCR homolog might play a role in root pat-
terning (40, 67, 68, 82, 83). The developmen-
tal significance of the singular hypophysis in
A. thaliana might thus mainly relate to the mini-
mal number of cells that constitute the embryo
at the very early stage when the root pole is
initiated.

RADIAL PATTERNING AND
PROTODERM SPECIFICATION

Separation of Inner and Outer Fate
in the Early Proembryo

In A. thaliana, the beginning of radial pattern-
ing is marked by the tangential divisions of the
cells of the embryo proper in the octant-stage
embryo. The eight outer cells thus formed are
the founder cells of the protoderm, and during
embryogenesis the eightinner cells will give rise
to, e.g., the provasculature and the ground tis-
sue (66, 94, 126) (Figure 1). Like apical-basal
axis establishment, these tangential divisions
have been linked to the action of WOX genes
and MP. In wox2 and, with a higher penetrance,
in wox2 mp, wox2 wox§, and woxl wox2 wox3,
some cells of the octant-stage embryo proper
72
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do not divide tangentially, so that a “continu-
ous” protodermal layer is not formed (10, 40).
How WOX genes and MP-dependent auxin sig-
naling mediate the proper orientation of these
cell-division planes is not known.

An early difference between protodermal
and inner cells is the divergence of transcrip-
tional activities. The GLABRA 2 (GL2) family
homeodomain transcription factors ARA-
BIDOPSIS THALIANA MERISTEM LAYER
1 (ATMLI) and PROTODERMAL FACTOR 2
(PDF?2) are initially expressed throughout the
early embryo proper, but immediately after
the tangential divisions have occurred their
expression becomes confined to the protoder-
mal cells (1, 88) (Figure 3a,b). Conversely, the
expression of ZWILLE [ZLL, also called ARG-
ONAUTE 10 (AGO10)], which is expressed in
the apical cells from the four-cell stage on and
is involved in shoot meristem maintenance,
becomes confined to the inner cells (91, 104)
(Figure 3a,b). Remarkably, in Z. mays and
O. sativa, where the cell-division planes after
the zygotic division appear randomly oriented,
the expression of ATMLI homologs also
becomes confined to the protoderm, and these
homologs might serve a similar function during
protoderm development as their A. thaliana
counterparts (52-54, 167).

In atmll pdf2 double-mutant seedlings,
cotyledons seem devoid of an epidermis and
the shoot apex lacks distinct cell layers (1). The
ATMLI promoter and the PDF2 promoter
each contain a potential binding site for WUS,
the founding member of the WOX family (1,
40, 143), and thus the expression of ATMLI
and PDF2 could be directly regulated by WOX
transcription factors, including those involved
in the tangential divisions of the octant-stage
embryo (Figures 24 and 3c). Furthermore,
both the ATMLI promoter and the PDF2 pro-
moter contain an eight-nucleotide sequence
termed the L1 box, which is also present in
the promoters of other epidermally expressed
genes such as PDFI1, FIDDLEHEAD (FDH),
LIPID TRANSFER PROTEIN 1 (LTPI),
and—almost perfectly matching—the O. sativa
ATMLI homolog Oryza sativa transcription
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factor 1 (OSTFI) (1, 2, 167). Because ATML1
and PDF2 bind to the L1 box in vitro, it
is conceivable that these two transcription
factors establish a positive feedback loop that
regulates the transcription of genes expressed
in the epidermis (1, 2) (Figure 3¢). In the
case of ATMLI, however, the L1 box and the
WUS binding site do not appear to be the only
important regulatory regions. Although the L1
box is essential for the expression of PDF1, this
is not the case for ATMLI (2, 143). Rather, the

L1 box controls expression redundantly with
the WUS binding site in the ATMLI promoter,
but even when both elements are deleted, a hex-
americ copy of an ATMLI promoter fragment
still confers weak expression (143). In addition,
ATMLI is still expressed in the atmll pdf2 and
wox§ wox9 double-mutant backgrounds (10,
143). Thus, although these two “pathways”
might converge on ATMLI expression, other
factors are probably involved in the regulation
of this gene. Because the ATMLI promoter
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confers expression in the suspensor but the
messenger RNA (mRNA) is detected there only
in the dicer-like 1 (dc/l) mutant, a microRNA
might regulate the ATMLI expression in the
suspensor (111, 143) (Figure 3¢).

The inner cells of the A. thaliana embryo
give rise to the various concentric tissue layers
that have been described in the root and are laid
down during embryogenesis (126, 127). The
GRAS transcription factor SHR is one of the
best-described players involved in radial pat-
terning. It is expressed in the provasculature
and moves out to the neighboring cell layer,
where it activates the transcription of another
GRAS transcription factor gene, SCR (46, 106).
SCR is expressed in the ground tissue and the
hypophysis at the globular stage of embryoge-
nesis. When the cells of the ground tissue of
the hypocotyl and the embryonic root pole di-
vide periclinally between the triangular stage
and the heart stage to generate the inner layer of
endodermis and the outer layer of cortex cells,
SCR continues to be expressed in the inner layer
(164) (Figure 3b). These periclinal cell divi-
sions depend on both SHR and SCR (46, 164).
SHR and SCR activate microRNA165/166 in
the endodermis of the mature root, from where
the microRNAs feed back onto the vasculature
to control its patterning. Because the two mi-
croRNAs are already expressed during embryo-
genesis, they might contribute to embryonic
patterning as well (14).

Maintenance of Radial Patterning

RECEPTOR-LIKE PROTEIN KINASE 1
(RPK1) and TOADSTOOL 2 (TOAD2), two
closely related leucine-rich-repeat receptor-
like kinases (LRR-RLKs), are redundantly re-
quired for the maintenance of radial pattern-
ing (112) (Figure 3¢). The protoderm marker
ATMLI as well as the central domain markers
ZLL/AGO10 and SHR are correctly expressed
only initially in 7pkI road2 embryos, which have
enlarged protoderm cells (112). At the late-
globular stage of embryogenesis, the expres-
sion of ATMLI is (almost) lost, and the expres-
sion of ZLL/AGO10 and SHR extends over the
74

Lau et al.

entire basal domain in 7pkl toad2, suggesting
that RPK1 and TOAD? play an essential role in
the maintenance but not the establishment of
the radial pattern in A. thaliana (112).

The ligands binding to RPK1 and TOAD?2
during embryogenesis are unknown, although
it was recently suggested that the signaling
peptide derived from CLAVATA 3 (CLV3)
binds to TOAD2 (71). Because this signaling
peptide is functionally similar to other signal-
ing peptides of the CLV3/ESR-RELATED
(CLE) family (109), any of these might be the
endogenous ligand for RPK1 and TOAD?2
(Figure 3¢). Hence, at least some of these sig-
naling peptides might play a role during early
embryogenesis, an assumption that receives
support from the analysis of the RLK ARA-
BIDOPSIS CRINKLY 4 (ACR4). ACR4 might
bind the signaling peptide CLE40, which is the
closest homolog of CLV3, and is involved in
protoderm specification, where it acts together
with ABNORMAL LEAF-SHAPE 2 (ALE2),
another RLK (138, 145) (Figure 3c¢). Although
neither the single mutants nor the double mu-
tant appear to show severe protodermal defects
during embryo development, in mutant combi-
nations with alel the protoderm is misspecified
(36, 145). Accordingly, alel ale2 and alel
acr4 double mutants do not properly express
ATMLI (145). ALEI encodes a protease that
is predominantly expressed in the endosperm,
and thus ALE2 and ACR4 might perceive a
signal from the endosperm to ensure proper
protoderm specification (144, 145) (Figure 3¢).
However, toxin-dependent endosperm ab-
lation rather suggests that the endosperm
is not involved in embryo patterning, and
the feasibility of somatic embryogenesis also
argues against essential peptide signals from
the endosperm (158; reviewed in 168). In
addition to its expression in the endosperm,
ALET is weakly expressed in the early embryo
itself (144), and this might be relevant for
embryogenesis.

Protoderm formation and ATMLI expres-
sion are prevented in arabidopsis thaliana defec-
tive kernel 1 (atdekl) mutant embryos, which
arrest at the globular stage (60, 81, 150).
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ATDEKI encodes a calpain protease that un-
dergoes autolytic cleavage (Figure 3c¢) and is
expressed in the embryo (60, 61, 81). In A7~
DEKI knockdown lines, seedlings show a trans-
formation of epidermal to mesophyll-like cell
fate in the cotyledons, similar to what has been
observed in atmll pdf2 double mutants (1, 60).
In conclusion, although a number of key play-
ers have been analyzed, the overall genetic pro-
gram of setting up the radial pattern or only the
protoderm is still largely unexplored.

SHOOT MERISTEM
SPECIFICATION AND
COTYLEDON INITIATION

The Organizing Center

The A. thaliana shoot meristem can be mor-
phologically delineated for the first time during
embryogenesis at the late-torpedo stage (6, 78).
In the mature embryo, the shoot meristem con-
sists of a few small cells with big nuclei and small
vacuoles, and its first molecular mark is the on-
set of WUS expression in the four inner cells
of the apical embryo region at the dermato-
gen stage (78, 97) (Figure 2a). WUS encodes a
homeodomain transcription factor, and its ex-
pression remains confined to a subset of cells
close to the shoot apex during later stages of
development (Figure 44), defining an organiz-
ing center that keeps the neighboring stem cells
in a pluripotent state (97). The wus mutation re-
sults in the lack of a functional shoot meristem
and the formation of a flat and enlarged shoot
apex consisting of aberrant cells (78). WUS or-
thologs seem to play similar roles in dicots like
Petunia bybrida and Antirrbinum majus, but pos-
sibly not in monocots like O. sativa and Z. mays
(70, 107, 140).

Despite considerable efforts to identify reg-
ulators and downstream targets of this master
regulator (11; reviewed in 24), our knowledge
is scant about the mechanism(s) of initiation
and early confinement of WUS expression and
about the identity of the WUS-dependent non-
cell-autonomous signal(s) maintaining stem cell
fate in the shoot meristem. In postembryonic
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Shoot meristem and cotyledon initiation in Arabidopsis thaliana. (a) Expression
patterns of genes important for establishment of the shoot meristem and
initiation of cotyledons in A. thaliana during the transition stage and the heart
stage. CUCI-3 expression is generalized as CUC. (b) Pathways and hormonal
regulation in shoot meristem and cotyledon initiation. (c) Expression patterns
of KANT and HD-ZIP III genes (exemplarily shown for REV, which includes
domains of all other members), auxin flow mediated by PIN1 (idealized
representation), and DRS response. Embryos not drawn to scale.

development, however, cytokinin signaling
activates WUS expression (37). Because WUS
inhibits the expression of several type-A ARRs
that are negative regulators of cytokinin
signaling, a positive feedback mechanism
involving WUS and cytokinin signaling might

thus operate in the shoot meristem to maintain
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its integrity (37, 79) (Figure 4b). This crosstalk
may already operate during embryogenesis. In
O. sativa, the LONELY GUY (LOG) gene,
which encodes a cytokinin-activating enzyme
and is specifically expressed in the shoot meris-
tem region, is important for shoot meristem
maintenance (75).

Shoot Meristem Indeterminacy and
the Shoot Meristem-Cotyledon
Boundary Region

The class I KNOTTED-like homeodomain
transcription factor SHOOT MERISTEM-
LESS (STM) might indirectly activate WUS
expression via its induction of cytokinin
biosynthesis and signaling (37, 57, 85, 166)
(Figure 4b), and in addition to its cytokinin-
related effects, it restricts gibberellic acid
levels (45, 57). Similar to its Z. mays ortholog
KNOTTED 1 (KNT) and its O. sativa ortholog
Oryza sativa homeobox 1 (OSHI), STM is
expressed in the presumptive shoot meristem
from the globular stage onward (85, 124, 134)
(Figure 4a); in addition, in the oil palm Elaeis
guineensis an STM ortholog is expressed in
the shoot meristem, at least during vegetative
development (64). Together with WUS, STM
is required to maintain the shoot meristem:
WUS acts as the instructor of the organizing
center, and STM acts as a repressor of differen-
tiation across the entire shoot meristem (80). In
differentiated tissue, simultaneous expression
of WUS and STM can induce meristematic ac-
tivity, with WUS non-cell-autonomously trig-
gering divisions in STM-expressing tissue (35).

Being a transcription factor, STM functions
in the nucleus, and this localization depends
on BELI1-like homeodomain transcription
factors (22, 121). Shoot meristem initiation is
consistently inhibited in the szzz mutant and the
arabidopsis thaliana homeobox 1 (athl) pennywise
(pny) pound-foolish (pnf) triple mutant, and also
in the cup-shaped cotyledon 1 (cucl) cuc2 double
mutant, which fails to express STM in the pre-
sumptive shoot meristem (4, 6, 121). The NAC
transcription factors CUCI-3 are redundantly
required for shoot meristem establishment as
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well as cotyledon separation. At early embry-
onic stages, their expression domains partially
overlap with the STM expression domain
(Figure 44), whereas CUCI-3 expression do-
mains in general surround the STM expression
domain at later stages (4, 47, 142, 152). How
this expression pattern evolves is not clear.
However, there appears to be mutual regula-
tion involving positive and negative feedback
loops (Figure 4b): Not only are the CUCs re-
quired for STM expression, but STM regulates
the expression of CUCI-3 and the expression
of microRNA164, which in turn targets CUCI
and CUC? transcripts for degradation (4, 77,
92,137). The P. hybrida and A. majus CUC or-
thologs NO APICAL MERISTEM (NAM) and
CUPULIFORMIS (CUP) are also expressed at
organ boundaries, and they are important for
both boundary establishment and shoot meris-
tem development (136, 159). In Z. mays, the pu-
tative CUC1/2 orthologs Zea mays NO APICAL
MERISTEM 172 (ZmNAM1/2) and the CUC3
ortholog Zea mays CUP-SHAPED COTYLE-
DON 3 (ZmCUC3) are in part initially coex-
pressed with a shoot meristem marker, and later
in a ringlike pattern around the shoot meristem
(173), hinting at a strong conservation of CUC
gene function at least among flowering plants.

Meristem Establishment

A general prerequisite for shoot meristem
identity seems to be the presence of class
III HOMEODOMAIN-LEUCINE ZIPPER
(HD-ZIP III) transcription factors. This fam-
ily consists of PHABULOSA (PHB), PHAVO-
LUTA (PHV), REVOLUTA (REV), ARA-
BIDOPSIS THALIANA HOMEOBOX 8
(ATHBS), and ATHBIS5. Expression of all
but ATHBS is already detectable from early
embryonic stages onward, and in part there
is overlap with the future site of the shoot
meristem, whereas especially PHB, REV, and
ATHBIS expression domains partially coin-
cide with the ZLL/AGOI0 provascular ex-
pression domain as well; ATHB8 mRNA is
detectable from the heart stage onward (26,
91, 100, 116). Conversely, expression do-
mains of members of the KANADI (KAN)
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gene family could be regarded as comple-
mentary to those of the HD-ZIP IIIs, which
they are supposed to antagonize (26-28, 69)
(Figure 4c). The phb rev double, phb phv rev
triple, and other loss-of-function mutant com-
binations involving athb§ and athbl5 lack the
embryonic shoot meristem and in severe cases
fail to establish bilateral symmetry (26, 116).
The dominant mutation phb-1d leads to ec-
topic meristems that express the shoot meris-
tem marker STM on the lower side of leaves,
and also causes an enlarged embryonic shoot
meristem and partially suppresses the stz mu-
tant phenotype (99). Two recent findings fur-
ther support a pivotal role for HD-ZIP III tran-
scription factors in shoot meristem formation.
First, exclusion of HD-ZIP III proteins from
the embryonic root pole is necessary for its
proper establishment (38). Second, dominant
HD-ZIP III mutants suppress the #p/-1 double-
root phenotype, possibly by excluding PLT1
and PL'T2 from the future shoot meristem cells.
Conversely, misexpression of dominant HD-
ZIP IIIs can lead to (homeotic) root-pole-to-
shoot-pole transformations during embryoge-
nesis (135). It is not clear at present whether
the HD-ZIP IIls directly regulate STM and/or
WUS in ectopic shoot meristem formation.
HD-ZIP I transcripts are targeted by mi-
croRNA165/166, and the dominant HD-ZIP
IIT mutations reside in the microRNA pairing
sites, rendering the HD-ZIP mRNAs resistant
to degradation (93, 119, 146, 160, 171). The
microRNA-dependent degradation involves
the AGO proteins AGO1 and ZLL/AGO]10,
which both bind microRNA165/166 (172). It
was suggested that ZLL/AGO10 and AGO1
actin an antagonistic fashion (Figure 4b), with
ZLL/AGO10 positively regulating HD-ZIP
IIT  transcript levels through competition
with AGOl—possibly by sequestering mi-
croRNA165/166. Such a sequestration could
ensure sufficiently high HD-ZIP III levels
during shoot meristem establishment and
maintenance (172). Given that ZLL/AGO10
expression in the provasculature is necessary
for embryonic shoot meristem maintenance,
could, in

a non-cell-autonomous  signal

principle, instruct the shoot meristem from
the cells underneath (149). In this scenario,
the two primary meristems of shoot and root
would be initiated as WUS- and WOXS5-
positive cell groups, respectively, in response
to inductive signals, at the opposite ends of the
provasculature in early embryogenesis.

Initiation of Cotyledon Primordia

When the cotyledon primordia start to emerge
in A. thaliana, the embryo organization shifts
from radial to bilateral symmetry. The sites of
cotyledon initiation correlate with auxin accu-
mulation at subapical foci in the protoderm, as
indicated by the auxin response reporter DRS
(8) (Figure 4¢). Auxin might therefore directly
cause cotyledon initiation in the apical mar-
gins of the globular embryo (8). In addition,
STM and CUC expression have to be excluded
from those sites (see below). Auxin transport
toward the incipient primordia is mediated by
PIN auxin efflux regulators, probably mainly by
PINT1 (8) (Figure 4c¢). PIN1 is apically localized
in the protoderm, and the apical localization of
PIN proteins is generally brought about by PID
and its homologs PID2, WAG1, and WAG2,
three of which have been shown to directly
phosphorylate PINs (20, 23, 31, 49, 102). For
example, the pid wagl wag? triple mutant and
the pinl pid double mutant lack cotyledons (20,
33), as does the pid enbancer of pinoid (enp) double
mutant (148). ENP/MACCHI-BOU 4 (MAB4)
encodes an NPH3-like protein that is involved
in the regulation of PIN1 localization (32, 148).
It is noteworthy that in both double mutants
(pinl pid and pid enp) the expression domains
of CUC genes and STM are enlarged, and that
cotyledon formation is partially restored when
CUC genes or STM are knocked out in pinl pid
(33, 148); this highlights both the importance
of directional auxin transport to the cotyle-
don initiation sites and the requirement to ex-
clude specific transcripts/proteins from there.
"This view is supported by cotyledon formation
defects in the auxin response mutants 7zp and
bdl (9, 42). However, it might also be relevant
in this context that MP directly activates the
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expression of DRN—especially because DRN
and DRNL redundantly act in cotyledon for-
mation (16, 21). Additionally, DRN and DRNL
are involved in the establishment and mainte-
nance of boundary and shoot meristem gene
expression domains, and they act together with
PINT1 and PID (16, 18, 72). Auxin-related pro-
cesses might be involved in cotyledon initiation
in other flowering plant species as well, includ-
ing monocots, but this has barely been investi-
gated so far (reviewed in 15).

Another factor involved in cotyledon de-
velopment, ASYMMETRIC LEAVES 1 (AS1),
which encodes a MYB domain protein and
orthologs of which are present in Z. mays and
A. majus, is initially expressed mainly subepi-
dermally in the incipient cotyledon primordia,
whereas AS2, which encodes a LATERAL
ORGAN BOUNDARY (LOB) domain pro-
tein, is expressed protodermally before cotyle-
don outgrowth and later at the adaxial cotyle-
don side (12, 55, 84, 129, 153) (Figure 4a).
The loss of AS1 or AS2 makes STM dis-
pensable for shoot meristem initiation and
maintenance, suggesting that STM negatively
regulates ASI and AS2 (12, 13). Studies in
primarily adult leaves suggest that KNOX genes
are negatively regulated by AS1/2 and that
AS1/2 possibly converge with auxin signaling
to repress the KNOX member KNOTTED-
LIKE FROM ARABIDOPSIS THALIANA 1
(KNAT1)/BREVIPEDICELLUS (BP) (12, 39,
44) (Figure 4b). The expression of AS2 itself
is negatively regulated by KANT and positively
by BLADE-ON-PETIOLE 1/2 (BOP1/2), the
expression of the latter in turn being directly
or indirectly repressed by STM (65, 161).
How exactly ASI and AS2 are linked to auxin,
however, has not been resolved.

PERSPECTIVES

Considerable progress has been made in the
analysis of mechanisms underlying specific
events in early embryogenesis, notably in
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A. thaliana. For example, we now have a clear
conceptual framework for the initiation of the
root meristem in the early embryo. However,
although the main regulators have been
identified and characterized, it is still rather
obscure how these early events relate to the
establishment of the molecular system for self-
maintenance of the functional root meristem at
the heartstage of embryogenesis. The initiation
and establishment of the self-maintenance sys-
tem are even less clear for the shoot meristem.
Large-scale approaches combining expression
profiling of specific embryo regions with func-
tional characterization of putative developmen-
tal regulators might contribute to closing the
gap.

Another unsolved problem is the origin of
the apical-basal pattern. Although genes encod-
ing developmental regulators are expressed in
either the apical or the basal daughter cell of the
zygote, it is not known how the expression of
these regulators is ultimately established. This
also relates to the mode of division of the zy-
gote: Is it truly unequal, reflecting an intrinsic
polarity of the zygote before division? Alterna-
tively, the division might be equal, and only the
two daughter cells would be exposed to different
environments and thus might perceive different
signals.

The contribution of the gametes to early
embryogenesis still needs to be assessed.
Although differentially regulated genes have
been identified, their role in early patterning
has not been clarified. And the significance of
epigenetic regulation of patterning is still an
open question.

Finally, most studies have focused on a few
species, notably A. thaliana. Considering the
differences in cell-division patterns between
early embryos from different species, exploring
orthologous developmental regulators might
reveal to what extent their actions and regu-
latory networks are conserved among the flow-
ering plant species when the cellular contexts
of developmental events are not.
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SUMMARY

Primary root formation in early embryogenesis of Arabidopsis thaliana is initiated with the specification of a
single cell called hypophysis. This initial step requires the auxin-dependent release of the transcription fac-
tor MONOPTEROS (MP, also known as ARF5) from its inhibition by the Aux/IAA protein BODENLOS (BDL,
also known as IAA12). Auxin-insensitive bdl mutant embryos and mp loss-of-function embryos fail to spec-
ify the hypophysis, giving rise to rootless seedlings. A suppressor screen of rootless bdl mutant seedlings
yielded a mutation in the nuclear import receptor IMPORTIN-ALPHA 6 (IMPu.6) that promoted primary root
formation through rescue of the embryonic hypophysis defects, without causing additional phenotypic
changes. Aux/IAA proteins are continually synthesized and degraded, which is essential for rapid transcrip-
tional responses to changing auxin concentrations. Nuclear translocation of bdl:3x GFP was slowed down in
impa.6 mutants as measured by fluorescence recovery after photobleaching (FRAP) analysis, which corre-
lated with the reduced inhibition of MP by bdl in transient expression assays in impa6 knock-down proto-
plasts. The MP-BDL module acts like an auxin-triggered genetic switch because MP activates its own
expression as well as the expression of its inhibitor BDL. Using an established simulation model, we deter-
mined that the reduced nuclear translocation rate of BDL in impa6 mutant embryos rendered the auxin-trig-
gered switch unstable, impairing the fast response to changes in auxin concentration. Our results suggest
that the instability of the inhibitor BDL necessitates a fast nuclear uptake in order to reach the critical
threshold level required for auxin responsiveness of the MP-BDL module in primary root initiation.

Keywords: auxin, BODENLOS, MONOPTEROS, import, Arabidopsis thaliana, IMPORTIN-ALPHA 6.

INTRODUCTION

Initiation of the primary root meristem is the most thor-
oughly studied process of cell specification in Arabidopsis
thaliana early embryogenesis (reviewed by Lau et al.,
2012). As a first step, the asymmetric division of the zygote
gives rise to an apical lineage corresponding to the proem-
bryo and a basal lineage generating a short file of extra-
embryonic cells known as suspensor. At the 32-cell stage,
the uppermost derivative of the suspensor changes cell
fate to become the hypophysis, which by asymmetric divi-
sion gives rise to the quiescent centre of the primary root
meristem. The plant signalling molecule auxin plays a
prominent role in this cell specification process.

The auxin response during primary root meristem initia-
tion is mediated by the MONOPTEROS (MP)-BODENLOS

© 2015 The Authors
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(BDL) module as both, knock-out mutation of MP or a sta-
bilized version of BDL, inhibit hypophysis specification
(Hamann et al., 1999, 2002). Auxin triggers the degradation
of the Aux/IAA protein BDL (IAA12), whereby the auxin
response factor MP (ARF5) gets released and in turn acti-
vates its target genes including MP itself and its inhibitor
BDL. This feedback loop enables the MP-BDL module to
be switched on in response to rising auxin concentration,
which in turn mediates cell specification and primary root
meristem initiation (Schlereth et al., 2010; Lau et al., 2011).

The ratio of MP to BDL appears to be critical in the auxin
responsiveness of the module. A single copy of the gain-
of-function bdl mutant allele is not sufficient to block MP
action during auxin response (Hamann et al, 2002).
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Conversely, the root meristem initiation defect of bd/
homozygous mutant embryos can be rescued by MP over-
expression (Weijers et al., 2006).

The role of the MP-BDL module during primary root
meristem development is limited in space and time, medi-
ating auxin response in inner cells of the proembryo that is
required before the asymmetric division of the adjacent
hypophysis (Weijers et al., 2006). This local action of the
module entails PIN1-dependent auxin transport to the
hypophysis and also leads to the expression and subse-
quent movement of the non-cell-autonomously acting
bHLH transcription factor TMO7 into the hypophysis (Sch-
lereth et al., 2010).

Transcriptional response to auxin occurs in the nucleus,
where auxin mediates the interaction between F-box pro-
teins TIR1 or AFBs of E3 ubiquitin ligases (SCF-TIR1/AFB)
and the relevant Aux/IAA inhibitors, resulting in the ubiqui-
tination and subsequent proteasomal degradation of the
inhibitors (Salehin et al., 2015). Consequently, the formerly
inhibited ARF transcription factors are released and able to
regulate the transcription of target genes.

Here, we report the characterization of a suppressor of the
bdl mutant, which was isolated in a screen for EMS-induced
mutants that rescue the primary root meristem initiation
defect in bdl mutant embryos. The suppressor mutation
reduced the activity of the IMPORTIN-ALPHA 6 (IMPux6)
gene, a component of the nuclear import machinery. The
analysis of additional impu6 mutant alleles, quantitative
gene expression studies and fluorescence recovery after
photobleaching (FRAP) analysis of nuclear uptake of bdl, all
support the conclusion that fast nuclear import of BDL is a
critical parameter of the MP-BDL module in its auxin-depen-
dent action mediating primary root meristem initiation.

RESULTS
Screen for regulators of bdl

Arabidopsis plants hemizygous for a pBDL::bdl:GUS trans-
gene (henceforth also referred to as bdl:GUS or simply
bdl) were mutagenized with ethyl methanesulfonate (EMS)
and the seedling progeny of individual plants (M2 families)
was screened for the presence or absence of the primary
root. We isolated several mutations that reduced the per-
centage of seedlings lacking the primary root. Instead of
21% in the non-mutagenized bd/:GUS parental line, only
7% of the progeny in line B2951 failed to establish the pri-
mary root (Figure 1a). The remaining rootless seedlings in
B2951 did not differ from the rootless seedlings in the par-
ental line. The suppressor mutation is recessive, and there
were no other phenotypic differences between the parental
and the B2951 line (Figures 1b and S1a).

The absence of the primary root in bd/ mutant seedlings
correlates with the failure to establish the hypophysis in
early embryogenesis (Hamann et al., 1999). Therefore, we
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Figure 1. The B2957 mutation rescues the bd/ phenotype.

(a) Proportion of rootless seedlings in the progeny of pBDL::bdl:GUS/- and
pBDL::bdI:GUS/- B2951 plants. Error bars indicate standard deviation. *Indi-
cates P < 0.05 according to Student'’s t-test. N = 3293.

(b) Seedling phenotype rootless seedling 6 days after germination. Scale
bar represents 0.1 cm.

analysed the division of the uppermost suspensor cell,
which normally becomes the hypophysis, in both the par-
ental and the B2951 line. The proportion of aberrant verti-
cal divisions of the hypophysis — a hallmark of the bdl
mutant embryo — was reduced to a similar extent as was
the proportion of rootless seedlings (Table 1 and Fig-
ure S1b). This result indicated that the specification of the
hypophysis was rescued in the B2951 line, suggesting that
the suppressor mutation directly affected the action of the
MP-BDL module during primary root initiation (Weijers
et al., 2006; Schlereth et al., 2010).

Primary root initiation is restored in bdl embryos by a
mutation in IMPORTIN-ALPHA 6

The gene harbouring the B2951 mutation was identified by
map-based cloning. The B2957 mutation was mapped to a
43 kilobase-pair (kb) region between the markers DNAJ

Table 1 Horizontal hypophysis divisions are rescued in B2951

Horizontal (%) Vertical (%) N

pBDL::bdI:GUS/- 74 26 54
pBDL::bdl:GUS/- B2951 92 8 53

© 2015 The Authors
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and T14P on the upper arm of chromosome 1 (Figure S2a).
We sequenced all 16 open reading frames within that
region and identified a mutation in the karyopherin gene
IMPORTIN-ALPHA 6 (IMP46). The causative mutation was
named impa6-1 and has a single guanine-to-adenine sub-
stitution at an intron-exon junction, which likely destroys
the splice acceptor site of exon 8 (Figure 2a). IMPa6 has 10
predicted Armadillo (ARM) repeats (Wirthmueller et al.,
2013), suggesting a similar structure and nuclear-localiza-
tion sequence (NLS)-binding mode as reported for impor-
tin o proteins from mouse, yeast or rice (Conti et al., 1998;
Kobe, 1999; Chang et al., 2012). The abnormal splicing in
the mutant would delete the last four ARM repeats and
thereby most likely destroys the NLS binding ability (Fig-
ure 2a). Reverse transcription (RT)-PCR revealed reduced
IMPx6 mRNA levels in impa6-1, suggesting that impa6-1 is
a knock-down allele (Figure S2b).

To examine whether the rescue of the rootless pheno-
type was caused by the dysfunctional impa6-1 allele, we
complemented the mutation with a genomic transgene
including the endogenous 2.4 kb promoter (g/IMPx6). For
localization and expression studies, we additionally gener-
ated a fusion protein of IMPa6 with three copies of green
fluorescent protein (3xGFP) expressed from the same pro-
moter (IMPx6:3x GFP). Both constructs significantly
increased the fraction of rootless seedlings in the bdl
impa6-1 mutant background, which indicated that the
impa6-1 mutation was indeed responsible for the suppres-
sion of the bdl mutant phenotype (Figure 2b).

In addition, we generated an artificial micro RNA
(amiRNA) line targeting IMPx6 and also analysed the T-
DNA insertion allele impu6-2 (Figure 2a). Both mutants
were crossed with pBDL:bdl:GUS/- lines. We confirmed
the absence of IMPa6 full-length ¢cDNA in impa6-2 by RT-
PCR (Figure S2b) and analysed the proportion of rootless
seedlings in the progeny of pBDL::bdl:GUS/- impx6-2 and
pBDL::bdl:GUS/- amiRNA double mutants. The amiRNA
did not exhibit a reduced expression in seedlings (Fig-
ure S2b), presumably because the RPS5a promoter used
for this purpose is mainly active in strongly dividing tis-
sues like embryos (Weijers et al., 2001). In both cases how-
ever, the proportion of rootless bdl:GUS seedlings was
significantly reduced (Figure 2c), providing additional evi-
dence that reduced expression of IMPa6 caused the rescue
of the rootless phenotype of bdl.

Function of IMPu6 in embryogenesis

Importin o proteins are karyopherins, which are known to
facilitate import of proteins into the nucleus (Merkle, 2011).
Small proteins like BDL, which is about the size of green
fluorescent protein (GFP), are able to slowly diffuse into
the nucleus independently of the transport machinery
(Mohr et al., 2009). Given that the impa6-1 mutant was
isolated in a bdl:GUS background, in which the size of the
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Figure 2. impa6-1 represses the bd/ phenotype.

(a) IMPx6 gene model, major domains and mutated sites are indicated.
Arrows indicate primer annealing for RT-PCR.

(b) Restoration of the rootless phenotype by complementation of impa6-1.
N = 2920.

(c) Rescue of the rootless phenotype by additional alleles. N = 2474.

(d) Rescue of the original bd/ allele by impa6-1. N = 1241.

(e) impa6-1does not rescue mp. N = 1767.

(f) impa3-1 enhances the rescue of the bdl phenotype by impa6-1. N = 2462.
*Indicates P < 0.05 according to Student’s t-test. Error bars represent stan-
dard deviation. Because of the variability of the penetrance, all quantifica-
tion were compared with controls from the same experiment.

stabilized bdl protein is increased four-fold, an important
question is if the phenotypic suppression is specific to the
bdl:GUS protein. Characterization of the progeny of impa.6-
1 bdl/BDL plants revealed that about 11% of the seedlings
lack the primary root in comparison with 26% of the pro-
geny of bdl/BDL (Figure 2d). These data show that endoge-
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nous bdl action also depends on the nuclear import
machinery, specifically on the importin-o isoform IMPu6.
To better understand the mechanism, we intended to
analyse the specificity of the rescue, confirm the expres-
sion of IMPu6 in the embryo and analyse the interaction
partner(s) of IMPa6. Root initiation depends on the func-
tionality of the MP-BDL module and its downstream tar-
gets. To examine at which step impu6-1 compromises the
auxin response pathway, we crossed impa6-1 to the strong
mp B4149 allele. The function of MP is impaired in bdl,
because bdl constitutively inhibits the auxin-dependent
activation of MP target genes (Hamann et al., 2002). There-
fore, downstream targets would be affected in a similar
way in mp as they are in bdl mutants. We found no effect
on the penetrance of mp (Figure 2e), suggesting that nei-
ther MP nor its targets are directly affected by impa6-1.
BDL is expressed in the inner cells of the proembryo and
controls root meristem initiation non-cell-autonomously
(Weijers et al., 2006). To confirm that the expression of
IMPs6 overlaps with the expression of BDL we used the
IMPu.6:3x GFP construct, which restored the bdl mutant
phenotype in the impa6-1 bdl background. Expression was
detected early on in the developing embryo and the fusion
protein localized to the nucleus, as expected for an impor-
tin o protein (Figure S3a). In addition, we performed RNA
in situ hybridization with IMPu6 probes in the embryo and
detected a similar, albeit patchier, expression pattern (Fig-
ure S3b), overlapping with the expression of BDL and MP
in the inner cells of the proembryo (Hamann et al., 2002).
To explore the pathways depending on IMPa6, we per-
formed mass spectrometry after immunoprecipitation of
IMPa6:3x GFP. In total, 407 proteins were overrepresented
in the dataset, including the importins IMPa1, IMPa2,
IMPo7 and SAD2 as well as the nucleoporins nup50A and
nup50B. SAD2 is the Arabidopsis importin-beta-domain
protein. Vertebrate nup50 has been shown to interact with
importin-o, displacing NLS, which suggests a role in
importin complex disassembly and importin recycling
(Matsuura and Stewart, 2005). Thus, the mass spectrome-
try analysis confirmed the predicted molecular function of
IMP6a as an importin. However, auxin pathway compo-
nents were not detected (Table S1). This shows that IMPa6
interacts with a wide range of proteins, especially with
those of the nuclear transport pathway. To analyse a possi-
ble overlap of the function of IMPa6 with other importin o
proteins in respect to the transport of bdl, we crossed
impa6-1 with the impa3-1 mutant, since IMPa3 is the clos-
est homolog of IMPa6 and is also strongly expressed in
the embryo (Bhattacharjee et al., 2008; Slane et al., 2014).
The impa3-1 mutant alone did not rescue the root initiation
defect of bdl:GUS, but further impairment of protein
import in the double mutant impa6-1 impa3 in the bdl:
GUS/- background reduced the occurrence of rootless
seedlings in impa6-1 bdl:GUS/- further to 3% (Figure 2f).

This indicates that other importin o proteins can take over
part of the function of IMPa6.

Nuclear translocation of bdl is impaired in impa.6-7 mutant
cells

The bdl mutation causes constitutive transcriptional
repression of MP target genes in the nucleus (Hamann
et al., 2002). This repression leads to the misspecification
of the hypophysis and is abolished by a mutation in the
IMPx6 gene. The BDL protein has a putative monopartite
and a bipartite NLS (Abel and Theologis, 1995), which are
predicted to bind importin-o proteins (Chang et al., 2012).
This indicates that the nuclear uptake of bdl protein may
be impaired in impa6-1 mutant embryos. Therefore, we
compared the localization of bdl:3x GFP expressed from
the native BDL promoter in wild-type (wt) and impa6-1
mutant embryos. The penetrance of the rootless pheno-
type of bdl:3x GFP transgenic seedlings was reduced from
44% to 27% by the impa6-1 mutation (Figure S4a). How-
ever, in vivo confocal imaging revealed nuclear localization
of bdl:3xGFP in the proembryo cells (Figure S4b). There-
fore, we analysed the localization of bdl:3xGFP quantita-
tively in seedling root tissues. The intensity of GFP
fluorescence in both nucleus and cytoplasm of root vascu-
lature cells was slightly increased in impo6-1 mutant seed-
lings (Figure 3a). This is consistent with the increased GUS
staining of impa6-1 bdl:GUS roots (Figure S4c).

To determine the impact on the subcellular distribution
of the bdl:3xGFP fusion protein, we compared the signal
ratio of nucleus and cytoplasm between wild-type and
impa6-1 mutant seedlings. At steady state, the ratio of
nuclear to cytoplasmic fluorescence was comparable in the
two genotypes (Figure 3b). The steady-state distribution
represents equilibrium and might not reflect possible dif-
ferences in nuclear uptake rates. To check if the fast, pre-
sumably active, transport is affected, we measured the
import speed by FRAP. We bleached the bdl:3xGFP signal
in the nuclei and compared the recovery between impo6-1
and wild-type seedlings. Recovery of the nuclear GFP sig-
nal was indeed slower in impa6-1 (Figure 3b), suggesting
that the fast nuclear import of bdl:3xGFP at least partially
depends on IMPa6. Within the duration of our experiment
(27 sec), bdl:3xGFP did not recover the original pre-bleach
steady-state ratio of nuclear to cytoplasmic signal of 3.1,
but only 1.9 in wild-type and 1.8 in impa6-1 mutant seed-
lings (Figure 3b). Because most of the GFP signal was con-
centrated in the nucleus, the cytoplasmic pool was
presumably not sufficient to raise the nuclear intensity
again to the same level as prior to bleaching.

The reduced nuclear uptake of bdl impaired the repression
of MP-dependent gene activation

To link the reduced nuclear import rate of bdl to the rescue
of root initiation in impa6-1, we quantitatively analysed the
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Figure 3. Fluorescence recovery after photobleaching of nucleus.

(a) Raw fluorescence intensity in wild-type (black) and impa6-1 (grey) back-
ground.

(b) Nuclear/cytoplasmic intensity ratio before bleaching and 10 or 27 sec
after bleaching.

(c) Time course of nuclear/cytoplasmic intensity ratio after bleaching (sec).
*Indicates significant difference (P < 0.05, Student's t-test). All error bars
indicate standard error. N = 183.

effect on the transcription of auxin-regulated genes in a
transient protoplast assay (Lau et al., 2011). We measured
MP-dependent activation of the artificial auxin-responsive
promoter pDR5 and the repression through co-expression
of bdl. To reduce the expression of IMPx6, we expressed
IMPa.6 amiRNA, which partially rescued the root initiation
defect of bdl:GUS seedlings (Figures 2c and 4a). The knock-
down of IMPa6 in protoplasts was confirmed by RT-PCR
(Figure S2c). Furthermore, as a control for the specific con-
tribution of MP, we expressed truncated MP protein lacking
domains Il and IV (MP,y; ), which cannot interact with
Aux/IAAs and is therefore independent of bdl (Lau et al.,
2011). MP,y;,vinduced the expression of pDR5::LUC regard-
less of the presence or absence of the amiRNA, indicating
that MP,y;,,v is not a direct target of IMPu6 (Figure 4a, b).
Full-length MP protein induced pDR5::LUC activity slightly
more strongly with than without IMPs6 amiRNA co-expres-
sion. The difference in pDR5 activation between empty vec-
tor and knock-down protoplasts became stronger when bdl
was also co-expressed, indicating that the nuclear uptake of
bdl was impaired (Figure 4a, b). The amiRNA effect was
obvious when related to the respective empty vector con-
trols: the expression of DR5 was almost 50% higher in pro-
toplasts co-transformed with bd/ and MP than in the
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Figure 4. pDR5::LUC activity in response to MP and bdl.

(a) Induction of pDR5 by irrepressible MPyy;,y, MP, and the repression of
MP through bdl in control and IMPa6 knock-down protoplasts.

(b) Comparison of pDR5:LUC expression in protoplasts with or without
amiRNA against IMPx6 and the effect of the repression of MP.

Error bars represent standard error.

protoplasts expressing MP,y,,, (Figure 4b). The slightly
higher pDR5 expression in the protoplasts not transformed
with bdl might be caused by the effect of IMPu6 on other
inhibitory Aux/IAAs present in protoplasts.

The stable switch of the MP-BDL module depends on the
fast nuclear import of BDL

To understand how IMPa6-dependent nuclear import of
bdl might influence the inhibition of MP by bdl, we
explored the potential impact of this additional parameter
on a previously established computational model of the
MP-BDL module (Lau et al., 2011). We introduced an
auxin-dependent degradation constant for stabilized bdl
protein that was 6.5-fold smaller than the original constant
used for wild-type BDL protein, which is consistent with
the experimentally observed effect of a similar stabilizing
mutation in IAA17 and other Aux/IAA proteins (Tiwari
et al., 2001). As a consequence, our model predicted that
the MP-bdl module would respond more slowly to auxin,
failing to activate MP expression after a short auxin pulse
(Figure 5). As an addition, we then introduced a delay of
the nuclear import of bdl, corresponding to 0.5 9, of the
time axis, which promoted a delayed auxin response,
inducing the expression of both MP and bdl similarly to a
prolonged auxin treatment (Figures 5 and Sba,b). Whether
and how much the response was altered depended on the
extent of delay. When the time lag was short, the induction
of MP became weak and might not reach the threshold
needed for responsive gene activation. When a longer
delay was chosen the model predicted earlier activation of
MP, which might lead to oscillations of activator (MP) and
inhibitor (BDL) (Figure S5c, d). Whether these oscillations
be meaningful in a biological context is hard to predict
since MRNA and protein stability might dampen the oscil-
lation in planta. These predictions were in agreement with
the observed mutant phenotype: the impa6-7 mutation
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Figure 5. Model of expression of MP and BDL and the quantitative effect of
impo.6-1.

(a) Mathematical model. Solid: wild-type situation. Dashed: bd/ situation;
note that MP (blue, dashed) is not induced by auxin (black), because bd/
(red, dashed) degradation is inhibited.

Dotted: MP and bdl expression when the import of bdl into the nucleus is
inhibited. Note that in this case MP activity might be able to reach a thresh-
old level, sufficient to trigger a genetic switch after a shorter auxin pulse.

(b) Proportion of rootless plants in wild-type and impa6-1 background. Two
independent lines giving rise to a different proportion of rootless plants are
shown. Black: wild-type background, grey: impa6-1 background. Error bars
represent standard deviation. Numbers indicate fold change of the amount
of rootless seedlings in the impa6-1background in comparison to wild-type.
(c) Ratio of bdl repressed MP action in protoplasts with different amounts of
bdl in IMPx6 amiRNA knock-down and empty vector control. Error bars rep-
resent standard error.

changed the proportion of rootless seedlings but did not
affect other auxin responses.

To further test our model, we studied the effect of differ-
ent amounts of bdl on MP activity during embryogenesis
and in protoplasts. According to our model, a higher level
of constitutive bdl production would reduce the induction
of MP (Figure S6a). To confirm this, we analysed the effect
of impa6-1 on lines giving rise to different proportions of
rootless seedlings. The bdl phenotype is dose dependent,
only two copies of the original bd/ are able to inhibit MP to
the extent that primary root initiation fails (Hamann et al.,

2002). Some bdl:GUS lines showed a higher proportion of
rootless seedlings, suggesting that hemizygous bdl:GUS
seedlings were able to block hypophysis specification if
bdl:GUS expression was high enough (Figure 5b). By
studying the suppression of the rootless phenotype of
impa6-1 in one of those lines originally showing about
50% rootless seedlings (bdl:GUS #2), we noted that the
rescue effect of the impa6-1 mutation on line #2 was less
pronounced than on bdl:GUS line #1. The proportion of
rootless seedlings was reduced by a factor of 5.5 in the
bdl:GUS line #1 used in the mutant screen. In comparison,
the proportion of rootless plants was only reduced by a
factor of about 1.5 in the bd/:GUS line #2 (Figure 5b). The
same trend was observed in protoplasts, in which different
amounts of bd/ were transiently expressed. IMPx6 amiRNA
increased DR5 induction by almost 50% in protoplasts that
were transfected with 1 pug of bdl plasmid, but only by 20%
when 10 pg were transfected (Figure 5c).

Like BDL, MP also localizes to the nucleus (Schlereth
et al., 2010). We therefore tested how a delay in MP import
would affect the MP-BDL module. The model predicted no
activation of MP if its translocation was reduced (Fig-
ure Séb). Also when both proteins were delayed to a similar
extent, the delayed import would not result in an induction
of MP (Figure Séc). This was further tested with different
parameters: we reduced or increased the delay of MP and
BDL import, but found no induction of the module under the
conditions tested (Figure Sbb, c). Unlike BDL, MP is a stable
transcription factor whose activity is regulated by binding to
BDL, rather than an unstable protein that is degraded in
response to auxin. Therefore, the kinetics of MP import does
not interfere strongly with the MP-BDL module.

Taken together, our modelling indicates that the specifi-
cation of the hypophysis could be rescued by impa6-7,
reducing nuclear import of bdl. This is in agreement with
the observed early effect on division of the hypophysis as
well as the different extents of bdl suppression.

DISCUSSION

Transcriptional auxin response is nuclear and we have
shown that it depends on the kinetics of the nuclear import
machinery. Besides IMPu6, other components are known
to affect the translocation of Aux/IAAs and thereby to alter
auxin response. Mutations in the nuclear-pore components
SAR1 and SAR3 suppress the auxin resistance of axrl. In
these mutants, IAA17 is not properly transported into the
nucleus and is thereby not able to repress auxin target
genes, which results in hypersensitivity to auxin (Parry
et al., 2006). The reduced import of Aux/IAAs might also
be the reason for root hypersensitivity to auxin, where
AtRanBP1c, which catalyses GTP hydrolysis of Ran, is
down-regulated, and thereby the RAN-GDP/GTP gradient
necessary for active nuclear transport might be impaired
(Kim et al., 2001).
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The impa6-1 mutation described in this study fits with
these results and extends the knowledge of the pathway.
Some of the proteins found in the mass spectrometry data-
set have also been implicated in other hormone response
pathways. Mutations in the importin-p proteins AtKPNB1 or
SAD?2 render plants hypersensitive to abscisic acid (ABA).
Although the targets are not known, it has been suggested
that SAD2 is required for nuclear import of a negative regu-
lator of ABA signalling (Verslues et al., 2006; Luo et al.,
2013). In the auxin response pathways, Aux/IAA proteins
like BDL or IAA17 presumably bind to IMP«6 and are
together translocated with the importin-B-like protein SAD2
into the nucleus. Here, the nuclear-pore components SAR1
and SARS3 facilitate the import. Similarly, the function of
IMP3 is partially overlapping with IMPa6 in respect to the
translocation of bdl. Previous results showed that overex-
pression of some, but not all, importin-a proteins can fully
complement the defects in Agrobacterium-mediated plant
transformation caused by impairment of IMPa4 Bhattachar-
jee et al. (2008). Notably, IMPa3 had a bigger effect on
plant transformation than IMPa6, suggesting different pri-
mary functions of the two closely related family members.

Hormone response pathways in general and the auxin
response pathways in particular might be especially sensi-
tive to interference because they depend on the constant
synthesis and turnover of Aux/IAA proteins (Abel et al.,
1995; Dharmasiri et al., 2005b). This turnover allows fast
responses to any changes in the environment, but is at the
same time sensitive to kinetic interference e.g. by muta-
tions in the import machinery (Kim et al., 2001; Parry et al.,
2006). The developmental decision to initiate the primary
root meristem in Arabidopsis thaliana early embryogenesis
is made by the switch-like behaviour of the MP-BDL mod-
ule in response to the rising intracellular auxin concentra-
tion. The MP-BDL module is a self-sustaining feedback
system, with MP inducing its own expression and the
expression of its inhibitor BDL (Lau et al., 2011). Auxin tips
the balance by causing the degradation of the inhibitor by
the ubiquitin-proteasome pathway. Inhibition of MP and
targeting of BDL for degradation, both take place in the
nucleus (Hamann et al., 2002; Dharmasiri et al., 2005a).
Therefore, the relative nuclear concentrations of MP and
BDL critically determine the activity of the MP-BDL mod-
ule. As the inhibitor BDL is short lived whereas the tran-
scriptional activator MP is stable, uptake of BDL into the
nucleus plays an important role in setting the MP-BDL bal-
ance. Like other small proteins, BDL could in principle
reach the nucleus independently of the import machinery
including IMPa6 (Mohr et al., 2009; Bizzarri et al., 2012).
However, knock-down mutations in the IMPA6 gene limit
the bdl concentration below or near the threshold level
required for inhibiting primary root initiation and therefore
support the notion of a critical requirement of fast nuclear
import for auxin response.

© 2015 The Authors

Functional overlaps between the individual members of
the importin-alpha gene family members mask their role in
the wild-type situation. Because the primary roots can only
be initiated in a short timeframe, our screen allowed us to
reveal the dependency of bdl on IMPa6 and provides fur-
ther insights into the kinetics of the auxin response.

EXPERIMENTAL PROCEDURES
Plant material and growth conditions

If not mentioned otherwise, Arabidopsis thaliana ecotype Col-0
was used for all experiments.

The alleles, bdl and mp-B4149 and the transgenic line pBDL::
bdl:GUS have been described previously (Hamann et al., 1999;
Dharmasiri et al., 2005b; Weijers et al, 2006). impo6-2
(GABI_435H12, N387500, (Kleinboelting et al., 2012)) and impa3-1
(Bhattacharjee et al., 2008) (Salk_025919, N525919) were obtained
from the Nottingham Arabidopsis Stock Centre (NASC, Loughbor-
ough, UK). Plants were grown at 24°C, 65% relative humidity
under long-day conditions (16 h illumination and 8 h dark period).
Seeds were surface sterilized, stratified for 2 days at 4°C and
grown on half-strength Murashige and Skoog agar plates contain-
ing 1% sucrose (4 MS + S) (SERVA, Heidelberg, Germany). After
1 week plants were transferred to soil.

Screening for suppressors of bdl

Seeds of a hemizygous bdl:GUS population were mutagenized
with EMS. The phenotypic classes were quantified in the progeny
of individual M2 plants grown on 4MS + S plates, supplemented
with 15 mg L~ phosphinothricin for transgene selection.

Mapping of impo.6-1

The B2951 line was crossed to Ler and the percentage of rootless
plants was determined in individual F2 populations. Mapping was
performed according to Lukowitz et al. (2000). By phenotypic char-
acterization of 415 plants the mutation was mapped between
markers F6F3 and F21 M12, and 1689 additional plants were
checked for recombination events between those markers. By phe-
notypic characterization of 210 plants showing a recombination
event between those markers, the mutation was mapped between
markers DNAJ and T14P. Finally, all 16 open reading frames span-
ning that interval were sequenced.

Imaging

Seedlings were imaged with an AxioZoom V.16 (Carl Zeiss, Jena,
Germany) and a GT-1500 scanner (Epson, Suwa (Nagano), Japan).
Adult plant pictures were taken with an EOS 1000D camera
(Canon, Tokyo, Japan). For confocal microscopy, the samples
were mounted in 15% glycerol and imaged with an 1X81 (Olym-
pus, Tokyo, Japan). Differential interference contrast microscopy
was performed with an Axio Imager Z1 (Carl Zeiss, Jena, Ger-
many). Embryos were mounted in clearing solution containing
chloral hydrate, water, and glycerol in the ratio 8:3:1. Images were
processed with Imaged (NIH, Bethesda, MD, USA), Photoshop and
[llustrator software (Adobe Systems, San Jose, CA, USA).

Fluorescence recovery after photobleaching

We used seedlings expressing bdl:3x GFP from the BDL promoter.
Seedlings were mounted in 15% glycerol and imaging was done
with LSM 510 Meta confocal microscope (Carl Zeiss). over 30 sec at
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1 sec intervals. The first three images were taken to assess
the steady-state intensities, then the nuclear signal was bleached
with the 488 nm laser line of an argon laser at maximal intensity
(100 iterations, 2.51 usec pixel dwell time), resulting in the
reduction of the nuclear signal to about 50% of the pre-bleach value.
Afterwards images were taken every second. The ratio of nuclear
versus cytoplasmic intensity was quantified with ImageJ software.

Cloning

pGlIB pBDL::bdl:3x GFP was generated by amplification of 3x GFP
from pGIIK NLS:3x GFP (Schlereth et al, 2010) with primers
3xGFP Spel S and 3xGFP Spel AS and replacement of the GUS
gene uidA in pGIIB pBDL::bdl:GUS (Dharmasiri et al., 2005b).

The artificial miRNA against IMPa6 was generated according to
Schwab et al. (2006) with the primers IMPu6 | miR-s, IMPu6 || miR-
a, IMPa6 Ill miR*-s, IMPa6 IV miR*-a. The resulting fragment was
inserted between the Pstl and BamHlI sites of pGIIK pRPS5a (Sch-
lereth et al., 2010) for stable transformation or pJIT60 containing a
double CaMV 35S promoter (Schwechheimer et al., 1998) for tran-
sient protoplast assays.

Genomic fusions of IMPus6 were amplified with IMPa6 2kbProm
S [Apal] and IMPa6 CDS AS (0S) [Xhol] and inserted between the
Apal and Xhol sites of pGIIK 3x GFP (Schlereth et al., 2010).

RNA in situ hybridization

The IMPa6 sense and antisense probes were amplified with the
primers IMPa6 for inSitu F and IMPa6 for inSitu R and cloned into
the pGEM-T easy vector (Promega, Fitchburg, WI, USA). Sense
and antisense probes were generated with T7 or SP6 primers with
the Fermentas in vitro transcription kit. Fixation and hybridization
was performed as described previously (Mayer et al., 1998; Slane
et al., 2014). In brief, siliques were cut and fixed in PBS buffer sup-
plemented with 4% paraformaldehyde and 0.1% Tween 20 over-
night. They were washed in PBS and dehydrated with an ethanol
series, de-waxed with Roticlear® (Carl Roth, Karlsruhe, Germany)
and embedded in Histowax® (Histolab, Géteborg, Sweden). 8 um
sections were placed on slides and dehydrated (Slane et al., 2014).

Sections were de-waxed with Biozym Histoclear®, rehydrated
with an ethanol series and proteins were digested with pronase
before slides were dehydrated again. Hybridization was performed
overnight at 55°C. Slides were washed and unspecific interactions
were blocked by bovine serum albumin (BSA) solution before anti-
digoxigenin-alkaline-phosphate-coupled antibody treatment. Sam-
ples was further washed and stained overnight. Images were taken
after stoppage of the staining reaction by addition of 50% glycerol.

Transient activity assays

Bioluminescence assays were carried out as described previously
(Lau et al., 2011). In brief, cell suspension cultures were trans-
formed with 10 pg of pLucTrap pDR5, 10 ug pJIT60 amiRNA e,
pJIT60 MP or pJIT60 MP 4y, 2 pg of pGL4.70 2x35S::hRLuc and
1 png of pJIT60 bdl if not indicated otherwise.

After overnight incubation, protoplasts were pelleted and lumi-
nescence was determined with the Dual-Luciferase Reporter Assay
System (Promega, Fitchburg, WI, USA) and an Infinite F200 plate
reader (Tecan, Mannedorf, Schweiz).

pLucTrap DR5, pJIT60 MP, pJIT60 MP 1, pGL4.70 2x35S::hRLuc
and pJIT60 bdl have been described previously (Lau et al., 2011).

Modelling

The model of the impact of IMPx6 on the MP-BDL module is
based on a model described previously (Lau et al., 2011) with the

following additions: to model the effect of the stabilizing bdl
mutation, we reduced the auxin-dependent degradation of bdl by
the factor 6.5. The impact of impa6-7 was modelled as a time lag
between production and effect of bdl by 100 time points, corre-
sponding to 0.5 9, of the time axis. The expression of MP and
BDL/bdl is determined by the concentration of MP and BDL, the
regulation of auxin is not part of the model.

To account for different delays in the import of BDL and MP, we
used the concentrations of BDL and MP at t =50, t =100, and
t =200 for [BDL] and [MP] to calculate dMP/dt and dBDL/dt.

dMP
dt
[MP}?
HimeoL—mp +[BDL])(1+ KsaturationMPproduction [MP]?)
+ HbaselineMPproduction - :udegradationMP [MP}

“Production MP (

dBDL B [MP}?
dt ~ "Production BDL (HKm BDL_MP + [BDL])
+ ﬁbaseline BDL production — ﬁdegradation BDL[BDL]
- [jauxin dependent BDL degradation [auxin] [BDL]

dauxin .
dt = OlProduction rate auxin — %Degradation rateauxin[auxml

The constants used were the same as used by Lau et al.
(2011). In brief, the following parameters were chosen:
Wproduction Mp = 0.005, tkm soL-mp = 0.1, Hsaturation mP production = 1,
Hbaseline MP production = 0.0003, Hdegradation MP = 0.005, Bproduction BDOL
=0.001, Ppaseline BDL production = 0.0003, Bdegradation goL = 0.002,
Bauxin-dependent BDL degradation =0.01, 9production rate auxin = 0.0001.
The oproduction rate auxin Was changed over time to simulate an
auxin pulse from 0 to 0.00005 and back to 0.

Genotyping primers

For genotyping of impa6-1, mp and bdl we generated dCAPs
primers with dCAPS Finder 2.0. (Neff et al., 2002), resulting in the
primers IMPa6 dCAPS [Bfml] F and IMPa6 dCAPS [Bfml] R for
impa6-1 MP dCAPs [Kpnl] F and MP dCAPs [Kpnl] R for mp and
BDL dCAPs [Nael]l F and BDL dCAPs [Nael] R for bdl. The resulting
fragments were digested with Bfml, Kpnl and Nael, respectively.

impa6-2 (SAIL_1220_C03) genotyping was performed with pri-
mers IMPu6-Exon 7 S and 2690R for the wild-type and
At1G02690 F and LB2 (Sessions, 2002) for the T-DNA PCR.

impa3-1 (Alonso et al., 2003; Bhattacharjee et al., 2008) was
genotyped with IMPa-3 tDNA F and IMPa-3 tDNA R (wild-type) and
IMPo-3 tDNA F and LB1.3 (T-DNA).

Semi-quantitative RT-PCR

The IMPa6 fragment was amplified with the primers IMPa6-Exon 7
S and IMPa6 Exon10 AS. Actin2 was amplified with primers actin
F and actin R, and Renilla Luciferase with primers Renilla Lucifer-
ase F and Renilla Luciferase R.

Mass spectrometry

For mass spectrometry, seedlings were ground in liquid nitro-
gen and homogenized in extraction buffer (50 mM Tri-HCI pH
7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) supplemented
with 1% protease inhibitor cocktail. The protein extract was
incubated with magnetic beads coupled to lama anti-GFP anti-
body (GFP-trap®, Chromotek, Planegg-Martinsried, Germany).
After washing the proteins were separated by SDS PAGE and
digested in gel with trypsin. LC-MS/MS analysis was performed

© 2015 The Authors
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with a Proxeon Easy-nLC1000 coupled to a QExactive HF, the
data were processed with the MaxQuant software employing
the Arabidopsis thaliana Uniprot database. The mass spectrome-
try was performed by the Proteome Centre Tlbingen, Tiibingen,
Germany.
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Supporting Information Legends

Figure S1. Phenotype of mutant plants and embryos.
(a) Adult phenotype of 6 week old plants. Scale bar 10 cm.
(b) Embryo phenotype. Scale bar 50 ym.

Arrows indicate the hypophysis division plane.

Figure S2: Mapping of impa6-1 and RT-PCR on the different alleles.

(a) impa6-1 mapped to the upper arm of chromosome 1 between markers DNAJ and T14P.
(b) The full length IMPa6 product was downregulated in impa6-1 and undetectable in the
impa6-2 line. The amiRNA line did not show a transcript reduction in seedlings.

(c) IMPa6 was downregulated by the amiRNA in protoplasts. Renilla Luciferase mRNA was

used as transfection control.

Figure S3: Expression of IMPa6 in embryos.

(a) Localization of pIMPa6::IMPa6:3xGFP in embryos. The expression was detectable early
on, the protein localized mainly to the nucleus. Scale bars 10 uym.

(b) In situ hybridization of IMPa6 in embryos. The expression was patchy and from transition
stage onwards, stronger in the vasculature than in other tissues (AS: antisense probe, S:

sense probe). Scale bars 10 ym.

Figure S4. Functionality and fluorescence signal of bdl:3xGFP and GUS signal of bdl:GUS.
(a) Rescue of rootless seedling phenotype of bdl:3xGFP by impa6-1. * indicates p<0.05
according to student’s t-test. Error bars indicate standard error. N =4 194,

(b) Nuclear localization of bdl:3xGFP in impa6-1 embryos. Scale bar 20 um.

(c) GUS staining of roots 6 days after germination. Scale bar 0.1 cm.

(d) FRAP example. Circle, nucleus corresponding to bleached area; polygon, cytoplasm.

Figure S5. Model for the action of bdl and MP and the impact of auxin pulse duration and
time lag.

(a,b) Model of the auxin response if the auxin pulse is prolonged. Note that also in this case
the threshold is reached, independent of a delay in bdl uptake. Tick marks (a) highlight the
excerpt shown in (b).

(b) Detail view of (a) at the time point when the threshold is reached. The general behaviour
of bdl (dashed) and bdl impa6-1 (dotted) is similar; however, the mutant reacts slightly

faster. The continuous line show the wild-type situation.
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(c,d) Model of the auxin response with different time lags. Tick marks (c) highlight the
excerpt shown in (d).

(d) Detail view of (c) at the time point when the threshold is reached. A short time lag
weakened the induction of MP which might not reach the threshold needed (dotted), a
prolonged time lag caused earlier activation of MP (dashed). The continuous line show the

intermediate time lag used for the model in Figure 5.

Figure S6. Model for the action of bdl and MP in the context of increased bdl production and
delayed import of MP.

(a) Model for increased bdl production. The peak of MP induction is smaller and would
diminish if the amount of bdl would be further increased (arrow). MP did not reach the
threshold or would need longer to reach it.

(b) Model of the auxin response when the import of MP was inhibited with different time
lags. The model did not predict any induction of the MP-BDL module when only MP import
was delayed. Note that the outcome is very similar for the two time lags chosen (dashed and
dotted lines).

(c) Model of the auxin response when the import of both MP and bdl was delayed different.
The model did not predict any induction of the MP-BDL module when the import of both MP
and bdl was delayed to the same extent. Note that the outcome is very similar for the two

time lags chosen (dashed and dotted lines).

Table S1: Proteins interacting with IMPa6:3xGFP. The table only show proteins at least 2-
fold enriched in comparison to other GFP tagged datasets.

Table S2: Primers used in this study.
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Figure S1. Phenotype of mutant plants and embryos.

(a) Adult phenotype of 6 week old plants. Scale bar 10 cm.
(b) Embryo phenotype. Scale bar 50 ym.

Arrows indicate the hypophysis division plane.
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Figure S2: Mapping of impa6-1 and RT-PCR on the different alleles.

(a) impa6-1 mapped to the upper arm of chromosome 1 between markers DNAJ and T14P.
(b) The full length IMPa6 product was downregulated in impa6-1 and undetectable in the
impa6-2 line. The amiRNA line did not show a transcript reduction in seedlings.

(c) IMPa6 was downregulated by the amiRNA in protoplasts. Renilla Luciferase mRNA was
used as transfection control.
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Figure S3: Expression of IMPa6 in embryos.

(a) Localization of pIMPa6::IMPa6:3xGFP in embryos. The expression was detectable early
on, the protein localized mainly to the nucleus. Scale bars 10 pm.

(b) In situ hybridization of IMPa6 in embryos. The expression was patchy and from transition
stage onwards, stronger in the vasculature than in other tissues (AS: antisense probe, S:
sense probe). Scale bars 10 pm.
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Figure S4. Functionality and fluorescence signal of bdl:3xGFP and GUS signal of bdl:GUS.
(a) Rescue of rootless seedling phenotype of bdl:3xGFP by impa6-1. * indicates p<0.05
according to student’s t-test. Error bars indicate standard error. N = 4 194.

bdl:GUS/-
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(b) Nuclear localization of bdl:3xGFP in impa6-1 embryos. Scale bar 20 ym.
(c) GUS staining of roots 6 days after germination. Scale bar 0.1 cm.

(d) FRAP example. Circle, nucleus corresponding to bleached area; polygon, cytoplasm.
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Figure S5. Model for the action of bdl and MP and the impact of auxin pulse duration and
time lag.

(a,b) Model of the auxin response if the auxin pulse is prolonged. Note that also in this case
the threshold is reached, independent of a delay in bdl uptake. Tick marks (a) highlight the
excerpt shown in (b).

(b) Detail view of (a) at the time point when the threshold is reached. The general behaviour
of bdl (dashed) and bdl impa6-1 (dotted) is similar; however, the mutant reacts slightly
faster. The continuous line show the wild-type situation.

(c,d) Model of the auxin response with different time lags. Tick marks (c) highlight the
excerpt shown in (d).

(d) Detail view of (c) at the time point when the threshold is reached. A short time lag

weakened the induction of MP which might not reach the threshold needed (dotted), a
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prolonged time lag caused earlier activation of MP (dashed). The continuous line show the

intermediate time lag used for the model in Figure 5.
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—  Auxin

—  BDL (wt)

— MP (wt)

- bd/ (bdl)

- MP (bdl)

o bdl (bd! impa6-1)
MP (bdl impa6-1)

Insensity

Only MP import delayed MP and bdl import delayed

Insensity
Insensity

Time

—  bdi (lag 200) -+ bdl (lag 50)
—  MP(lag 200) o+ MP (lag 50)

Figure S6. Model for the action of bdl and MP in the context of increased bdl production and

—  Auxin

delayed import of MP.

(a) Model for increased bdl production. The peak of MP induction is smaller and would
diminish if the amount of bdl would be further increased (arrow). MP did not reach the
threshold or would need longer to reach it.

(b) Model of the auxin response when the import of MP was inhibited with different time
lags. The model did not predict any induction of the MP-BDL module when only MP import
was delayed. Note that the outcome is very similar for the two time lags chosen (dashed and
dotted lines).

(c) Model of the auxin response when the import of both MP and bdl was delayed different.
The model did not predict any induction of the MP-BDL module when the import of both MP
and bdl was delayed to the same extent. Note that the outcome is very similar for the two

time lags chosen (dashed and dotted lines).
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Table S1: Proteins interacting with IMPa6:3xGFP. The table only show proteins at least 2-
fold enriched in comparison to other GFP tagged datasets.

AtG

Number Name

At1g02690 | Importin subunit alpha-6 (IMPa-6)

At3g14240 | Subtilase family protein (Subtilisin proteinase-like protein)
Subtilisin-like protease SBT1.7 (EC 3.4.21.-) (Cucumisin-like serine protease)

At5g67360 | (Subtilase subfamily 1 member 7) (AtSBT1.7) (Subtilisin-like serine protease 1) (At-
SLP1)

At5926742 DEAD-box ATP-dependent RNA helicase 3, chloroplastic (EC 3.6.4.13) (Protein
EMBRYO DEFECTIVE 1138)

At1g06950 Protein TIC110, chloroplastic (Translocon at the inner envelope membrane of
chloroplasts 110) (AtTIC110)

At3g09630 | 60S ribosomal protein L4-1 (L1)

AtCg00780 | 50S ribosomal protein L14, chloroplastic

At1952380 | Nuclear pore complex protein NUP50A (Nucleoporin 50A)
Glucose-1-phosphate adenylyltransferase small subunit, chloroplastic (EC 2.7.7.27)

At5g48300 | (ADP-glucose pyrophosphorylase) (ADP-glucose synthase) (AGPase B) (Alpha-D-
glucose-1-phosphate adenyl transferase)
ADP,ATP carrier protein 2, chloroplastic (ADP/ATP translocase 2) (Adenine

At1g15500 :
nucleotide translocase 2)

At4g17330 | G2484-1 protein

At1g27400 | 60S ribosomal protein L17-1

At3g15970 | Nuclear pore complex protein NUP50B (Nucleoporin 50B)

At5g47010 Egglgthl)ator of nonsense transcripts 1 homolog (EC 3.6.4.-) (ATP-dependent helicase

At2g43030 | 50S ribosomal protein L3-1, chloroplastic

At2g31660 Importin beta-like SAD2 (Protein ENHANCED MIRNA ACTIVITY 1) (Protein
SUPER SENSITIVE TO ABA AND DROUGHT 2) (Protein UNARMED 9)

AtCg00810 | 50S ribosomal protein L22, chloroplastic

At5g27850 | 60S ribosomal protein L18-3

At2925730 | Uncharacterized protein
26S proteasome regulatory subunit 4 homolog A (26S proteasome AAA-ATPase

At4g29040 | subunit RPT2a) (26S proteasome subunit 4 homolog A) (Protein HALTED ROOT)
(Regulatory particle triple-A ATPase subunit 2a)

At4939420 | Uncharacterized protein

At2g19730 | 60S ribosomal protein L28-1

At5g53170 ATP-dependent zinc metalloprotease FTSH 11, chloroplastic/mitochondrial
(AtFTSH11) (EC 3.4.24.-)

At3g04840 | 40S ribosomal protein S3a-1

At1g80480 At1g$0480 (Plastid transcriptionally active 17 protein) (Putative uncharacterized
protein T21F11.27)

At3g04400 | 60S ribosomal protein L23

At1g78630 ?g%r)lbosomal protein L13, chloroplastic (CL13) (Protein EMBRYO DEFECTIVE

At2g44120 | 60S ribosomal protein L7-3

At5g02870 | 60S ribosomal protein L4-2 (L1)
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AtG

Number Name

At3g05720 | Importin subunit alpha-7 (IMPa-7)

At1935680 | 50S ribosomal protein L21, chloroplastic (CL21)

At3g11940 | 40S ribosomal protein S5-2

At5g45930 Magnesium-chelatase sub_unit Chll-2, chloropla§tic (Mg-chelatase subunit I-2) (EC
6.6.1.1) (Mg-protoporphyrin IX chelatase subunit Chll-2)

At1904270 | 40S ribosomal protein S15-1

At5g47190 | 508 ribosomal protein L19-2, chloroplastic

At1g43170 | 60S ribosomal protein L3-1

At3g24830 | 60S ribosomal protein L13a-2

At1922530 | Patellin-2

At5g18190 | Casein kinase-like protein (Protein kinase)

At1g59870 ABQ trans_porter G fgmily member 36 (ABC transporter ABCG.36) (AtABCG36)
(Pleiotropic drug resistance protein 8) (Protein PENETRATION 3)

AT1G01610 | GPAT4/ GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANSFERASE 4
Phospho-2-dehydro-3-deoxyheptonate aldolase 1, chloroplastic (EC 2.5.1.54) (3-

At4g39980 | deoxy-D-arabino-heptulosonate 7-phosphate synthase 1) (DAHP synthase 1)
(Phospho-2-keto-3-deoxyheptonate aldolase 1)

At3g10610 | 40S ribosomal protein S17-3

At1979920 | Heat shock protein 70

AT3G06720 | IMPORTIN ALPHA ISOFORM 1
E-Z type HEAT repeat-containing protein (Putative uncharacterized protein

At3g62530 At3gg2530) i g protein{ i

At1g11650 P.olygdenylat_e-binding protein RBP45B (Poly(A)-binding protein RBP45B) (RNA-
binding protein 45B) (AtRBP45B)

AtCg00840 | 50S ribosomal protein L23, chloroplastic

At5g61050 | Histone deacetylase-like protein
Magnesium-chelatase subunit ChiID, chloroplastic (Mg-chelatase subunit D) (EC

At1908520 | 6.6.1.1) (Mg-protoporphyrin IX chelatase subunit ChID) (Protein ALBINA 1) (Protein
PIGMENT DEFECTIVE EMBRYO 166)

At2g30490 Trans-cinnamate 4-monooxygenase (EC 1.14.13.11) (Cinnamic acid 4-hydroxylase)
(C4H) (CA4H) (Cytochrome P450 73) (Cytochrome P450C4H)

At5g19940 | Plastid-lipid associated protein PAP / fibrillin family protein

At3g25920 | 50S ribosomal protein L15, chloroplastic (CL15)

At4929410 | 60S ribosomal protein L28-2

At5g56710 | 60S ribosomal protein L31-3

At1g57660 | 60S ribosomal protein L21-2

At4g17560 | 508 ribosomal protein L19-1, chloroplastic

At2g20790 AP-5.compIex subqnit mu (Adaptor protein Cpmplex AP-5 subun.it mu) (Adaptor _
protein-5 mu-adaptin) (Adaptor-related protein complex 5 subunit mu) (Mu5-adaptin)

At2g39190 ATH subfamjly protein ATH8 (Put.ative ABC transporter; alternative splici.ng isoform
gene prediction data combined with cDNA alignment data to generate this model)
26S protease regulatory subunit 8 homolog A (26S proteasome AAA-ATPase subunit

At5g19990 | RPT6a) (26S proteasome subunit 8 homolog A) (Regulatory particle triple-A ATPase
subunit 6a)

At1902150 | Pentatricopeptide repeat-containing protein At1g02150

At4g36130 | 60S ribosomal protein L8-3
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AtG

Number Name

AtCg00520 | Photosystem | assembly protein Ycf4

At1914320 | 60S ribosomal protein L10-1

At3g46740 Protein TOC75-3, chloroplastic (75 kDa translocon at the outer-envelope-membrane
of chloroplasts 3) (AtTOC75-IIl)

At2927530 | 60S ribosomal protein L10a-2

At3918000 Phosp_hoethanolamine N-methyltransferase 1 (AtNMT1) (PEAMT 1) (EC 2.1.1.103)
(Protein XIPOTL 1)

At1g74060 | 60S ribosomal protein L6-2

At4g36250 | Aldehyde dehydrogenase family 3 member F1 (EC 1.2.1.3)

At49g28080 | Tetratricopeptide repeat domain protein
Polyadenylate-binding protein-interacting protein 7 (PABP-interacting protein 7)

At2926280 | (Poly(A)-binding protein-interacting protein 7) (PAM2-containing protein CID7)
(Protein CTC-INTERACTING DOMAIN 7)

AtMg00480 | ATP synthase protein YMF19 (EC 3.6.3.14) (Mitochondrial protein YMF19)

At4g15000 | 60S ribosomal protein L27-3

At5g65220 | 508 ribosomal protein L29, chloroplastic (CL29)

At2g40590 | 40S ribosomal protein S26-1

At3g49010 | 60S ribosomal protein L13-1

At2926250 3-ketoacyI-CoA sy_nthase 10 (_KCS-10) (EC 2.3.1.199) (Protein _FIDDLEHEAD) (Very
long-chain fatty acid condensing enzyme 10) (VLCFA condensing enzyme 10)

At2g44640 | Expressed protein (Uncharacterized protein)

At2g43460 | 60S ribosomal protein L38

At5g08650 Translation factor GUF1 homolog, chloroplasti.c (EC 3.6.5.-) (Elongation factor 4
homolog) (EF-4) (GTPase GUF1 homolog) (Ribosomal back-translocase)
24-methylenesterol C-methyltransferase 2 (24-sterol C-methyltransferase 2) (Sterol-

At1g20330 | C-methyltransferase 2) (EC 2.1.1.143) (Protein COTYLEDON VASCULAR PATTERN
1)

At4g01690 | Protoporphyrinogen oxidase 1, chloroplastic (PPO1) (EC 1.3.3.4)

At3g19870 | Uncharacterized protein

At4g18100 | 60S ribosomal protein L32-1

At3g48870 | Clp ATPase

At3g09500 | 60S ribosomal protein L35-1

At1963660 At1.963660 (GMP synthz?se; 617.09-64653). (GMP-synthase-C and glutamine
amidotransferase domain-containing protein)

At3g15160 | Putative uncharacterized protein At3g15160 (Uncharacterized protein)

At5013110 Glucose-6-phosphate 1-dehydrogenase 2, chloroplastic (G6PD2) (G6PDH2) (EC

9 1.1.1.49)

At2g36160 | 40S ribosomal protein S14-1

At5g17170 | Putative uncharacterized protein At5g17170 (Rubredoxin family protein)

At3g58610 Ketol-agid reductoisomerase, chloroplastic (EC 1.1.1.86) (Acetohydroxy-acid
reductoisomerase) (Alpha-keto-beta-hydroxylacyl reductoisomerase)

AtCg01120 | 30S ribosomal protein S15, chloroplastic

AtCg00900 | 30S ribosomal protein S7, chloroplastic

At1g76010 | Alba DNA/RNA-binding protein (At1g76010/T4012 22)

At2g28800 | Inner membrane protein ALBINO3
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AtG

Number Name
26S proteasome non-ATPase regulatory subunit 3 homolog A (26S proteasome

At1920200 | regulatory subunit RPN3a) (AtRPN3a) (26S proteasome regulatory subunit S3
homolog A) (Protein EMBRYO DEFECTIVE 2719) (Protein HAPLESS 15)

At5962390 | BAG family molecular chaperone regulator 7 (Bcl-2-associated athanogene 7)

At5g66470 | GTP-binding protein Era (GTP-binding protein-like)

At4936220 | Cytochrome P450 84A1 (EC 1.14.-.-) (Ferulate-5-hydroxylase) (F5H)

At3g09680 | 40S ribosomal protein S23-1 (S12)

At5g51110 | Transcriptional coactivator/pterin dehydratase

At2g37970 | SOUL heme-binding-like protein

At5g58420 | 40S ribosomal protein S4-3

At1g48630 Gue_mine nucleotide-binding protein subunit beta-like protein B (Receptor for activated
C kinase 1B)

At4g25550 | Pre-mRNA cleavage factor Im 25 kDa subunit 2

At4g30950 | Omega-6 fatty acid desaturase, chloroplastic (EC 1.14.19.-)
Translocase of chloroplast 159, chloroplastic (AtToc159) (EC 3.6.5.-) (159 kDa

At4g02510 chloroplast outer envelope protein) (Plastid protein import 2) (Translocase of
chloroplast 160, chloroplastic) (AtToc160) (Translocase of chloroplast 86,
chloroplastic) (AtToc86)

At4934670 | 40S ribosomal protein S3a-2

At2g40890 Cytochrome P450 98A3 (EC 1.14.-.-) _(Erotein R_EDUCED EPIDERMAL
FLUORESCENCE 8) (p-coumaroylshikimate/quinate 3'-hydrolxylase) (C3'H)

At1926230 | Chaperonin 60 subunit beta 4, chloroplastic (CPN-60 beta 4)

At3g13460 | CIPK1 interacting protein ECT2

At4g22010 g’cr;:ﬁgfg;o (Pectinesterase like protein) (Pectinesterase-like protein) (Protein SKU5

At2g20990 | Synaptotagmin-1 (NTMC2T1.1) (Synaptotagmin A)

At5g19370 | Rhodanese-like/PpiC domain-containing protein 12 (Sulfurtransferase 12) (AtStr12)

At2g38280 | AMP deaminase (AtAMPD) (EC 3.5.4.6) (Protein EMBRYONIC FACTOR 1)

At1g30360 CSC1-like protein ERD4 (Protein EARLY-RESPONSIVE TO DEHYDRATION
STRESS 4)

At5933320 Phosphoenolpyruvate/phosphate translocator 1, chloroplastic (AtPPT1) (Protein CAB
UNDEREXPRESSED 1)

At3g13470 | Chaperonin 60 subunit beta 2, chloroplastic (CPN-60 beta 2)

At1g47490 P_on_adenyIat_e-binding protein RBP47C (Poly(A)-binding protein RBP47C) (RNA-
binding protein 47C) (AtRBP47C)

At3g15610 Expre.ssed prqtgin (Putaf[ive uncharacterized prqteir_1 At3g15610) (Transducin/WD40
domain-containing protein) (WD-40 repeat protein-like)

AT3G04870 | ZDS/ ZETA-CAROTENE DESATURASE

At1952220 | Protein CURVATURE THYLAKOID 1C, chloroplastic

At3g14110 | Protein flourescent in blue light

At5g42080 | Dynamin-related protein 1A

At4g34620 AT4g34620/‘I’I4L.20_200 (At4g§4620/T4L20_200) (Putative ribosomal protein S16)
(Small subunit ribosomal protein 16)

At1g10510 | Putative uncharacterized protein At1g10510 (RNI-like superfamily protein)

At3g02560 | 40S ribosomal protein S7-2
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AtG

Number Name

At1g32080 Plastidal glycolate/glycerate translocator 1, chloroplastic (Bacterial membrane protein
LrgB-like protein) (AtLrgB)

At1927430 | GYF domain-containing protein

At3g13120 | 30S ribosomal protein S10, chloroplastic

At3g48750 Cyclin-dependent kinase A-1 (CDKA;1) (EC 2.7.11.22) (EC 2.7.11.23) (Cell division
control protein 2 homolog A)
2-isopropylmalate synthase 1, chloroplastic (EC 2.3.3.13) (Methylthioalkylmalate

At1g18500 .
synthase-like 4)

At5g27540 | Mitochondrial Rho GTPase 1 (AtMIRO1) (EC 3.6.5.-) (Miro-related GTPase 1)

At3g58570 | DEAD-box ATP-dependent RNA helicase 52 (EC 3.6.4.13)
Zeaxanthin epoxidase, chloroplastic (AtZEP) (EC 1.14.13.90) (Protein ABA

At5067030 DEFICIENT 1) (AtABA1) (Protein IMPAIRED IN BABA-INDUCED STERILITY 3)

9 (Protein LOW EXPRESSION OF OSMOTIC STRESS-RESPONSIVE GENES 6)

(Protein NON-PHOTOCHEMICAL QUENCHING 2)

At3g61690 | Nucleotidyltransferase

At5g67560 | ADP-ribosylation factor-like A1D (ADP-ribosylation factor-like protein)
ATP-dependent Clp protease proteolytic subunit-related protein 1, chloroplastic

AUIg49970 | 15R 1) (nCIpP5)
1-deoxy-D-xylulose-5-phosphate synthase, chloroplastic (1-deoxyxylulose-5-

At4g15560 | phosphate synthase) (DXP synthase) (DXPS) (EC 2.2.1.7) (Protein
CLOROPLASTOS ALTERADOS 1)

At1g80300 ADP,ATP carrier protein 1, chloroplastic (ADP/ATP translocase 1) (Adenine
nucleotide translocase 1)

At2g31410 E;:)ri;ei;rs])sed protein (Putative uncharacterized protein At2g31410) (Uncharacterized

At2927530 | 60S ribosomal protein L10a-2

At5g15270 Ef;f;ilx? uncharacterized protein At5g15270 (RNA-binding KH domain-containing

At2929200 | Pumilio homolog 1 (APUM-1) (AtPUM1)

At1g17370 | Oligouridylate binding protein 1B

At3g48560 Acetolactate synthase, chloroplastic (AtALS) (EC 2.2.1.6) (Acetohydroxy-acid
synthase) (Protein CHLORSULFURON RESISTANT 1)

At1g77490 L-ascorbate peroxidase T, chloroplastic (EC 1.11.1.11) (Thylakoid-bound ascorbate
peroxidase) (AtAPx06) (tAPX)

At5g09510 | 40S ribosomal protein S15-4

At2919520 | WD-40 repeat-containing protein MSI4 (Altered cold-responsive gene 1 protein)

At3g13670 | Casein kinase-like protein (Protein kinase family protein) (Putative casein kinase)

At5g59250 | D-xylose-proton symporter-like 3, chloroplastic

At1930680 Twinkle homolog protein, chloroplastic/mitochondrial (DNA helicase) (EC 3.6.4.12)
(DNA primase) (EC 2.7.7.-)

At5g41520 | 40S ribosomal protein S10-2

At3g25520 | 60S ribosomal protein L5-1

At3g54760 | Dentin sialophosphoprotein-related protein

At4g19210 ABC transporter E family member 2 (ABC transporter ABCE.2) (AtABCE2) (RNase L
inhibitor-like protein 2) (AtRLI2) (AthaRLI2)

At3g51820 Chlorophyll synthase, chloroplastic (EC 2.5.1.62) (Polyprenyl transferase) (Protein

G4) (AtG4)
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Number Name

At5g20090 | Uncharacterized protein

At109130 ATP-dependent Clp protease proteolytic subunit-related protein 3, chloroplastic

9 (CIpR3) (nCIpP8)
At1009130 ATP-dependent Clp protease proteolytic subunit-related protein 3, chloroplastic
9 (CIpR3) (nCIpP8)

At3g51140 | Putative uncharacterized protein At3g51140 (Uncharacterized protein)

At5g24690 AT5g24690/MXC17_8 (Putative uncharacterized protein At5g24690) (Putative
uncharacterized protein At5g24700) (Uncharacterized protein)

At5g13630 | Magnesium chelatase subunit H

At1918450 | Actin-related protein 4

AtCg00830 | 50S ribosomal protein L2, chloroplastic

At1907320 | 50S ribosomal protein L4 (AT1G07320 protein)
NAD(P)-linked oxidoreductase-like protein (Putative uncharacterized protein

At1g14345 At1g14345)

At5901590 Protein TIC 56, chloroplastic (Translocon at the inner envelope membrane of
chloroplasts 56) (AtTIC56)

AtMg01170 | ATP synthase subunit a-2 (F-ATPase protein 6) (P6-2)
FKBP-type peptidyl-prolyl cis-trans isomerase, putative (Genomic DNA, chromosome

At3g12345 | 3, P1 clone: MQC3) (Putative uncharacterized protein At3g12340) (Stress-enhanced
protein 4) (Uncharacterized protein)

At3g60770 | 40S ribosomal protein S13-1

At1935620 Protein disulfide-isomerase 5-2 (AtPDIL5-2) (Protein disulfide-isomerase 7-1)
(AtPDIL7-1) (Protein disulfide-isomerase 8) (PDI8)
Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase PASTICCINO 2 (EC 4.2.1.134)

At5g10480 | (3-hydroxyacyl-CoA dehydratase PASTICCINO 2) (AtPAS2) (HACD) (HCD) (Protein
PEPINO) (PEP) (Protein tyrosine phosphatase-like protein)

At5g04530 3-ketoacyl-CoA synthase 21 (KCS-21) (EC 2.3.1.199) (Very long-chain fatty acid
condensing enzyme 21) (VLCFA condensing enzyme 21)

At3g49910 | 60S ribosomal protein L26-1

At1g04820 | Tubulin alpha-4 chain
26S proteasome non-ATPase regulatory subunit 4 homolog (26S proteasome

At4g38630 | regulatory subunit RPN10) (AtRPN10) (26S proteasome regulatory subunit S5A
homolog) (Multiubiquitin chain-binding protein 1) (AtMCB1)

AtCg00820 | 30S ribosomal protein S19, chloroplastic

At3g26570 | Inorganic phosphate transporter 2-1, chloroplastic (H(+)/Pi cotransporter) (AtPht2;1)

At1g10950 Transmembrane 9 superfamily member 1 (Endomembrane protein 12)
(Transmembrane nine protein 1) (AtTMN1)
Probable aquaporin PIP2-6 (Plasma membrane intrinsic protein 2-6) (AtPIP2;6)

At2939010 | (Plasma membrane intrinsic protein 2e) (PIP2e) [Cleaved into: Probable aquaporin
PIP2-6, N-terminally processed]

At1923290 | 60S ribosomal protein L27a-2

At1g64550 ABC transporter F family member 3 (ABC transporter ABCF.3) (AtABCF3) (GCN20-
type ATP-binding cassette protein GCN3)
Cell division protein FtsZ homolog 2-2, chloroplastic (AtFtsZ2-2) (Plastid division

At3g52750 protein FTSZ2-2)

At3g06980 | DEAD-box ATP-dependent RNA helicase 50 (EC 3.6.4.13)
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Number Name

At1g31790 | Pentatricopeptide repeat-containing protein At1g31790

At2921580 | 40S ribosomal protein S25-2

At5g55610 | Uncharacterized protein
Uridine 5'-monophosphate synthase (UMP synthase) [Includes: Orotate

At3g54470 | phosphoribosyltransferase (OPRTase) (EC 2.4.2.10); Orotidine 5'-phosphate
decarboxylase (EC 4.1.1.23) (OMPdecase)]

At1g54520 | Putative uncharacterized protein At1954520 (Uncharacterized protein)

At4g27990 Putative uncharacterized protein AT4g27990 (Putative uncharacterized protein
At4g27990) (Putative uncharacterized protein T13J8.100) (YGGT family protein)

At1901320 | Tetratricopeptide repeat-containing protein

At5g50000 | Protein kinase

At1g56050 | Obg-like ATPase 1

At1g75140 | Uncharacterized membrane protein At1g75140

At1g48950 | C3HC zinc finger-like protein

At5g09870 | Cellulose synthase A catalytic subunit 5 [UDP-forming] (AtCesA5) (EC 2.4.1.12)

At3g57010 Protein STRICTOSIDINE SYNTHASE-LIKE 8 (AtSSL8) (Strictosidine synthase 5)
(AtSS5)

At19g06700 | PTI1-like tyrosine-protein kinase 1 (PTI1-1) (EC 2.7.10.2)

At1g67730 Very-long-chain 3-qxoacyI-CoA reductase 1 (EC 1.1.1.330) (Beta-ketoacyl reductase
1) (AtKCR1) (Protein GLOSSY 8) (gI8At)

AT3G57020 | Merged into Q9M1J6.
Homogentisate solanesyltransferase, chloroplastic (AtHST) (EC 2.5.1.117)

At3g11945 | (Homogentisate phytyltransferase 2) (AtHPT2) (Vitamin E pathway gene 2-2 protein)
(AtVTE2-2)

At3g53020 | 60S ribosomal protein L24-2 (Protein SHORT VALVE 1)

At1g64090 | Reticulon-like protein B3 (AtRTNLB3)

At1g63710 | Cytochrome P450 86A7 (EC 1.14.14.1)
12S seed storage protein CRB (Cruciferin 2) (AtCRU2) (Cruciferin B) (Legumin-type

At1g03880 | globulin storage protein CRU2) [Cleaved into: 12S seed storage protein CRB alpha
chain (12S seed storage protein CRB acidic chain); 12S seed storage protein CRB
beta chain (12S seed storage protein CRB basic chain)]

At3g50370 | Uncharacterized protein

At3g55360 Very-lqng-chain enoyl-CoA reductage (EC 1.3.1 .93) (Enqu-CoA rgductase) (AtECR)
(Protein ECERIFERUM 10) (Synaptic glycoprotein SC2-like protein)

At5g49220 | Putative uncharacterized protein At5g49220 (Uncharacterized protein)

At3g61870 | Uncharacterized protein

At1070730 Probable phosphoglucomutase, cytoplasmic 2 (PGM 2) (EC 5.4.2.2) (Glucose

9 phosphomutase 2)

Splicing factor U2af small subunit B (U2 auxiliary factor 35 kDa subunit B) (U2 small

At5g42820 | nuclear ribonucleoprotein auxiliary factor small subunit B) (U2 snRNP auxiliary factor
small subunit B) (Zinc finger CCCH domain-containing protein 60) (AtC3H60)

At5g63970 | Putative uncharacterized protein At5g63970 (Ring domain ligase 3)
UPFO0051 protein ABCI8, chloroplastic (ABC transporter | family member 8) (ABC

At4g04770 | transporter ABCI.8) (AtABCI8) (Non-intrinsic ABC protein 1) (Protein ABC1) (Plastid
sufB-like protein) (Protein LONG AFTER FAR-RED 6)

At2g32480 | Serine protease
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AT5G47040 | ABERRANT PEROXISOME MORPHOLOGY 10

At3g54210 | 508 ribosomal protein L17, chloroplastic (CL17)

At3g08510 | Phosphoinositide phospholipase C (EC 3.1.4.11)

At4933650 | Dynamin-related protein 3A (Dynamin-like protein 2) (Dynamin-like protein 2a)

At5g48810 | Cytochrome B5 isoform D (AtCb5-D) (Cytochrome b5 isoform B) (AtCb5-B)

At1g78620 Putative uncharacteriged protein At1g78620 (T30F21.5 protein) (Uncharacterized
transmembrane protein)

At2g33450 | 50S ribosomal protein L28, chloroplastic (CL28)

At2g35840 | Probable sucrose-phosphatase 2 (AtSPP2) (EC 3.1.3.24)

At3g13580 | 60S ribosomal protein L7-4

AtCg00330 | 30S ribosomal protein S14, chloroplastic

At4g36480 Long chain base biosynthgsis protein 1 (AtLCB1) (EC 2.3.1.50) (Protein EMBRYO
DEFECTIVE 2779) (Protein FUMONISIN B1 RESISTANT 11)

At5g19750 | Mpv17/PMP22 family protein

At3g57470 | Insulysin
At3g49560 (Mitochondrial import inner membrane translocase subunit

At3g49560 | Tim17/Tim22/Tim23 family protein) (Putative uncharacterized protein At3g49560)
(Putative uncharacterized protein T9C5.150)

At2914720 Vacuolar-sorting recept_or 4 (At\/_SR4) (BP80-like protein a) (AtBP80a) (Epidermal
growth factor receptor-like protein 2b) (AtELP2b)

At3g27570 | Sucrase/ferredoxin-like protein

At5g47200 | Ras-related protein RABD2b (AtRABD2b) (Ras-related protein Rab1A) (AtRab1A)
Dihydrolipoyllysine-residue acetyltransferase component 4 of pyruvate

At3g25860 | dehydrogenase complex, chloroplastic (EC 2.3.1.12) (Dihydrolipoamide S-
acetyltransferase component 4 of pyruvate dehydrogenase complex) (Pyruvate
dehydrogenase complex component E2 4) (PDC-E2 4) (PDCEZ2 4) (plE2)

At2g47000 ABQ transporter_ B family member 4 (ABC transporter ABCB.4) (AtABCB4) (Multidrug
resistance protein 4) (P-glycoprotein 4)

At1g18060 AT1g18060/T1OF20.23_ (Putative uncharacterized protein At1g18060) (T10022.3)
(Uncharacterized protein)

At3g14600 | 60S ribosomal protein L18a-3

At3g12080 | GTP-binding protein

At1g15730 At1g1§730/F7H2_7 (Cpbalamin biosynthesis CobW-like protein) (F7H2.7 protein)
(Putative PRLI-interacting factor L)

At1g76090 24-methylenesterol C-methyltransferase 3 (24-sterol C-methyltransferase 3) (Sterol-
C-methyltransferase 3) (EC 2.1.1.143)

At1g02280 Translocase of chloroplast 33, chloroplas’gic (AtTc.)ci'33) (EC 3.6.5.-) (33 kDa
chloroplast outer envelope protein) (Plastid protein import 1)

At5g65020 | Annexin
Pectin methylesterase inhibitor 1 (Putative uncharacterized protein AT4g12390)

At4912390 | (Putative uncharacterized protein At4g12390) (Putative uncharacterized protein
At4g12390; T4C9.230) (Putative uncharacterized protein T4C9.230)

At5g14640 | Shaggy-related protein kinase epsilon (EC 2.7.11.1) (ASK-epsilon)

At5g27390 | Mog1/PsbP/DUF1795-like photosystem Il reaction center PsbP family protein

At5g05780 | Probable 26S proteasome non-ATPase regulatory subunit 8A
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At2g24765 | ADP-ribosylation factor 3 (AtARF3) (Protein ARF-LIKE 1) (AtARL1)
ABC transporter G family member 11 (ABC transporter ABCG.11) (AtABCG11)

At1g17840 (Prote!n CUTICULAR DEFECT AND ORGAN FUSION 1) (Protein DESPERADO)
(Protein PERMEABLE LEAVES 1) (White-brown complex homolog protein 11)
(AtWBC11)

At1g51500 ABC transporter G family mem_ber 12 (ABC transporter ABCG.12_) (AtABCG12)
(Protein ECERIFERUM 5) (White-brown complex homolog protein 12) (AtWBC12)

At2g39470 | Photosynthetic NDH subunit of lumenal location 1, chloroplastic (PsbP-like protein 2)

At5g64940 | ABC transporter-like (Putative ABC transporter) (Putative ABC transporter protein)

At4g27720 AT492_7720/T29A1 5 210 (A_t4927720/T29A_1 5 210) (Major facilitator protein)
(Putative transporter) (Putative uncharacterized protein T29A15.210)

At1909940 | Glutamyl-tRNA reductase 2, chloroplastic (GIUTR) (EC 1.2.1.70)
NAD(P)H-quinone oxidoreductase subunit I, chloroplastic (EC 1.6.5.-) (NAD(P)H

AtCg01090 | dehydrogenase subunit I) (NDH subunit I) (NADH-plastoquinone oxidoreductase
subunit [)

At2g37410 | Mitochondrial import inner membrane translocase subunit TIM17-2
At4g35060 (Farnesylated protein (ATFP6)) (Heavy metal transport/detoxification

At4g35060 | domain-containing protein) (Putative uncharacterized protein AT4g35060) (Putative
uncharacterized protein M4E13.120)

At2g47610 | 60S ribosomal protein L7a-1
Chloroplast J-like domain 1-containing protein (Putative uncharacterized protein

At1g08640 At1908% 20) gp ( P

At4g39150 AT4939150/T22.F8_50 (DNAJ heat shock N-terminal domain-containing protein)
(DnaJ-like protein)

At2g34470 | Urease accessory protein G (AtUREG)

At5939410 Probable mitochondrial saccharopine dehydrogenase-like oxidoreductase At5g39410
(SDH) (EC 1.-.-.-)

At1g72750 | Mitochondrial import inner membrane translocase subunit TIM23-2

At2g36885 | Uncharacterized protein

At5g53060 | At5g53060 (RNA-binding KH domain-containing protein) (RNA-binding protein-like)

At5g18660 Divinyl chlorophyllide a 8-vinyl-reductase, chloroplastic (EC 1.3.1.75) (Protein PALE-
GREEN AND CHLOROPHYLL B REDUCED 2)

At4g16630 | DEAD-box ATP-dependent RNA helicase 28 (EC 3.6.4.13)

At1g17850 | Rhodanese homology domain-containing protein

At1g48860 | 3-phosphoshikimate 1-carboxyvinyltransferase (EC 2.5.1.19)
Sterol 14-demethylase (EC 1.14.13.70) (Cytochrome P450 51A2) (Cytochrome P450

At1g11680 | 51G1) (AtCYP51) (Obtusifoliol 14-demethylase) (Protein EMBRYO DEFECTIVE
1738)

At4g34240 ,(Ol\édce?yzd? g()ahydrogenase family 3 member |1, chloroplastic (AtALDH3) (Ath-ALDH3)
Probable 3-beta-hydroxysteroid-Delta(8),Delta(7)-isomerase (EC 5.3.3.5)

At1g20050 | (Cholestenol Delta-isomerase) (Delta(8)-Delta(7) sterol isomerase) (D8-D7 sterol
isomerase)

At3g18680 Genomic DNA, chromosome 3, P1 clone: MVE11 (Putative uridylate kinase)
(Uridylate kinase-like protein)

At2g19860 | Hexokinase-2 (EC 2.7.1.1)

At3g04340 | FtsH extracellular protease family protein
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GTP-binding protein OBGC, chloroplastic (AtOBGC) (GTP-binding protein OBG-like)

At5g18570 | (AtOBGL) (Protein CHLOROPLASTIC SAR1) (CPSAR1) (Protein EMBRYO
DEFECTIVE 269) (Protein EMBRYO DEFECTIVE 3138)

AT4G16143 | IMPA-2/ IMPORTIN ALPHA ISOFORM 2

At2g48070 Expressed protein (P_utative uncharacterized protein At2g48070) (Resistance to
phytophthora 1 protein)

AT5G58260 | Merged into Q9LVM2.
Methylthioribose-1-phosphate isomerase (M1Pi) (MTR-1-P isomerase) (EC 5.3.1.23)

At2g05830 | (S-methyl-5-thioribose-1-phosphate isomerase) (Translation initiation factor elF-2B
subunit alpha/beta/delta-like protein)

At1g76810 | Eukaryotic translation initiation factor 2 (EIF-2) family protein

At4g00090 Q;I(’;:gi(r)]())OQO/FGNﬁ_S (At4g00090/F6N15_8) (Transducin/WD40 domain-containing

At1g37130 | Nitrate reductase [NADH] 2 (NR2) (EC 1.7.1.1)

At1958290 | Glutamyl-tRNA reductase 1, chloroplastic (GIUTR) (EC 1.2.1.70)

At4g26870 Asx tRNA synthetase (AspRS/AsnRS) class Il core domain-contating protein
(Putative aspartate-tRNA ligase)
AT5g24650/K18P6_19 (At5g24650) (At5g24650/K18P6_19) (Emb|CAB62460.1)

At5g24650 | (Mitochondrial import inner membrane translocase subunit Tim17/Tim22/Tim23 family
protein)

At5g55670 | RNA recognition motif-containing protein

At4g34430 SWI/SNF complex subunit SWI3D (AtSWI3D) (Transcription regulatory protein
SWI3D)

At1g42960 Chloroplast inner membrane localized protein (Putative uncharacterized protein
At1g42960) (Putative uncharacterized protein F13A11.2)

At2g43950 Outer envelope pore protein 37, chloroplastic (Chloroplastic outer envelope pore
protein of 37 kDa) (AtOEP37)

At5g60250 | C3H4 type zinc finger protein (Emb|CAB75487.1)

AtCg00670 ATP-dependent Clp protease proteolytic subunit 1 (EC 3.4.21.92) (Endopeptidase
ClpP1) (pClpP)

At3g17970 Outer envelope protein 64, chloroplastic (Translocon at the outer membrane of
chloroplasts 64-III)
Protein STRICTOSIDINE SYNTHASE-LIKE 3 (AtSSL3) (Strictosidine synthase 9)

At1g08470
(AtSS9)

At2925610 V-type proton ATPase subunit ¢"2 (V-ATPase subunit ¢"2) (Vacuolar H(+)-ATPase
subunit ¢" isoform 2) (Vacuolar proton pump subunit c"2)

At4g36390 | CDK5RAP1-like protein

At4g19640 Ras-related protein RABF2b (AtRABF2b) (Ras-related protein Ara-7) (Ras-related
protein Rab5B) (AtRab5B)
Eukaryotic translation initiation factor NCBP (Novel cap-binding protein) (nCBP)

At5g18110 . .
(mRNA cap-binding protein)

At5964330 Root phototropism protein 3 (BTB/POZ domain-containing protein RPT3) (Non-
phototropic hypocotyl protein 3)

At1g55850 | Cellulose synthase-like protein E1 (AtCslE1) (EC 2.4.1.-)

At3g21690 g\:g,[geZi;)GQO (Genomic DNA, chromosome 3, P1 clone: MIL23) (MATE efflux family

At1g50450 | At1g50450/F11F12 20 (Saccharopine dehydrogenase)
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Cell division protein FtsZ homolog 1, chloroplastic (AtFtsZ1) (AtFtsZ1-1) (Chloroplast

At5g55280 | FtsZ) (CpFtsZ) (Protein ACCUMULATION AND REPLICATION OF
CHLOROPLASTS 10) (Protein PLASTID MOVEMENT IMPAIRED4)

At3g13062 | At3g13062 (Polyketide cyclase/dehydrase and lipid transport superfamily protein)
Protein TIC 20-11, chloroplastic (Translocon at the inner envelope membrane of

At2g47840

g chloroplasts 20-11) (ATIC20-11)

At4914210 | Phytoene desaturase 3

At4g27080 Proteir_l di_sulfk_je-i_somerase 5-4 (AtPDIL5-4) (Protein disulfide-isomerase 7) (PDI7)
(Protein disulfide-isomerase 8-2) (AtPDIL8-2)
Bifunctional aspartokinase/homoserine dehydrogenase 2, chloroplastic (AK-HD 2)

At4g19710 | (AK-HSDH 2) (Beta-aspartyl phosphate homoserine 2) [Includes: Aspartokinase (EC
2.7.2.4); Homoserine dehydrogenase (EC 1.1.1.3)]

At3g27820 Ijlé)téa:)le monodehydroascorbate reductase, cytoplasmic isoform 2 (MDAR 2) (EC

At1g30890 | Integral membrane HRF1-like protein (Putative uncharacterized protein At1g30890)

AtMg00990 NADH.-ublqumone oxidoreductase chain 3 (EC 1.6.5.3) (NADH dehydrogenase
subunit 3)

At3g16240 Aquaporin TIP2-1 (Delta-tonoplast intrinsic protein) (Delta-TIP) (Tonoplast intrinsic
protein 2-1) (AtTIP2;1) [Cleaved into: Aquaporin TIP2-1, N-terminally processed]

At1g79560 ?‘I‘;Pz-g?;)endent zinc metalloprotease FTSH 12, chloroplastic (AtFTSH12) (EC

At5g47110 | At5g47110 (Chlorophyll A-B binding family protein)

AT1G50250 | FTSH PROTEASE 1

At5g46580 | Pentatricopeptide repeat-containing protein At5g46580, chloroplastic

At5g16715 | ATP binding/valine-tRNA ligase/aminoacyl-tRNA ligase

At3g16000 | MAR-binding filament-like protein 1

At3g05590 | 60S ribosomal protein L18-2

At5g42980 | Thioredoxin H3 (AtTrxh3) (Thioredoxin 3) (AtTRX3)

At5g40890 | Chloride channel protein

At2g27710 | 60S acidic ribosomal protein P2-2

At5g05740 | S2P-like putative metalloprotease

At5g02450 | 60S ribosomal protein L36-3

At1g05010 1-aminocyclopropane-1-carboxylate oxidase 4 (ACC oxidase) (EC 1.14.17.4)
(Ethylene-forming enzyme) (EFE)

At1g21130 | At1g21130 (Indole glucosinolate O-methyltransferase 4)
ABC transporter C family member 14 (ABC transporter ABCC.14) (AtABCC14) (EC

At3962700 | 3.6.3.44) (ATP-energized glutathione S-conjugate pump 10) (Glutathione S-
conjugate-transporting ATPase 10) (Multidrug resistance-associated protein 10)

At3g25480 Rhodanese-like domain-containing protein 4A, chloroplastic (Sulfurtransferase 4A)
(AtStr4a)

At1g11260 | Sugar transport protein 1 (Glucose transporter) (Hexose transporter 1)

At1g06190 | Rho-N domain-containing protein 1, chloroplastic

At5g64840 ABC transporter F family member 5 (ABC transporter ABCF.5) (AtABCF5) (GCN20-
type ATP-binding cassette protein GCN5)

At1g48920 Nucleolin 1 (Protein NUCLEOLIN LIKE 1) (AtNUC-L1) (Protein PARALLEL 1)

(AtPARL1)
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At4g10060 | Non-lysosomal glucosylceramidase (NLGase) (EC 3.2.1.45)

At3g06480 | DEAD-box ATP-dependent RNA helicase 40 (EC 3.6.4.13)

At5g60170 | RNA binding (RRM/RBD/RNP motifs) family protein

At3904790 Probable ribose-5-phosphate isomerase 3, chloroplastic (EC 5.3.1.6)
(Phosphoriboisomerase 3) (Protein EMBRYO DEFECTIVE 3119)

AT5G05000 | ARABIDOPSIS THALIANA TRANSLOCON AT THE OUTER ENVELOPE
MEMBRANE OF CHLOROPLASTS 34

At5g18400 | Anamorsin homolog (Fe-S cluster assembly protein DRE2 homolog)

At19g59990 | DEAD-box ATP-dependent RNA helicase 22 (EC 3.6.4.13)
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit STT3A

At5319690 (Oligosaccharyl transferase subunit STT3A) (STT3-A) (EC 2.4.99.18) (Integral

9 membrane protein 1) (Protein STAUROSPORIN AND TEMPERATURE SENSITIVE

3-LIKE A)
Signal recognition particle 43 kDa protein, chloroplastic (Chromo protein SRP43)

At2g47450 (CpSRP43)

At2g41560 Calcmm-_transportlng ATPase 4, plasma membrane-type (EC 3.6.3.8) (Ca(2+)-
ATPase isoform 4)

At5g62670 | ATPase 11, plasma membrane-type (EC 3.6.3.6) (Proton pump 11)

At2930930 Expressed protein (Putative uncharacterized protein At2g30930) (Putative
uncharacterized protein At2g30930; F7F1.14) (Uncharacterized protein)

At2g40100 | Chlorophyll a-b binding protein CP29.3, chloroplastic (LHCB4.3) (LHCII protein 4.3)

At1951690 Serine/threonine protein phosphatase 2A 55 kDa regulatory subunit B alpha isoform
(AtB alpha) (PP2A, subunit B, alpha isoform)

At2g30200 | [acyl-carrier-protein] S-malonyltransferase

At5g14170 | SWI/SNF complex component SNF12 homolog
UDP-glucuronate 4-epimerase 6 (EC 5.1.3.6) (UDP-glucuronic acid epimerase 6)

At3g23820 | AwuGIcAE?)

At1g06460 ﬁlcpdh?)a{czrg/stallm domain 32.1 (At1g06460) (Peroxisomal small heat shock protein

At3g48930 | 40S ribosomal protein S11-1 (Protein EMBRYO DEFECTIVE 1080)

At5g12130 | Protein pigment defective 149

At4g17090 Beta-amylase 3, chloroplastic (EC 3.2.1.2) (1,4-alpha-D-glucan maltohydrolase)
(Beta-amylase 8) (Chloroplast beta-amylase) (CT-BMY)

At3g49870 ADP-RIBOSYLATION FACTOR-like protein (ADP-ribosylation factor-like A1C) (ADP-
ribosylation factor-like protein)

At3g48890 Membrane steroid-binding protein 2 (AtMP2) (Membrane-associated progesterone-
binding protein 3) (AtMAPRS3)

At29g20230 | Tetraspanin-18 (TOM2A homologous protein 2)
Calcium-dependent protein kinase 6 (EC 2.7.11.1) (Calcium-dependent protein

At2g17290 | kinase isoform CDPK3) (AtCDPKS3) (Calmodulin-domain protein kinase CDPK
isoform 6)

At3052190 SEC12-like protein 1 (Protein PHOSPHATE TRANSPORTER TRAFFIC

9 FACILITATOR 1) (PHF-1)
At5920250 Probable galactinol--sucrose galactosyltransferase 6 (EC 2.4.1.82) (Protein DARK

INDUCIBLE 10) (Raffinose synthase 6)
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NO-associated protein 1, chloroplastic/mitochondrial (AtNOA1) (Dubious

At3g47450 | mitochondrial nitric oxide synthase 1) (AtNOS1) (EC 1.14.13.39) (GTPase NOA1)
(Protein RESISTANT TO INHIBITION BY FOSMIDOMYCIN 1)

At3g45780 Photo_tropin-1 (EC 2.7.11.1) (Non-phototropic hypocotyl protein 1) (Root phototropism
protein 1)

At2921340 | MATE efflux family protein

At1g55900 | Mitochondrial import inner membrane translocase subunit TIM50

At3g16060 | AT3g16060/MSL1_10 (ATP binding microtubule motor family protein)

Atdg31120 Protein arginine N-.methylt.ran.sferase 1.5 (AtPMRT15) (AtPMRT5) (EC 2.1.1.-) (EC
2.1.1.125) (Shk1 kinase-binding protein 1 homolog)

At4g31500 Cytochrome P450 83B1 .(EC 1.14.-.-) (Protein ALTERED TRYPTOPHAN
REGULATION 4) (Protein RED ELONGATED 1) (Protein SUPERROOQOT 2)

At2g32700 | WD40 repeat protein MUCILAGE-MODIFIED 1

At1919740 ATP-depenc_jent protegse La domain-containing protein (F6F9.20 protein) (Putative
uncharacterized protein At1g19740)

At5g01750 | Protein LURP-one-related 15

At3g27120 | P-loop containing nucleoside triphosphate hydrolases superfamily protein
Adenine nucleotide alpha hydrolases-like protein (Expressed protein) (Putative

At2g47710 | uncharacterized protein At2g47710) (Putative uncharacterized protein At2g47710;
F17A22.10)

At4g30210 | NADPH--cytochrome P450 reductase 2 (EC 1.6.2.4)

At3g07810 AT3gQ?810/F17A1 7_15 (Putative RNA-binding protein) (RNA recognition motif-
containing protein)

At5923040 AT5g23040/MYJ24 3 (At5g23040/MYJ24_3) (Cell growth defect factor) (Cell growth
defect factor 1) (Emb|CAB62636.1)

At1g52510 | Putative hydrolase

At3g15110 | At3g15110 (Uncharacterized protein)

At5906680 Gamma-tubulin complex component 3 (AtGCP3) (GCP-3) (Spindle pole body
component 98) (AtSPC98)

At1g16820 | V-ATPase-related protein

At1929470 | Probable methyltransferase PMT24 (EC 2.1.1.-)

At3g15450 | Aluminum induced protein with YGL and LRDR motif

At1954990 | Protein AUXIN RESPONSE 4

At19g79050 | DNA repair protein recA homolog 1, chloroplastic (Recombinase A homolog 1)
Two pore calcium channel protein 1 (Calcium channel protein 1) (AtCCH1) (Fatty acid

At4g03560 | oxygenation up-regulated protein 2) (Voltage-dependent calcium channel protein
TPC1) (AtTPC1)

At1g10290 | Dynamin-2A (EC 3.6.5.5) (Dynamin-like protein 6) (Dynamin-related protein 2A)

At3g43520 | AT3g43520/T18D12_90 (At3g43520/T18D12_90) (Transmembrane protein 14C)

At2g43910 Thiocyanate methyltransferase 1 (EC 2.1.1.n4) (Protein HARMLESS TO OZONE
LAYER 1) (AtHOL1)

At5g03520 | Ras-related protein RABE1d (AtRABE1d) (Ras-related protein Rab8C) (AtRab8C)

At5g57110 Calcium-.transporting ATPase 8, plasma membrane-type (EC 3.6.3.8) (Ca(2+)-
ATPase isoform 8)

At1g01620 Aquaporin PIP1-3 (AtPIP1;3) (Plasma membrane intrinsic protein 1c) (PIP1c)

(Transmembrane protein B) (TMP-B)
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AtCg00170 DNA-directed RNA polymerase subunit beta" (EC 2.7.7.6) (PEP) (Plastid-encoded
RNA polymerase subunit beta") (RNA polymerase subunit beta")
Bifunctional aspartokinase/homoserine dehydrogenase 1, chloroplastic (AK-HD 1)

At1931230 | (AK-HSDH 1) (Beta-aspartyl phosphate homoserine 1) [Includes: Aspartokinase (EC
2.7.2.4); Homoserine dehydrogenase (EC 1.1.1.3)]

At5g07290 | Protein MEI2-like 4 (AML4) (MEI2-like protein 4)

At4933360 | Rossmann-fold NAD(P)-binding domain-containing protein

At4g35760 Thiol-disulfide oxidoreductase LTO1 (EC 1.1.4.-) (Protein LUMEN THIOL
OXIDOREDUCTASE 1) (Vitamin K reductase)

At3g57090 | Mitochondrial fission 1 protein A (FIS1 homolog A) (AtFIS1a) (Protein BIGYIN 1)

At3g22230 | 60S ribosomal protein L27-2

At5956290 Peroxisome biogenesis protein 5 (Peroxin-5) (AtPEX5) (Peroxisomal targeting signal
type 1 receptor) (Pex5p)

At4g16990 | Resistance to leptosphaeria maculans 3 protein

At3g49490 | Putative uncharacterized protein T9C5.90 (Uncharacterized protein)

At1g12310 | Probable calcium-binding protein CML13 (Calmodulin-like protein 13)

At5921326 CBL-interacting serine/threonine-protein kinase 26 (EC 2.7.11.1) (SNF1-related
kinase 3.26) (SOS2-like protein kinase PKS26)

At1g58110 | BZIP transcription factor-like protein

At4g00730 | Homeobox-leucine zipper protein ANTHOCYANINLESS 2

At1913730 At1g13730 (At1g13730/F21F23_12) (Expressed protein) (F21F23.16 protein)
(Nuclear transport factor 2 and RNA recognition motif domain-containing protein)

At548880 3-ketoacyl-CoA thiolase 5, peroxisomal (EC 2.3.1.16) (Acetyl-CoA acyltransferase 5)
(Beta-ketothiolase 5) (Peroxisomal 3-oxoacyl-CoA thiolase 5)

At1921480 | Exostosin family protein

At3g10840 | Alpha/beta-hydrolase domain-containing protein (At3g10840)
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Table S2: Primers used in this study.

F6F3 S [Sapl] GAATATACCGAATTAACAAAAATTCTGAAGCTCTT
F6F3 AS [Sapl] GCATTGTTGCTGTCTTCATATATCAACAC

F21M12 S GGCTTTCTCGAAATCTGTCC

F21M12 AS TTACTTTTTGCCTCTTGTCATTG

DNAJ[Xbal] F CTCAGCCACAACCAATCACCGAATTCTAG
DNAJ[Xbal] R GTTGCAATCGGCGATGGAATCC

T14P S [-14/14]

GCTATGACGCTCCGACATAATCAAC

T14P AS [-14/14]

GGTTGAGAATGATCAATATTACTCGG

3xGFP Spel S CAAAGAAGAAGAGAACTAGTATGGTGAGCAAG
3xGFP Spel AS GATCGGGGATCGGAACTAGTCTTGTACAGCTC

IMPG6 | miR-s GATATACTTTATACCTGTTCCGTTCTCTCTTTTGTATTCC
IMPG6 Il miR-a GAACGGAACAGGTATAAAGTATATCAAAGAGAATCAATGA
IMPG6 Il miR*-s GAACAGAACAGGTATTAAGTATTTCACAGGTCGTGATATG
IMPa6 IV miR*-a GAAATACTTAATACCTGTTCTGTTCTACATATATATTCCT
'[Xga‘}? 2kbProm S CCGGGCCCGCAAATAAACAACACGAGC

IMPa6 CDS AS (0S)
[Xhol]

ACCTCGAGACCAAAGTTGAATCCACCC

IMPa6 for inSitu F AAGCAGTCAAAATCCTGG

IMPa6 for inSitu R ATTCACTCAAAACATGACCC

IMPa6 dCAPS [Bfml] F AAATCATCTCTGTTTTCTCCACTACA
IMPa6 dCAPS [Bfml] R | GAATTTGACTTGTGTTCCCAG

MP dCAPs [Kpnl] F

GATCCCTCTAGCTAAGTACCGTAA

MP dCAPs [Kpnl] R

CTGATTCCAACAATAGTTCCCAGGTAC

BDL dCAPs [Nael] F

TGGCAGTCAAGTGGTAGGCCGG

BDL dCAPs [Nael] R ACCCTAAGCCCTGAACTTTC
At1G02690 F CTTTTGTAGACGTTGCGA
At1G02690 R CCTTCTTATTTTGTCACGC
IMPa6-Exon 7 S CTCCGTACAATTGGTAACAT

LB2 GCTTCCTATTATATCTTCCCAAATTACCAATACA
IMPa-3 tDNA F CTGCAGTCGTTTTTTTTTGG

IMPa-3 tDNA R GATAACATAATCATGCCTGG

LB1.3 ATTTTGCCGATTTCGGAAC

IMPa6 Exon10 AS CCACCCGTAGGAGCATTA

actin F TGAGCAAAGAAATCACAGCACTTGC
actin R TCTGTGAACGATTCCTGGACCTG

Renilla Luciferase F

CCTACGAGCACCAAGACAAGA

Renilla Luciferase R

TGTCAGGCCACTCGTCCCAGGA
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Title (75 characters)

Direct visualization of the phytohormone auxin via semi-rational design of a biosensor

Abstract (150 words)

Pattern formation is frequently governed by small molecules. Despite their relevance during
development, scientists usually have to rely on indirect readouts to study their activities. The small
molecule auxin is the main morphogen in plants. It is indispensable for organ initiation, tropic growth

responses and cell cycle control.

Here we report the engineering of a FRET-based biosensor for auxin by redesign of the binding pocket of
the E. coli tryptophan repressor. This biosensor allows the direct and dynamic measurement of the main

developmental regulator during the life-cycle of the plant at subcellular resolution.
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Introduction (500 max)

Small molecules play a pivotal role in most regulatory processes, in single cells and on the level of whole
organisms. The study of their temporal and spatial distribution is therefore a hallmark of many topics in
life sciences with an outreach to medical diagnostics. However, visualization of small molecules in vivo
without significant perturbation of the system often proofs difficult. Genetically encodable molecular

sensors providing readout of small molecule concentrations in vivo are therefore tools of high demand.

In plants the most important regulative small molecule is the phytohormone auxin, mainly indole-3-
acetic acid (IAA) (Simon and Petrasek 2011). Auxin concentration gradients play a role in virtually every
aspect of plant life: it controls organogenesis, photo- and gravitropism, and regulates cell shape and
division (Teale et al. 2006, Perrot-Rechenmann 2010). Plants with defects in auxin distribution fail to

establish a correct embryonic axis, subsequently lacking the root and leaves (Friml et al. 2003).

The auxin dependent degradation of Aux/IAA proteins and thereby induction of expression of auxin
response genes have been studied to address the action of auxin in Arabidopsis thaliana (A. th.) and
other plants (Ulmasov et al. 1997, Sabatini et al. 1999, Zhou et al. 2014). Auxin response maxima are
usually visualized with the artificial auxin response promoter DR5 (Ulmasov et al. 1997) which is induced
by IAA (Sabatini et al. 1999 and reference therein). However, the transcriptional auxin response pathway
is heavily regulated on all levels of the signaling cascade: transcriptionally (Parry et al. 2009, Rademacher
et al. 2011), post-transcriptionally (Mallory et al. 2005, Wang et al. 2005, Navarro et al. 2006, Liu et al.
2007), and post-translationally (Vert et al. 2008, Terrile et al. 2012, Cho et al. 2014). This allows for cross-
talk between the plant hormone pathways and fine-tuning of the response (Nakamura et al. 2003), but
for quantification purposes precludes an accurate measurement of the auxin concentration. To reduce
the regulatory leverage points, another approach uses the degradation of the Aux/IAA protein IAA28
fused to the fluorescent reporter Venus to infer auxin levels from the absence of the Venus signal
(Brunoud et al. 2012). In both cases the response is based on parts of the auxin pathway itself and not on

a dedicated measurement of an auxin molecule.

Here we describe the generation of a genetically encoded fluorescent sensor for the major auxin IAA. For
the first time, this sensor allows to directly follow concentration gradients of IAA in plant cells and their
fate determining effects. Our engineering is based on the semi-rational redesign of the binding pocket of
a tryptophan repressor (TrpR) based sensor (Kaper et al. 2007) aiming at an affinity swap from the 1AA

related tryptophan (TRP) to auxin. Along with our design strategy we elucidated a number of x-ray
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structures providing insight into the steps leading to the affinity switch and discrimination against other

ligands in molecular detail.
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Main text (<=6 Subheadings, 2500 words)

Semi-rational design of AuxSen

IAA is a derivative of tryptophan (TRP) with the amino-acid group of the latter replaced by a carboxyl as a
substituent of the mutual indole-ring. We assumed a comparable binding mode for TRP and IAA
regarding the indole-ring and focused our design effort on positions in the vicinity of the two substituents
likely to foster their discrimination. This selection was later expanded to adjacent residues. About 2000
variants were generated using saturation mutagenesis and screened for both |AA-affinity as well as —
specificity, exploiting the FRET-readout of the original sensor (Kaper et al. 2007). In later rounds screening
for discrimination against TRP was expanded by discrimination against indole-3-acetonitrile (IAN), which
is the only indole-based compound highly similar to IAA and abundant in A. th. (Novak et al. 2012). To
exclude false-positives based on interaction of the ligands with the FRET-pairs and to provide accurate
binding data, selected variants were analyzed by isothermal titration calorimetry (ITC). Furthermore, the
structure of several variants was elucidated allowing us to refine our positional selection based on

structural findings [Supp Material].

After several rounds of design, the affinity for IAA could not be improved further. While the affinity for
TRP was completely diminished already in early stages of the design-approach, affinity for the alternative
ligand IAN mirrored the improvements made for IAA. Consequently our final variant was chosen based

upon IAA affinity (X uM) and most beneficial discrimination against IAN (Y uM).

The sensor binds auxin as a facultative dimer, and therefore we cloned it into tandem-dimer
configurations with one fluorophore placed N-terminally and one between the two auxin binding
domains. We screened a library of 16 fluorophores in different combinations and different configurations,
resulting in 52 different sensors. The variant performing best, an Aquamarine - mNeonGreen pair, was
used for further optimization. We varied the length and amino acid compositions of all linkers
individually, chose the best and repeated this process for two more rounds until all linkers were

optimized, resulting in the final sensor (“AuxSen”).

in vitro and in vivo characterization of AuxSen

AuxSen has a Kdjaa of X uM and a fast Kon/Koff rate (? pM/s) and in vitro it exhibits a FRET ratio change
by the factor of 3 after treatment with 50 uM IAA, which is in the same range as the auxin concentration
expected within cells (Petersson et al. 2009). The signal is stable around the cytoplasmic pH of 7.3 (Shen

et al. 2013) and resistant to reducing and oxidizing environments (Extended Data — pH, H202, DTT, Salt).
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Specificity of AuxSen for IAA was tested against other indole-derivatives published to be present in A.th..
Beside IAN no other component caused a significant response at concentrations present in plants
(Extended Data — Indole derivatives). Whole plant IAN levels are reported to be higher (Novak et al.
2012), but plants show growth responses at IAN concentrations below the detection limit of AuxSen
(Extended Data — IAN; DR5::RFP reference), indicating that cytosolic IAN would not interfere with the

measurements.

As a first step to confirm the functionality in planta, we expressed the sensor transiently under the
control of the strong viral 355 promoter in protoplasts. Figure 2 shows the auxin response in protoplasts.
Individual protoplasts differ strongly in the ratio, but populations show clear tendencies. Under low auxin
concentrations, the standard deviation stays small, but it increases with higher concentrations in the

medium, suggesting that IAA in not taken up by the cells with equal efficiency (Figure 2a).

To quantify AuxSen responses in vivo, we generated lines expressing AuxSen under a variety of
promoters. To enhance the contrast we fused it to a nuclear localization sequence (NLS). Overall, the
ubiquitous ELONGATION FACOTOR 1 a promoter (pEFla) proved to perform the best. Ectopic expression
in the plant did not interfere with auxin signaling as exemplified by root growth responses and lateral

root initiation (Figure Extended data — Root growth).

The auxin maximum in the root tip was confirmed by many independent studies. Tissue specific mass
spectrometry (Petersson et al. 2009), antibody staining against cross-linked (Leverone et al. 1991,
Benkova et al. 2003), DII-Venus (Brunoud et al. 2012) and DR5 (Sabatini et al. 1999) all indicate an auxin
maximum around the meristem. Confocal imaging of AuxSen in seedling roots exhibited maximal FRET

signal intensity in the vascular tissue adjacent to the meristem (Figure AuxSen in the root).

Next we examined the response of pEF-1a::NLS:AuxSen upon variation of IAA levels in planta. First we
treated seedlings with 10 uM IAA and observed the response over time. Within a few minutes the
AuxSen signal increased (Figure AuxSen in the root). To further confirm the AuxSen response, we studied
the gravitropic response of seedling roots, which depends on the redistribution of auxin causing root-
bending towards the gravitropic force. This redistribution becomes visible with AuxSen, the FRET signal
increases basally within a few minutes Figure AuxSen in the root). Because this process depends on the
redistribution of IAA, it is inhibited by the auxin transport inhibitor naphthylphthalamic acid (NPA)
(Extended data).

128



6/17

These experiments establish AuxSen as a reliable tool in plant biology, for the first time enabling scientists

to visualize the dynamics of the main plant hormone directly.

Structural Understanding

Next to improving our design approach we employed the structural data of several variants to gather a
comprehensive understanding of the redesign of a binding pocket as well as factors governing specificity
in general. As expected, comparison of the binding pocket of Trp-Wt with the native ligand TRP and with
bound IAA shows in both cases that the indole-ring is buried in the hydrophobic pocket. However, in the
case of IAA the position of the ligand is flipped by 180° compared to the native ligand with its carboxyl
group now facing towards the guanidino-group of Arg84 without clear interaction ([Supp Material,

smeared density, loop stabilization, crystallography]).

The different substituent positions facilitate a major discriminatory effect introduced by the early variant
T441+588Y. Designs with bulky side-chains at position 88 showed a markedly increase in affinity and
specificity towards IAA (KD). Structural data of this variant with IAA as ligand indicate that the large side-
chain effectively blocks the position for the amino-acid group of the native ligand TRP. Moreover, it tightly
packs the indole-ring and provides a hydrogen bond (HB) interaction for the carboxyl-group of IAA in the
180° degree turned position. This positional stabilization of the IAA carboxyl group results in a stable salt-
bridge to Arg84. The T44L mutation results in an extension of the hydrophobic pocket surrounding the

indole-ring.

The bulky S88 side-chain results in an efficient switch of binding specificity from TRP towards IAA,
however, it simultaneously facilitates IAN binding. Moreover, we observed that improvements in IAA
binding positively correlate with those for binding of IAN. Structural data of intermediate variants either
with bound IAA or bound IAN provide the explanation: both ligands share an almost identical position in
the binding pocket without changing the surrounding residues. The only difference is that the IAA’s
carboxyl group interaction with the guanidino group is replaced by the electronegative nitrogen of the
nitrile acting as interaction partner. The ITC-binding data confirm this similar binding mode. The ratio of

the contributions of AS and AH are comparable between IAA and IAN in most variants.

The only discriminatory handle between IAA and IAN can be exerted by shifting the interaction between
the guanidino-group of Arg84 and the substituents. Structural data on the final variant exemplify this

subtle influence. The change T81M removes a HB partner of R84 which indirectly influences the salt-
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bridge interaction to the carboxyl group (Kd change). The mutation A91H results in a slight
rearrangement (XXX A) of the complete helical stretch resulting in a positional change of R84 fostering an
interaction with the carboxyl- group (Kd change). Both positions exemplify that especially fine-tuning of
binding specificities relies on residues well beyond the ones in contact with the ligand. The mutation

M42F on the other hand results in a more effective packing of the hydrophobic pocket.
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Figure 1: Mutations increasing auxin binding.

a) Structure of the binding pocket of TrpR. Trp is in the middle, the indole ring is perpendicular to the
plane of the paper. Residues directly binding Trp are highlighted in purple. Backbone residues mutated in

this study are shown as arrows. Modified from (Marmorstein et al. 1987).
b) Schemes of Trp and IAA.

c) In the absence of the ligand, the two fluorophores are distant or their chromophore dipoles are
perpendicular to each other: the donor (blue) is exited and directly emits photons. Then the ligand
(black) is bound, the orientation or distance changes and energy is directly transferred from the donor to
the acceptor, which then emits more photons while the photon emission of the donor is quenched. The
energy transferred (Errer) from the donor to the acceptor depends on the sixth power of the distance. See

also (d).
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d) FRET ratio change plotted against IAA concentration and contributions of the individual steps to the

final sensor.
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Figure 2
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Figure 2: Auxin sensor response in protoplasts.

a) Bee plot of the FRET ratio in protoplasts treated with different IAA concentrations. Each dot indicates

readout of a single protoplast. The cross shows the standard deviation and the mean.

b) Protoplasts expressing nuclear localized auxin sensor. The mNeonGreen signal (yellow) becomes

increasingly dominant with increased IAA concentrations.
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Figure 3
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Figure 3. pEF-1a::NLS:AuxSen in the root. Overlay of donor (green) and acceptor (red) channels.
(a) Root tip, the arrow points to the auxin maximum in the meristem.
(b) FRET signal over time upon IAA treatment.

(c) Time course of auxin concentration upon gravistimulus. Only the bottom cells are shown.
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Figure 4
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Figure 4. Structural understanding.

a) Structure of TrpR-Wt bound to the native ligand TRP (gray) and bound to the design-target IAA (green).

IAA shows a ligand position turned by 180° compared to TRP.
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b) Comparison between TrpR-Wt and an initial beneficial variant TrpR-S88Y+T44L (salmon) both bound to
IAA. The bulky side-chain of Y88 results in a more stabilized position of the IAA promoting a stable salt

bridge to R84. The T44L mutation results in disfavoring alternative positions for the carboxyl group.

c) Binding pocket of our final variant AuxSen (magenta). Next to the mutations S88Y and T44L already
indicated in b the mutation T81M result in disfavoring R84 - IAN interaction as compared to IAA. A91H
further promotes a rearrangement of the complete helical stretch (red arrow) which readjusts R84 in
favor of a IAA interaction. The mutation M42F results in an extension of the hydrophobic pocket,

additionally stabilizing the indole-ring.

d) Comparison between IAA (magenta) and IAN (cyan) binding in an intermediate variant (TrpR-
MA42F+T44L+T811+S88Y). The binding mode and position in the pocket is almost identical for both ligands
with no rearrangements in surrounding residues. The only difference stems from a different interaction
propensity with the R84 moiety. Consequently position altering this interaction are prone to foster

distinction between the two molecules.
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