Plant and Cell Physiology Advance Access published October 24, 2016

Challenge Integrity: The Cell-Penetrating Peptide BP100
Interferes with the Auxin-Actin Oscillator

Running head: BP100 interferes with the auxin-actin oscillator

Corresponding author: Prof. Dr. P. Nick, Molecular Cell Biology, Botanical Institute, Karlsruhe
Institute of Technology, Kaiserstr. 2, D-76128, Germany. Phone +49 721 608 42144; Fax +49
721 608 44193; peter.nick@kit.edu

Subject areas: (7) membrane and transport; (2) environmental and stress responses
Figures, black and white: 5
Figures, colour: 2

Supplementary videos: 7

© The Author 2016. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved.
For Permissions, please e-mail: journals.permissions@oup.com

9T0Z ‘22 .go100 U0 1 |3 -2iBojouyos] Ny nnisu| synsire 1 /6io'seunolpiojxo-dod;/:dny wouy pspeojumoq


http://pcp.oxfordjournals.org/

Challenge Integrity: The Cell-Penetrating Peptide BP100
Interferes with The Auxin-Actin Oscillator

Kai Eggenberger™, Papia Sanyal®™, Svenja Hundt'®, Parvesh Wadhwani™, Anne S. Ulrich®, Peter
Nick®®

“Molecular Cell Biology, Institute of Botany and DFG-Center of Functional Nanostructures (CFN), Karlsruhe
Institute of Technology (KIT), Kaiserstr. 2, D-76128 Karlsruhe, Germany

®linstitute of Biological Interfaces (IBG-2), and DFG-Center of Functional Nanostructures (CFN), Institute of Organic
Chemistry, Karlsruhe Institute of Technology (KIT), Fritz-Haber Weg 6, D-76131 Karlsruhe, Germany

Abbreviations
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Abstract. Actin filaments are essential for the integrity of the cell membrane. In addition to this structural role,
actin can modulate signalling by altering polar auxin flow. On the other hand, the organisation of actin filaments
is modulated by auxin constituting a self-referring signalling hub. Although the function of this auxin-actin
oscillator is not clear, there is evidence for a functional link with stress signalling activated by the NADPH oxidase
Respiratory burst oxidase Homolog (RboH). In the current work we used the cell-penetrating peptide BP100 to
induce a mild and transient perturbation of membrane integrity. We followed the response of actin to the BP100
uptake in a GFP-tagged actin marker line of tobacco BY-2 by spinning disc confocal microscopy. We observed
that BP100 enters in a stepwise manner and reduces the extent of actin remodelling. This actin "freezing" can be
rescued by the natural auxin indole-acetic acid, and mimicked by the auxin-efflux inhibitor NPA. We further
tested the role of the membrane-localised NADPH-oxidase Respiratory burst oxidase Homolog (RboH) using the
specific inhibitor diphenyl iodonium (DPI) and found that DPI acts antagonistic to BP100, although DPI alone can
induce a similar actin "freezing" as well. We propose a working model, where the mild violation of membrane
integrity by BP100 stimulates RboH, and the resulting elevated levels of reactive oxygen species interfere with
actin dynamicity. The mitigating effect of auxin is explained by competition of auxin and RboH triggered
signalling for superoxide anions. This self-referring auxin-actin-RboH hub might be essential for integrity sensing.

Keywords. Actin . Auxin . BP100 . Respiratory burst oxidase Homolog (RboH) . Tobacco (Nicotiana tabacum L.)
BY-2.
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Introduction

The dynamic self-organisation of cells relies to a large extent on specific interactions between proteins mediated by
astonishingly short peptide motives. Genetic engineering has made it possible to manipulate these interactions by
altering the nucleotide sequences encoding the interaction sites. As an alternative to this indirect strategy of
manipulation, it should also be possible to interfere with protein-protein interactions by adding tailored peptides
(for review see Colombo et al. 2015). However, the application of chemical engineering is limited by the fact that
exogenous peptides cannot cross the membrane barrier without specific carriers. Since pathogens have to
overcome membrane barriers in order to manipulate host cells, peptides that are able to cross the membrane
barreer have evolved independently in several groups of organisms. For instance, the evolution of biotrophic
Oomycete pathogens was mainly driven by the development of versatile and often host-specific effector peptides
(Jiang and Tyler 2012) These so-called cell-penetrating peptides (CPPs) include the famous nuclear transcription
activator protein (Tat) of HIV or transportan (Fanghanel et al. 2014), often harbour a high density of basic residues,
or exhibit an amphiphilic character. (Wender et al. 2000). The possibility to exploit these CPPs as vehicles to convey
functional cargoes such as RNA, DNA, drugs, peptides or even proteins into cells of interest, has attracted
considerable attention, although the mechanisms of membrane passage are not yet fully understood.

Due to their promising potential for medical applications, mammalian cells have been clearly in the focus of this
strategy. However, several reports have shown thatplant protoplasts (Chang et al. 2005; Chugh and Eudes 2007;
Chugh and Eudes 2008; Unnamalai et al. 2004) and even walled cells (Mizuno et al. 2009) are competent for the
uptake of CPPs as well. In addition to fluorescently labelled CPPs (Eggenberger et al. 2011), the rapid uptake of
biomimetic peptoids could be shown for walled tobacco cells (Eggenberger et al. 2009). This uptake was found to
be partially dependent on actin, indicating that a membrane-associated subpopulation of microfilaments might
facilitate membrane passage. In fact, a fine meshwork of dynamic actin directly subtending the plasma membrane
has been found to be essential for the resistance of membrane integrity against electrical (Hohenberger et al. 2011)
and osmotical challenges (Liu et al. 2013). This functional subpopulation of actin complements the intensively
studied transvacuolar actin cables that structure transvacuolar cytoplasmic strands (Sheahan et al. 2007) and are
important for transport of organelles, such as peroxisomes (Mathur et al. 2002), chloroplasts (Kadota et al. 2009),
mitochondria (Van Gestel et al. 2002), or Golgi vesicles (Boevink et al. 1998).

Since the membrane-adjacent actin seems to be relevant for membrane integrity, we wondered, whether this actin
subpopulation might be functionally linked to the uptake of CPPs. As experimental model we used the short
cationic peptide BP100 (KKLFKKILKYL-amide). To follow uptake, this peptide was also used is a derivative, where a
FITC residue was conjugated to the N-terminus. The peptide BP100 is amphiphilic and can pass the membrane in o-
helical form. BP100 had been designed on the base of cecropin A (a naturally occurring peptide with antimicrobial
activity found in the moth Hyalophoracecropia) and melittin (the membrane-permeabilising component of bee
venom), and tailored for activity against phytopathogenic bacteria such as Pseudomonas syringae or Xanthomonas
vesicatoria (Badosa et al. 2007, 2009; Ferre et al. 2006). In our previous work (Eggenberger et al. 2011), we could
show that BP100 can penetrate across the plasma membrane into living, walled tobacco cells independent of
endocytosis. While uptake was found to be constrained by the presence of microtubules, it was dependent on the
actin cytoskeleton. As a further step towards plant chemical engineering, BP100 was later used as vehicle to deliver
the small actin-binding peptide Lifeact as functional cargo, and indeed this cargo targeted specifically to actin
filaments in living tobacco BY-2 cells (Eggenberger et al. 2011).

Making use of a GFP-tagged actin marker line in the cellular model tobacco BY-2 in combination with spinning disc
confocal microscopy, we show in the current work that the uptake of BP100 occurs in a discontinuous manner, and
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that the membrane-adjacent cortical actin filaments respond to BP100 by reduced dynamicity, causing a rigid,
frozen morphology of these filaments. The term actin dynamicity which is used throughout this work and is defined
as operational parameter of global actin dynamics comprising elongation and shortening of F-actin as well as lateral
displacement of filaments. The unexpected “actin-freezing” effect of BP100 can be rescued by exogenous natural
auxin (indole-acetic acid). In addition, the effect of BP100 upon cortical actin can be suppressed in a strongly
synergistic manner, when the membrane-localised NADPH-oxidase Respiratory burst oxidase Homolog (RboH) is
inhibited by diphenyl iodonium (DPI). We integrate these data into a working model, where BP100 appears to
interfere with the oscillatory auxin-actin circuit (for review see Nick 2010). This dynamic regulatory circuit might
function to sense membrane integrity, as important input for the signalling regulating programmed cell death, for
instance in the context of plant defence (Chang et al. 2015).
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Results

The uptake of BP100 is discontinuous and dependent on balanced actin dynamics. To investigate the response of
plant cells to the cell-penetrating peptide BP100, we first determined the time course and dose-dependency of
uptake, making use of a fluorescent conjugate of BP100 with FITC at the N-terminus. The uptake was quantified by
measuring the mean fluorescence intensity of the fluorescent reporter, corrected for background intensity. The
cells were investigated at day 3 after subcultivation, a time point, where proliferation activity has already ceased
(Maisch and Nick 2007), such that only interphase cells were tested. To obtain reliable results, the signal-noise ratio
was adjusted by raising the concentration of the fluorescent BP100 to 4 uM. This time course was clearly
discontinuous (Fig. 1A): After a rapid onset, uptake stopped at around 30 min, but resumed at 60 min and
continued till 90 min, halted again for about 30 min, and restarted then at 120 min, up t0150 min when the uptake
was saturated. Each of these three cycles of uptake and pause increased the total intracellular abundance of the
fluorescent reporter. However, during each of these cycles, the increase in signal intensity became smaller — thus,
the third step (from 120 min) yielded only half the increase seen during the first step. Since the time interval of the
experiment (2.5 h) is too small to generate any measurable increase of cell number nor cell volume, the progressive
slowdown of uptake cannot be accounted for by a dilution of the peptide, but must be an innate property of
uptake. A dose-response curve measured at 120 min (Fig. 1B) showed a significant uptake already for 0.5 uM of
BP100, and saturation between 5 and 10 uM. Half-maximal uptake was observed for 3.5 uM. In the next step, we
examined to what extent this uptake was dependent on actin, using both pharmacological and genetical
manipulation. When actin filaments were eliminated by Latrunculin B (Fig. 1C, LatB), this caused a small but
significant reduction of uptake (by about 30%). The same effect was observed when the dynamics of actin filaments
were suppressed by treatment with phalloidin (Fig. 1C, Pha). Again, uptake was decreased by about 30%. In
contrast, in cells overexpressing tobacco WLIM1, a protein stabilizing actin filaments, uptake was almost doubled,
whereas in cells overexpressing the actin-bundling protein tobacco villin (Fig. 1C, VLN1), uptake was reduced by
about 60%. When the actin-binding domain of plant fimbrin (FABD2) - used as a state-of-the art marker for plant
actin (but producing a mild stabilization of actin filaments) - was overexpressed, this stimulated uptake almost
threefold. In contrast, the non-plant actin-binding protein mouse talin (mT), and the yeast-derived peptide Lifeact
(in fusion with a photoswitchable RFP, LApsRFP) did not produce any significant changes in uptake. To test whether
the stimulation of uptake by WLIM1 and FABD2, and the inhibition by villin or phalloidin might be correlated with a
different degree of stabilization conferred by these molecules, we used a cell line in which the actin-stabilising LIM-
domain was expressed under control of a dexamethasone-inducible promotor (Fig. 1D). We observed that a low
concentration of the inducer (0.3 uM) produced a strong (almost threefold) stimulation of uptake, whereas this
stimulation decreased progressively when the concentration of the inducer was raised. A non-transformed WT
treated in parallel as negative control, did not show any stimulation of uptake in response to dexamethasone (Fig.
1D, grey triangles). This finding indicates that the degree of stimulation depends on the extent of actin stabilization.
Taken together, it appears that BP100 is taken up in a stepwise manner depending on actin dynamics.

The uptake of BP100 depends on apical dominance within the cell file. Suspension cells of tobacco divide axially,
generating a pluricellular file that - with respect to several features such as synchronization of cell division by a
directional flux of auxin - behaves like a very simple organism (for review see Opatrny et al. 2014). Here, the apical
cell acts as organizer and also differs with regard to a gradient of the actin-nucleation factor Arp3 (Maisch et al.
2009). We therefore asked whether the uptake of BP100 would differ depending on the position of the cell along
the cell file. In order to ensure that potential differences reflect steady-state levels and not just kinetic differences
of accumulation, we scored the result 2 h after addition of the fluorescent BP100 conjugate. The concentration of
the fluorescent BP100 had to be selected sufficiently high to ensure a robust ratio of signal to noise. Since we
recorded a single time point, where uptake was already saturated, rather than a short-term time course of uptake,
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a concentration of 2 uM was found to be sufficient. Indeed, the uptake of fluorescently labelled BP100 into the
apical cells was clearly elevated compared to the downstream cells in the file (Fig. 2A). This difference (termed in
the following as apical dominance A) was quantified by integrating the fluorescence intensity in the apical versus
the subapical cell, and relating this difference to the total intensity integrated over both cells (Fig. 2C). Apical
dominance was pronounced under control conditions, with more than 2/3 of uptake in the first two cells being
partitioned to the apical cell. When followed over time (Fig. 2D), apical dominance was manifest from the
beginning. However, apical dominance was very sensitive to pharmacological manipulation targeted to auxin:
Exogenous indole acetic acid (IAA), as well as inhibition of polar auxin transport by 1-N-naphthyl phthalamic acid
(NPA), or 2,3,5-triiodobenzoic acid (TIBA), could completely eliminate the gradient of uptake into the apical cell. As
a consequence, overall uptake into the cell file was strongly reduced after treatment with these inhibitors (shown
exemplarily for NPA in Fig. 2B). The same holds true for the myosin inhibitor 2,3-butanedione monoxime (BDM)
and Brefeldin A (BFA), an inhibitor of vesicle traffic that perturbs the localization of membrane proteins including
the PIN proteins as putative auxin-efflux transporters (Fig. 2C). These inhibitors eliminate apical dominance by
reducing the preferential uptake of BP100 into the apical cell. The elimination of apical dominance is even
accentuated by the fact that also the uptake into the non-apical cells was decreased. As a consequence, the signal
in the apical cell becomes as low as in the downstream cells of the file (Fig. 2B).

BP100 causes rapid and reversible freezing of cortical actin filaments. Since the uptake of BP100 was found to
depend on actin dynamics (Fig. 1), and since dynamic actin filaments subtend the plasma membrane, we
investigated the response to BP100 by recording time-lapse series for this dynamic actin population and
quantifying the dynamics of actin remodelling (Nick et al. 2009). This remodelling is a complex phenomenon
comprising rapid processes such as elongation of filaments, shortening of filaments, or lateral displacements
(exemplarily shown in Fig. 3E), accompanied by slower processes such as bundling. As operational parameter
integrating over these individual processes, we introduced actin dynamicity. This actin dynamicity is to be
distinguished from actin dynamics in the conventional sense of assembly and disassembly, and was determined as
differential of F-actin in subsequent frames of a time-lapse series. To follow actin dynamicity we used a FABD2-GFP
fusion construct with the actin-binding domain 2 of plant fimbrin, a state-of-the-art marker with only mild effects
on actin dynamics (for a discussion of this aspect refer to Guan et al. 2014). In fact, cortical actin filaments revealed
extensive remodelling when projections of confocal z-stacks collected at subsequent time points were compared.
Even when the time interval was reduced to 30 sec, which was the minimal time to record a z-stack through the
cell, extensive remodelling could be seen between subsequent frames (Fig. 3A, Suppl. Movies S1 and S2). This high
dynamicity persisted over the first 20 min of observation (Fig. 3B), but later decreased slowly and dropped to
around half the initial value. In contrast to the high dynamicity in the control, cells treated with 1 uM of BP100
rapidly lost actin dynamicity (Fig. 3A, Suppl. Movie S3). To avoid irreversible cellular damage, a low concentration
of 1 uM was chosen for the peptide in this and all subsequent experiments. Nevertheless, the drop in actin
dynamicity was clearly of a different quality when compared to the slow decrease observed in the control from 20
min after onset of imaging (Fig. 3B). The BP100-induced loss of actin dynamicity was very rapid - already in less
than 10 min the dynamicity had dropped to around 25% of the initial value, and continued to decrease further such
that after 40 min the actin filaments appeared to be completely frozen and immobile. To test whether this loss of
actin dynamicity was irreversible, we conducted a rescue experiment with the natural auxin indole-3-acetic acid
(IAA), which can restore a normal actin organisation in cells, where actin is bundled due to overexpression of the
actin-binding protein mouse talin (Maisch and Nick 2007; Kusaka et al. 2009). Indeed, it was possible to re-initiate
actin dynamicity in cells, in which the treatment with BP100 had led to a complete immobilisation of the actin
filaments (Fig. 3C, Suppl. Movie S4). This recovery was rapid and complete - within 15 min after addition of 2 uM
IAA, the dynamicity had returned to the values observed in the control. This experiment also showed that the
concentration of 1 uM BP100 was low enough to avoid irreversible damage over the time span of this type of
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experiments. To get insight into some of the elementary processes underlying actin dynamicity, we quantified
elongation and shortening rates in randomly selected sets of individual actin bundles, and also determined
apparent bundle thickness for the key conditions of the experiments described above (Suppl. Table 1). Under
control conditions, the elongation rate slightly exceeded shortening. The "frozen" configuration of actin produced
by BP100 (1 uM over 2 h) was accompanied by a strong decrease of both elongation and shortening, and a more
than twofold increase of apparent bundle thickness. Treatment with IAA (2 uM over 30 min) more than doubled
the elongation rate and caused a slight (by around one third) decrease of apparent bundle thickness. When IAA was
administered to the "frozen" filaments produced by BP100 (1 uM over 2 h), apparent bundle thickness returned to
the value found in control cells, and also elongation and shortening rates were rescued. To test, whether depletion
of endogenous IAA can phenocopy the effect of BP100, the cells were treated by 50 uM of the 1-N-Naphthyl
phthalamic acid (NPA), an inhibitor of auxin efflux carriers. Within a few minutes after addition of this compound,
dynamicity decreased strongly (Fig. 3C). In a control experiment, the long-term response of dynamicity to BP100
was assessed in a population of cells incubated in batch under conditions of a suspension culture (i.e. while rotating
on a shaker) to avoid artificial loss of dynamicity by prolonged exposure on a microscopical slide. This experiment
showed rhythmic changes of dynamicity (Suppl. Fig. 1), where dynamicity partially recovered from 40 min, when it
was low to a higher value at 80 min, and then decreased again to a second low at 120 min, followed by a weaker
recovery at 160 min.

Overexpression of actin marker FABD2-GFP accentuates negative impact of BP100. Since the dynamicity of actin is
required for auxin transport (Maisch and Nick 2007, Nick et al. 2009), the reduced actin dynamicity caused by
BP100 is expected to impair auxin-dependent processes, such as cell division. We therefore recorded dose-
response curves for viability and mitotic index 24 h after addition of BP100 in the non-transformed BY-2 wildtype
and compared this with the FABD2 overexpressor line. In the non-transformed wild type cells, concentrations of
BP100 exceeding 1 uM significantly increased long-term mortality (Fig. 4A). This increase requires some time to
develop, and becomes detectable from 6 h after addition of BP100 (Gao et al. 2016). When the concentration was
raised to 10 uM all cells died within 24 h. The half-maximal effect was reached for 5 uM BP100. Cell proliferation is
blocked at much lower concentrations compared to viability (Fig. 4B). Here, for the non-transformed wild type,
concentrations exceeding 0.1 uM of BP100 reduced the mitotic index significantly, i.e. at 1 UM mitotic activity has
dropped to less than half of the control value. This means that proliferation is inhibited at concentrations of BP100
that are around one order of magnitude lower than those causing cell death. If this negative impact of BP100 on
cellular physiology is linked with actin, overexpression of the actin marker FABD2, which causes a mild stabilisation
of actin filaments, would be expected to accentuate the effect of BP100. In fact, the dose-response curve of
mortality shows a slight shift (Fig. 4A), with saturation already reached at 8 uM (compared to 10 uM in the non-
transformed control). However, this shift was below the threshold for statistical significance if P=0.05 was
considered. However, for cell proliferation (Fig. 4B), a clear and pronounced difference was observed (Fig. 4B).
Here, the mitotic index became already significantly inhibited from 50 nM of BP100 in the FABD2 overexpressor.
Compared to the non-transformed wild type, the transgenic line was more sensitive by around one order of
magnitude. Thus, overexpression of the actin-stabilising marker FABD2 renders the cells more sensitive to the
negative effect BP100 upon mitotic activity.

Diphenylene iodonium and BP100 act antagonistically on actin freezing. We had found that the natural auxin
indole acetic acid can rescue actin dynamicity after BP100 treatment (Fig. 3C, Suppl. Movie S4). In our previous
work (Chang et al. 2015), we had shown that the effect of auxin on actin depends on the activity of the membrane-
associated NADPH oxidase Respiratory burst oxidase Homolog, RboH (Chang et al. 2015). The superoxide anions
generated by this enzyme, are required for auxin signalling and are thus not able to induce actin bundling. By
diphenyleneiodonium (DPI), a specific inhibitor of the NADPH oxidase RboH, the formation of superoxide anions
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should be suppressed, and this is expected to mimick the effect of auxin upon actin bundling. When DPI was
administered alone, this did not cause actin freezing in most cells, even for long treatment times up to 90 min (Fig.
5A, Suppl. Movie S6). However, in a significant fraction of cell, actin dynamicity was low (for details see below). In
the next experiment, we tested whether DPI could phenocopy auxin with respect to the rescue of actin dynamicity.
In this experiment, cells were first treated by BP100 for 1 h, such that actin dynamicity was completely abolished,
and subsequently, these cells were treated with DPI. This treatment could indeed restore actin dynamicity in some
cells (Fig. 5A, Suppl. Movie S7). However, other cells were not responsive - the difference was quanitative: either a
cell restored actin dynamicity to a normal level, or it maintained completely immobile actin filaments. Even
neighbouring cells of one file could differ in this response (Suppl. Movie S7). Interestingly, a similar all-or-none-type
heterogeneity could be observed when early stages (15-20 min) of the response to BP100 were examined (Suppl.
Movie S5): some cells still pertained a high level of actin dynamicity, whereas neighbouring cells already displayed
virtually complete actin freezing. With prolonged incubation (60 min), this heterogeneity vanished, because the
fraction of cells with persistent actin dynamicity decreased rapidly, i.e. all cells displayed complete "freezing" of
actin. To account for this discontinuous response of actin dynamicity over the cell population, we scored frequency
distributions of cells over five different levels of actin dynamicity (Fig. 5D) in control cells, in cells treated for 90 min
with BP100 (1 uM), in cells treated for 90 min with DPI (200 nM), and in cells that had been treated first for 60 min
with BP100 and subsequently with DPI for an additional 30 min. For the control, the vast majority of cells clustered
to the upper two levels of actin dynamicity. In contrast, treatment with BP100 shifted the entire distribution into
the two lowest levels. Upon treatment with DPI alone, the majority of cells pertained high levels of dynamicity, but
in contrast to the control there was a significant proportion with frozen actin as well. The effect of DPI on cells that
had been pretreated with BP100 was very clear: here the two highest dynamicity levels clearly prevailed,hence this
treatment almost completely restored the situation in the control. Interestingly, the fraction with immobile actin
found in the experiment, where DPI had been applied alone, was significantly reduced after preceding incubation
BP100. Thus, DPI can rescue BP100 induced actin freezing. But it is also clear that actin dynamicity is not manifest
as a continuous effect, but rather in a highly discrete manner over each individual cell. Individual cells either are in
a state of high actin dynamicity, or actin dynamicity is almost completely shut off. Both states can co-exist even in
neighbouring cells of a file. Especially during early phases of a response (Suppl. Movie S5), or in a situation where
the effect on actin dynamicity is not saturated (DPI alone in Fig. 5D, Supp. Movie S7), this cellular heterogeneity
becomes manifest.
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Discussion

In the current work, we have addressed cellular mechanisms modulating the import of the short cationic cell-
penetrating peptide BP100, which is able to permeate membranes as an amphiphilic o-helix. We see a
discontinuous uptake of BP100 proceeding in cycles of around 20-30 min duration. Each cycle comprises a phase of
rapid uptake, followed by a phasein which transport is mostly halted. Moderate stabilisation of actin promotes
import, whereas elimination of actin or suppression of its dynamicity (as operationally defined parameter
describing the global extent of remodelling) inhibit uptake. BP100 enters preferentially into the terminal cell of the
pluricellular tobacco cell files, and this asymmetry is dependent on auxin transport. The preference for the terminal
cells can be eliminated either by inhibitors of polar auxin transport, or by overriding the auxin gradient along the
file by addition of the natural auxin indole acetic acid (IAA). We therefore addressed the effect of IAA on the
response of actin filaments to BP100 and could show that IAA could rescue actin dynamicity. 1t should be kept in
mind that BY-2 cells (like other tobacco suspension lines) are cultivated in presence of exogenous 2,4-D. However,
the effect on actin is only observed for auxin species capable of polar transport (Maisch and Nick 2007; Nick et al.
2009). The fact that actin dynamicity is also present under control conditions is explained by the activation of
endogenous IAA in response to the 2,4-D present in the medium (Qiao et al. 2010). Conversely, block of polar auxin
transport by NPA can mimick the effect of BP100 with respect to actin "freezing". We also demonstrate that the
negative impact of BP100 on viability and mitotic activity is accentuated in a cell line overexpressing the actin-
binding domain 2 of plant fimbrin, conferring a mild stabilisation of actin. In the search for a mechanism that would
transduce the impaired membrane integrity caused by BP100 to the morphology of actin, we investigated the role
of the membrane-localised NADPH-oxidase Respiratory burst oxidase Homolog (RboH) generating apoplastic
superoxide anions. We show that inhibition of RboH by the specific inhibitor diphenyl iodonium (DPI) can rescue
the "actin freezing" caused by BP100, and that the response of individual cells is discontinuous with a phase
transition between a normal actin dynamicity and a state in which actin filaments undergo "freezing".

BP100 and actin - a bidirectional relationship. The uptake of BP100 is clearly dependent on dynamic actin, because
both the elimination of actin by Latrunculin B, as well as the suppression of actin dynamicity by phalloidin
significantly reduced the uptake of BP100 (Fig. 1C). In contrast, a mild stabilisation of actin by the actin-binding
domain 2 of plant fimbrin (Zaban et al. 2013), or a stimulation of actin remodelling by the actin-binding protein
WLIM (Thomas et al. 2006) were able to enhance uptake. On the other hand, the heavy bundling induced by plant
villin or treatment with phalloidin reduced uptake substantially. Apparently, actin filaments do not only need to be
present, but they also have to be dynamic to a certain extent. To pinpoint this further, we tested uptake in a
transgenic cell line, where the actin-bundling LIM domain can be induced by dexamethasone (Thomas et al. 2006),
by recording the response of BP100 uptake as a function of the concentration of this inducer (Fig. 1D). This dose-
response curve exhibited a clear maximum for low concentrations of dexamethasone, i.e. low abundance of the
LIM domain, whereas the stimulation vanished, when the concentration exceeded 0.3 uM, such that the elevated
abundance of the LIM domain would reduce actin dynamicity. A negative control with the non-transformed wild
type did not show any stimulation of uptake in response to dexamethasone, demonstrating that the effect was
caused by the expression of the LIM domain, and not by a non-specific effect of the inducer. We therefore think
that the slight stabilisation conferred by FABD2 is promotive, whereas the more heavy bundling conferred by
mTalin is beyond the peak (superoptimal), although not as strongly as phalloidin treatment or villin overexpression.
A similar conclusion on the role of stability can be drawn, when the cellular responses to different concentrations
of BP100 are compared between a non-transformed wildtype, and a transgenic line overexpressing the actin-
binding domain 2 of plant fimbrin (Fig. 4). The transgenic line, where actin is mildly stabilised compared to the wild
type, is more sensitive, as manifest by a slightly but significantly increased mortality at higher concentrations of
BP100. The effect becomes more evident, when mitotic activity is considered. Here, the transgenic line responds to
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BP100 by a strong decrease of the mitotic index at concentrations that are around tenfold lower than those needed
in the wildtype to produce a comparable inhibition. The dose-response curves are, thus, shifted by around one
order of magnitude, which correlates actin stability with the response to BP100.

The role of actin for uptake is also, albeit indirectly, supported by the observation of preferential uptake into the
apical cell (Fig. 2). This apical dominance was present from the beginning, as revealed by time-course experiments
(Fig. 2D), and did not emerge from a transitional state, where the peptide was taken up evenly and only later a
gradient developed by intracellular partitioning. The apical dominance was dependent on the gradient of IAA along
the file, and could be eliminated either by overrunning the gradient by exogenous IAA, by inhibiting auxin efflux
through phytotropins, or by interfering with the proper localisation of membrane transporters using Brefeldin A. As
specific cellular feature apical cells are endowed with a significantly higher density of actin nucleation sites as
compared to the subapical cells as visualised by the nucleation marker Arp3 (Maisch et al. 2009). Thus, it appears
that the apical cell which is endowed with a gradient of Arp3 and also acts as organizer of the file, takes up BP100
much more efficiently than the downstream cells of the file. By interference with auxin gradients (either by supply
of exogenous auxin or by interfering with the polarity of auxin flux), this dominance of the apical cell can be
eliminated. Further evidence for the role of actin dynamicity for uptake comes from a batch experiment, where
actin dynamicity was followed over a longer time span in presence of BP100 (Suppl. Fig. 1). Here, rhythmic changes
were observed with partial recovery of dynamicity at 80 min and 160 min, which were time points, where uptake
rates were high as well (Fig. 1A), whereas dynamicity was low at 40 min and 120 min, when also uptake
experienced a transient halt.

However, the observed dependence of BP100 uptake and actin dynamics coexists with a retrograde relationship:
actin dynamicity is clearly downregulated by BP100 (Fig. 3, Suppl. Movies S1-S3). This response is rapid and
complete in less than 15 min. The "frozen" situation is linked with a strong decrease of both elongation and
shortening, and an increase of apparent bundle thickness (Suppl. Table 1). The remodelling of submembraneous
actin is a complex process that involves severing of longer filaments, probably by actin-depolymerization factors
and cofilins, nucleation of new filaments (Smertenko et al. 2010), as well as interaction with microtubules,
presumably via specific formins (Deeks et al. 2010). In addition, cortical filaments are physically linked with the
plant cell membrane as shown by TIRF microscopy (Hohenberger et al. 2011), for instance via actin-
depolymerization factor 2 which can modulate actin dynamics through sensing the abundance of membrane-
anchored phosphatidylinositol 4,5-bisphosphate (PIP,), dependent on signalling events in the membrane (Durst et
al. 2013; Chang and Nick 2015). Thus, although the molecular mechanisms underlying the interaction between
BP100 and the dynamic actin filaments subtending the plasma membrane still need to be identified, there exist
several molecular candidates that might qualify for this task. Since actin elongation resumes, when the "frozen"
state that had been induced by BP100 is rescued by IAA, (Suppl. Table 1), factors that regulate elongation of
filaments are of special interest.

BP100, the auxin-actin oscillator, and cellular phase transitions. The reduction of actin dynamicity induced by
BP100 can be rescued by addition of exogenous auxin (Fig. 3, Suppl. Movie S4), indicating that both auxin and
BP100 converge antagonistically upon the same actin-interacting proteins. This is also supported by the finding that
NPA, an inhibitor of auxin-efflux, can phenocopy the effect of BP100 on actin dynamicity, probably by causing a
depletion of intracellular auxin (Fig. 3C). The modulation of actin remodelling by auxin has been shown previously
for different plant responses, such as division synchrony over the pluricellular cell files of tobacco (Maisch and Nick
2007), or the regulation of tropistic growth responses in rice (Nick et al. 2009). Since, on the other hand, auxin
transport depends on actin (for a recent review see Zhu and Geisler, 2015), this will establish a regulatory circuit.

In the following, we propose on this regulatory circuit and its interaction with BP100. This working model is based

upon a model derived from the interaction between auxin and defence (Chang et al. 2015). As a working model it
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has two functions: to explain the data so far, and to stimulate future experiments. It therefore contains molecular
elements that have not yet been validated experimentally, but are testable in future work. This model predicts that
actin filaments as well as auxin efflux change their dynamics oscillate (reviewed in Nick 2010) with a period of
around 20-30 min (Fig. 6, green numbers). For division synchrony, the role of different actin-binding proteins for
the auxin response of actin has been investigated in more detail (Durst et al. 2013). This search identified actin-
depolymerization factor 2 that can - dependent on the auxin status - shuttle between actin and the cytoplasmic
face of the cell membrane: In the presence of auxin, phosphatidic acid (PA) and its derivative PIP, will accumulate at
the membrane. Both molecules can then sequester different actin-binding proteins. PIP, binds actin-polymerization
factor 2 (Van Troys et al. 2008; Durst et al. 2013), which will result in reduced treadmilling of actin at the minus end
and, consequently, an increased stability of actin filaments. Consistent with this hypothesis, the elongation rate of
F-actin is promoted by exogenous IAA (Suppl. Table 1). On the other hand, PA will sequester actin-capping proteins
to the membrane (Li et al. 2012), such that the elongation of filaments is promoted. In the absence of auxin, PA is
recruited for other targets, such that PIP, will be depleted, leading to a release of actin-depolymerization factor 2
from the membrane (Durst et al. 2013). This will now stimulate actin depolymerization at the minus-end (Ressad et
al. 1998). At the same time, since PA is diverted towards other processes, actin-capping proteins will be released as
well, which will limit the elongation of actin filaments. Under these conditions, severing proteins (Su et al. 2007),
and additional actin nucleation triggered by the released excess G-actin will result in the formation of thicker actin
cables (Moldovan et al. 1998). This mechanism does not exclude the existence of parallel pathways - for instance a
complex between the actin-binding protein twisted-dwarf 1 (twd1) and the auxin efflux system (reviewed in Zhu
and Geisler 2015). Mediated by such pathways, actin filaments can therefore switch between a state in which they
actively elongate and remain thin, and a state in which they halt elongation and undergo bundling. Since the uptake
of BP100 depends on the dynamicity of cortical actin, whereas on the other hand actin dynamicity is modulated by
BP100, a self-referring regulatory circuit is expected to be established, which should oscillate with a period of
around 30 min (the time required to first complete and subsequently release bundling, Fig. 3C). This periodicity
might account for the discontinuous uptake of BP100 (Fig. 1A), which oscillates with a similar period: The initial
rapid uptake of BP100 will cause excessive bundling of actin, which in turn will inhibit further uptake. Subsequent
recovery of actin dynamicity will then initiate the next cycle of uptake. Auxin can obviously interact with this
process and thus maintain actin dynamicity in the presence of BP100. This is supported by the observation that the
actin elongation rate, which is strongly reduced after treatment with BP100, is rescued by exogenous IAA (Suppl.
Table 1). The preferential uptake of BP100 into the terminal cells of a file (Fig. 2) might be linked with the fact that
these cells act as sources for endogenous auxin and are also endowed with a higher abundance of the actin-
nucleation factor actin-related protein 3 (Maisch et al. 2009). As to be expected, this apical dominance of BP100
uptake is sensitive to manipulation of auxin status, for instance, by inhibitors of auxin transport or by adding excess
of exogenous auxin.

Superoxide as missing link? BP100 per se is not binding to actin (Eggenberger et al. 2011), which means that the
bundling of actin filaments must be mediated indirectly, by a transducing event that is triggered when BP100 binds
to the membrane. The mechanisms underlying this transduction event are not known, but one can deduce two
criteria: (i) the transducing molecules must cross the cell membrane and then interact with actin-associated
proteins at the inner face of the cell membrane. (ii) In addition, the transducing molecules must be responsive to
auxin. Both criteria are met by superoxide anions that are generated by apoplastic oxidative burst and penetrate
through the cell membrane into the cell interior. We propose that BP100 interacts with a second circuit that
involves superoxide anions generated by the NADPH oxidase RboH, and actin (Fig. 6, red numbers).
Glutathionylation of actin caused by superoxide (Dixon et al. 2005) sequesters G-actin from incorporation into actin
filaments (Lassing et al. 2007). As a result, dynamic actin filaments will be eliminated due to their innate turnover,
whereas stable actin cables will accumulate. This might be one of the molecular mechanisms underlying the

observed decrease in the rate of filament elongation and shortening (Suppl. Table 1). At the same time the
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superoxide anions will activate the G-protein Rac (Moldovan et al. 1998) which in turn activates phospholipase D,
as important signalling hub, already mentioned above (Wu et al. 2011). One of its products, PA, not only sequesters
actin capping proteins (allowing for elongation of actin filaments and concomitant decrease of actin cables), but
also can recruit Rac to activate RboH itself (Wong et al. 2007). This diversion of Rac will not only constitute a self-
amplification of RboH activity, but will also further suppress actin elongation and thus stimulate bundling.

This RboH-actin oscillator is now linked with the auxin-actin oscillator by superoxide as common signal (Fig. 6),
since the activation of Rac by auxin has been shown to be conveyed by superoxide (Wu et al. 2011). The biological
function of this link between the two oscillator might be the need to partition resources between growth (induced
by auxin) and stress resilience (induced by RboH).

To dissect the interaction between these oscillators, we used diphenylene iodonium chloride (DPI) as tool. This
inhibitor of NADPH-dependent flavoproteins inhibits at low concentrations supporting its specificity. However, a
potential second target of this inhibitor might be membrane-bound nitric oxide synthases that are NADPH-
dependent flavoproteins as well and have been shown in mammalian cells to be inhibited by DPI (Stuehr et. al.
1991). Albeit a membrane-located putative NOS activity has been published for tobacco roots (Stéhr et al. 2001), so
far, despite intensive search, no molecular homologue of the mammalian NADPH-dependent NOS could be
identified in plants. Instead, NO in plant cells is derived from the cytosolic nitrate reductase (Mur et al. 2013). The
absence of plant NOS as second target for DPI, as well as the very low concentration of DPI required to get a
cellular response (200 nM) emphasize the specificity of this inhibitor. We therefore used DPI to address the role of
RboH-dependent oxidative burst for the bundling of actin in response to BP100, and found that DPI could restore
actin dynamicity in a manner similar to auxin (Fig. 5, Suppl. Movies $5-S7). In previous work, we had already shown
in grapevine cells that actin-bundling induced by the bacterial elicitor Harpin, which induces RboH, can be mitigated
by pretreatment with auxin. Moreover, the auxin effect can be mimicked by n-butanol, a specific inhibitor of
phospholipase D, but not by the inactive analogue sec-butanol (Chang et al. 2015). In both cases, superoxide
generated by RboH has been found to be necessary for the bundling response of actin, and in both cases, the
apoplastic oxidative burst is induced by a perturbation of membrane integrity - either by the pore-forming Harpin
protein, or by the membrane passage of BP100. It should be mentioned here that DPI alone caused a heterogenous
response - while actin dynamicity persisted in some cells (Fig. 5D), it was decreased in others. This heterogeneity
might depend on the levels of superoxide accumulated in the cell wall prior to addition of the inhibitor. It remains
to be elucidated to what extent pools of superoxide in the apoplast differ depending on the progression into cell
expansion.

Conclusions and Outlook. Our working model (Fig. 6) should not be seen as a static structure, but rather as a
dynamic process: The response of actin filaments to BP100 is linked with regulatory circuits across the cell
membrane that are either acting in the context of hormonal signalling (auxin-actin oscillator), or are involved in the
sensing of membrane integrity (RboH-actin oscillator). Both circuits converge at superoxide (acting in concert with
the small GTPase Racl) as transmembrane signal that is then read out by a signalling hub, involving phospholipase
D and its products, mainly phosphatidic acid and PIP, that modulate actin remodelling by sequestering actin-
modifiers, such as actin-depolymerization factors and capping proteins. If used in a dynamic manner, this model
can explain several non-intuitive features observed in the cellular response to BP100 (Fig. 7): The fact that both,
BP100 and, in a significant fraction of cells, also DPI can cause actin bundling, if administered alone, while their
combination will leave actin dynamicity intact is explained by mutual competition of two circuits for superoxide and
the small GTPase Racl. Furthermore, the self-amplification of the two circuits is predicted to lead to non-linear
phase transitions in the response of actin. This implication of the model can explain the finding that uptake of
BP100 is discontinuous, and that also the rescue of actin dynamicity by DPI can qualitatively differ even between

neighbouring cells within a cell file. This model further stimulates new questions which will be addressed in future
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research: (1) Can we find cell-penetrating-peptides that can evade "detection" by the RboH-actin circuit in order to
generate tools for chemical engineering that are as non-invasive as possible? (2) Can we find other cell-penetrating
peptides that, controlled by a simple external trigger, efficiently activate the RboH-actin circuit in order to induce
programmed cell death in cells that have been invaded by biotrophic pathogens? (3) By what mechanism can actin
modulate the passage of BP100 into plant cells? (4) Can we, by modulating the RboH-actin oscillator by appropriate
auxin pretreatment, improve the application of BP100 as tool for chemical engineering? (5) Can we identify, which
member of the RboH family is involved in the oscillator (for instance by expression of dominant-negative versions)?

Material and Methods

Peptide synthesis

BP100 was synthesised using standard 9-fluorenylmethoxycarbonyl (Fmoc) solid phase peptide synthesis protocols
and labeled with fluorescein-isothiocyanate (FITC) at the N-terminus as previously described (Eggenberger et al.
2011). The peptide was cleaved from the solid phase and purified by HPLC (Afonin et al. 2003; Wadhwani et al.
2006; Wadhwani et al. 2008), and characterized by analytical liquid chromatography combined with mass
spectrometry (LC-MS).

Cell lines

The tobacco cell line BY-2 (Nicotiana tabacum L. cv. Bright Yellow 2) was cultivated in liquid medium containing
Murashige and Skoog salts (4.3 g L'l) (Duchefa), sucrose (30 g L'l), KH,PO, (200 mg L'l), inositol (100 mg L"l),
thiamine (1 mg L"), and 2,4-dichlorophenoxyacetic acid (0.2 mg L™) at pH 5.8 (Nagata et al. 1990). Cells were
subcultured weekly, inoculating 1-1.5 mL of stationary cells into 30 mL of fresh medium in 100 mL Erlenmeyer
flasks. The cell suspensions were incubated at 25°C in the dark on an orbital shaker (KS250 basic, IKA Labortechnik)
at 150 rpm. Stock BY-2 calli were maintained on media solidified with agar (0.8% (w/v)) and subcultured monthly.
The transgenic cell line GF11 expressing the actin-binding domain of plant fimbrin was maintained on the same
media supplemented with hygromycin (30 mg L'l) (Sano et al. 2005). If not stated otherwise, the experiments were
performed at 3 days after subcultivation.

Treatments and determination of viability and mitotic index

For the evaluation of peptide toxicity, 50 pL of a three day old cell suspension and 950 pL of culture medium were
mixed in a 1.5 mL reaction tube. BP100 was then added to the cells to specified final concentrations between 1 and
10 uM and incubated for 24 hours under continuous shaking. The concentrations were adjusted to the time of
treatment based on the scope of the respective experiment - to test the cellular responses, a concentration of 1
UM BP100 was used, to measure short-term uptake of fluorescent BP100, higher concentrations (2-4 uM) were
used to get a sufficient signal-noise ratio for reliable quantification. Control experiments were performed in
parallel, where the cells were treated in the same manner, but omitting the addition of CPPs. In some experiments,
cells were treated with diphenylene-iodonium chloride (DPI, Sigma-Aldrich, Deisenhofen, Germany), diluted from a
10 mM stock in dimethylsulfoxide (DMSO). These treatments were accompanied by solvent controls, where the
maximal concentration of solvent used in the test samples was administered and not exceeded 0.1%. Following
incubation, the cells were transferred to custom-made staining chambers (Nick et al. 2000) then thoroughly rinsed
with 15 mL of fresh sterile culture medium. For inhibitor experiments, cells were pretreated for 30 min with the
inhibitor, before adding FITC-conjugated BP100. Mitotic index (MI) was quantified as described in Kiihn et al.
(2013). Viability was either determined by fluorescein diacetate (Widholm 1972) or the Evan's Blue dye exclusion
test (Gaff and Okong’O-Ogola 1971) based on at least 750 cells per data point.

Determination of BP100 uptake
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If not stated otherwise, 2 uM of FITC-conjugated BP100 were used to quantify uptake by means of the Image J
software (http://rsb.info.nih.gov/ij/). To ensure comparability, all images were acquired under standardised
conditions (exposure time, brightness, contrast and gamma corrections) inactivating the automatic optimization
protocol of the Axiovision system used for imaging. Fluorescence intensity was averaged over the interior of the
cell using the freehand selection tool of the software and corrected for background against a reference area
outside of the target cell.

Longterm observation of actin dynamics

For long term observation of actin dynamics, 50 puL of stationary phase GF11 cell suspension were diluted with 950
uL sterile culture medium and viewed immediately. Time lapses were recorded by taking a picture of a cross
section through the cells cortical region every 30 seconds for up to two hours. To assess the effect of BP100 on
actin dynamics it was added at a final concentration of 1 uM and evaluated directly or after incubation for two
hours under continuous shaking. Time lapses were recorded for each experimental setup as described above. As
addition of BP100 to the cells resulted in an increased actin rigidity, control experiments were performed in order
to find out whether addition of the plant hormone and actin debundling agent auxin (Maisch and Nick 2007) would
be able to reverse rigid actin phenotype. Therefore, 2 UM auxin was added to the cells at the same time as BP100
or after incubation with the CPP for two hours.

Microscopical analysis

The samples were examined under an Axiolmager Z.1 microscope (Zeiss) equipped with an ApoTome microscope
slider for optical sectioning and a cooled digital CCD camera (AxioCamMRm). For the observation of GFP-
fluorescence filter set 38 HE was used (excitation at 470 nm, beamsplitter at 495 nm, and emission at 525 nm)
(Zeiss). The DNA Signal was recorded through filter set 49 (excitation at 365 nm, beamsplitter at 395 nm and
emission at 445 nm) (Zeiss, Jena, Germany). Images, as well as time lapse recordings, were analyzed using the Axio-
Vision (release 4.5) software and processed for publication using Photoshop (release 5.5, Adobe Systems).

Quantification of actin responses

To obtain a global measure for the dynamic change, actin dynamicity was assessed using the Image J software
(National Institute of Health). Frames from the time series were inverted and thresholded into binary images to
exclude the impact of fluorophore bleaching. The differential of a region of interest between subsequent frames:

f|p(t+ 1) - p(o)|

with p(t+1) and p(t) the intensity value for a given pixel at time point t or t+1, respectively (the possible values
were either 0 or 255, due to the thresholding) was then divided by the area of the scored region of interest.
Upon active remodelling, this value was high, whereas in a situation of "actin freezing", this value was low (Fig. 3D).
Dynamicity was a global measure comprising different processes, such as actin elongation, actin shrinkage /
severing, or lateral displacement of actin filaments (swaying), as exemplarily indicated in Fig. 3E. To relate actin
dynamicity to these processes, individual actin filaments were randomly selected and followed over subsequent
frames to extract changes of length over time using the perimeter tool of Image J. These values were subjected to a
linear regression to extract the parameters of elongation and shortening (Suppl. Table 1). We did not discriminate
between continuous shortening and discontinuous shortening (for instance, caused by severing). To quantify
apparent bundle thickness, a grid of equally spaced probing lines of 8 px width were layered over the cell, four
aligned with the long, and four aligned with the short axis, and intensity profiles were collected along these lines
using the density profile tool. The line width of 8 px is important to filter out random fluctuations and to improve
the robustness of the profile. For each position along this profile d;, the first derivative d;" was divided by d,, yielding
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a value of +1 in the rising flank of an actin bundle, and a value of -1 in the dropping flank, whereas the value will be
0 in the trough between two filaments. Random fluctuations of fluorescence intensity in the trough were filtered
out by multiplication with the preceding value in the profile. (which was most likely 0). By squaring all values, all
pixels that that were part of F-actinm get a value of 1. The sum over the profile S yields thus the fraction of the
profile covered by actin. To determine the number of filaments along this profile, each value was subtracted by the
preceding value. At the leading edge of a filament, this value will be -1, at the trailing edge of a filament, this value
will be +1, it will be 0 in the trough between filaments or in the interior of the filament. By summing up the squares
of these numbers and dividing this value by 2 (because each filament has a leading and a trailing edge contributing
to the value), the number of actin filaments across the profile can be determined. The average width of F-actin, w,
can now be derived as ratio of S and the number of filaments. The values obtained for the 8 profiles across a cell
are averaged.
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Figure Legends

Fig. 1 The uptake of BP100 depends on actin. A Time course of uptake of 4 uM of FITC-conjugated BP100 measured by mean
fluorescence intensity, corrected for background intensity. B Dose-response relation of uptake measured after 2 h. C Actin
dependency of uptake. Uptake of 2 uM FITC-conjugated BP100 measured at 2 h after either pharmacological treatment (white
bars) or in genetically engineered strains of BY-2 (grey bars), relative to the uptake measured in non-transformed untreated
controls.Latrunculin B (LatB, 500 nM), phalloidin (Pha, 1 uM), WLIM1 line expressing tobacco WLIM1 in fusion with GFP under
control of the 35S promotor, VLN1 line expressing tobacco Villin 1 in fusion with GFP under control of the 35S promotor, mT line
expressing mouse talin in fusion with GFP under control of the 35S promotor, LApsRFP line expressing Lifeact in fusion with
photoswitchable RFP under control of the 35S promotor, FABD2 line expressing the actin-binding domain 2 of Arabidopsis
fimbrin under control of the 35S promotor. D Dexamethasone-inducible stimulation of uptake (plotted as % of uptake in the
untreated WLIM line) for inducible expression of the WLIM-domain (open squares) compared to treatment of the non-
transformed wildtype (grey triangles). Data points give mean and standard error from around 150-200 individual cells collected
from three independent experimental series. Brackets indicate significant differences with * P<0.05 and ** P<0.01.

Fig. 2 Apical dominance of BP100 uptake. A Representative images of control cells (con) incubated with 2 uM of FITC-conjugated
BP100 for 2 h. Note the preferential uptake into the apical cells (asterisks) over the other cells of a file. B Representative images
of cells pre-incubated with NPA (50 uM) before incubation with 2 uM FITC-conjugated BP100. C Quantification of apical
dominance A, defined as the ratio between integrated pixel density in the apical cell (a;) over the subapical cell (s;) over the total
integrated pixel density (a, +s ;), for controls or following pretreatment for 4 h with the natural auxin indole-acetic acid (IAA, 10
MM), the auxin transport inhibitor N-1-naphthyl phthalamic acid (NPA, 50 uM), the auxin transport inhibitor 2,3,5-tri-
iodobenzoic acid (TIBA, 20 uM), the myosin inhibitor 2,3-butanedione 2-monoxime (BDM, 30 uM), and the secretion inhibitor
Brefeldin A (BFA, 10 ppm). D Temporal development of apical dominance A in control cells incubated with 2 uM BP100 FITC.
Representative cell file recorded 10 min after addition of the conjugated peptide.

Fig. 3 BP100 causes rapid freezing of actin filaments as visualised in the FABD2-GFP marker line. A Representative sequence of
frames from a time-lapse series of a control cell (upper row) and after treatment with 1 uM of BP100 (lower row), time interval
30 sec. B Changes of actin dynamicity (for details refer to Material and Methods) over time in a control cell (open squares) as
compared to a cell treated with 1 uM of BP100 (closed square). BP100 was mixed with the cells before mounting to ensure rapid
access. Due to the time required for mounting and adjustment of microscopy, observation started 3 min after addition of BP100.
C Restoration of actin dynamicity by 2 uM of IAA added 2 h after 1 uM of BP100 (filled triangles), and loss of actin dynamicity in
response to 50 UM NPA (grey circles) as compared to a control cell without pretreatment (open squares). D Quantification of
actin dynamicity. Subsequent frames of a time series were inverted and converted into binary images. The absolute difference
between these frames (A) was integrated over the area of the frame. The ratio of this value and the area of the ROl was used as
measure for the dynamic change of actin organisation. E Processes contributing to actin dynamicity from two subsequent
frames of a time series collected from a control sample. Actin elongation (white arrows), actin shrinkage and/or severing (grey
arrows), and actin swaying (bent arrow) as events of rapid actin change (bundling is slower and can be measured only over
longer time spans).

Fig. 4 Cellular responses to BP100 are more elevated in a FABD2 overexpressor line. A Dose-response curve for mortality 24 h
after treatment. Two representative images after staining with Evan's Blue are shown. B Mitotic index scored in the maximum of
proliferation activity (days 2-3) relative to the untreated control. Data represent mean values and standard errors of three
independent experimental series. Brackets indicate significant differences with * P<0.05 and ** P<0.01.

Fig. 5 Restoration of actin dynamicity by diphenyleneiodonium chloride (DPI) in the FABD2-GFP cell line. A Representative
sequence of frames from a time-lapse series of a cell that has been treated for 90 min with 200 nM of DPI (upper row), and a
cell that has been treated with 1 uM of BP100 for 1 h and then with 200 nM of DPI for 30 min (lower row), time interval 30 sec.
B Cellular heterogeneity in the response to BP100. Actin dynamicity in two neighbouring cells of a file is shown over time after
addition of 1 uM of BP100. C Disruption of actin filaments observed in the terminal cells of a file after treatment with 1 uM of
BP100 for 30 min. D Frequency distribution over actin dynamicity for control cells, for cells that had been treated with 1 uM of
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BP100 for 90 min, for cells that had been treated with 200 nM of DPI for 30 min, and for cells that had been first treated with 1
UM of BP100 for 1 h and subsequently with 200 nM of DPI for an additional 30 min.

Fig. 6 Working model for the interaction of BP100 with the auxin-actin (green) and the RboH-actin (red) circuits. The auxin-actin
circuit initiates by the docking of auxin (indole acetic acid, IAA) to a receptor at the plasma membrane, which triggers
transmembrane signalling using superoxide anions (green @), resulting in the activation of the small G-protein rac that will
transduce the signal into an activation of phospholipase D generating phosphatidic acid (PA), which can be further converted
into PIP2 (green @). PA can sequester actin capping proteins (cap) to the membrane, facilitating the elongation of actin
filaments, whereas PIP2 can bind actin-depolymerization factor (ADF), which will reduce disassembly at the minus ends of actin
filaments (green ®). As a result, actin filaments are dynamically elongating, which is supporting localisation of auxin-efflux
carriers (possibly in a complex with twisted dwarf 1) at the plasma membrane (green @) such that the concentration of auxin in
the apoplast will increase. The RboH-actin circuit initiates by the partial reduction of apoplastic oxygen into superoxide anions
(red @) by the NADPH oxidase Respiratory burst oxidase Homolog (RboH). This reaction is constitutively active to a certain
extent and is necessary to sustain growth, for instance, by providing superoxide anions necessary to support auxin signalling
(green @). However, in contact with BP100, the passage of superoxide anions becomes elevated - either because the activity of
RboH is induced or because the permeability of the membrane to superoxide anions is temporarily increased in consequence of
BP100 membrane passage. The membrane passage of superoxide anions that are not recruited for auxin signalling will stimulate
binding of rac to PA, and this complex is then committed for the activation of RboH (green ®). This will reduce the abundance of
PA available for the sequestration of capping proteins that are therefore released and block actin elongation. Moreover, the
conversion of PA into PIP2 will be reduced, such that also ADF is released from the membrane stimulating decay of dynamic
actin filaments. The excess of G-actin will then result in actin bundling. In parallel, penetrating superoxide anions will stimulate
glutathionylation of G-actin, which then will not be able to reintegrate into filaments (red ?).

Fig. 7 Implications derived from the working model depicted in Fig. 6 for the experimental conditions used in this study. Green
circles represent the auxin-actin circuit, red circles represent the RboH-actin circuit. PA phosphatidic acid, PIP2 phosphatidyl
inositol-4,5-bisphosphate, ADF actin depolymerization factor, cap capping protein, DPI diphenylene iodonium, IAA indole acetic
acid (natural auxin). Inactive rac is depicted in blue, active rac in green, ADF and cap in grey represent the inactive forms
sequestered to the membrane.

Supplemental Fig. 1 Long-term response of actin dynamicity to treatment with 1 uM of BP100 measured over a cell population
treated in batch under conditions of a suspension culture. Values represent mean values and standard errors of n = 20 individual
cells from a single experimental series.

Supplemental Movie S1 Time-lapse series of a FABD2-GFP cell under control conditions, time interval 30 sec. Geometrical
projections of confocal z-stacks are shown.

Supplemental Movie S2 Time-lapse series of a FABD2-GFP cell under control conditions, time interval 30 sec. Confocal sections
in the cortical region are shown.

Supplemental Movie S3 Time-lapse series of a FABD2-GFP treated with 1 pM of BP100 3 min prior to the start of the series,
time interval 30 sec. Geometrical projections of confocal z-stacks are shown.

Supplemental Movie S4 Time-lapse series of a FABD2-GFP treated with 1 uM of BP100 for 2 h and then supplemented with 2
UM of IAA 3 min prior to the start of the series, time interval 30 sec. Geometrical projections of confocal z-stacks are shown.

Supplemental Movie S5 Cellular heterogeneity in the response visualised by a file of FABD2-GFP cells that had been treated
with 1 uM of BP100 for 15 min. Time interval 60 sec. Confocal sections in the cortical region are shown. Note the qualitative
difference in actin dynamicity between the neighbouring cells.

Supplemental Movie S6 Time-lapse series of a FABD2-GFP treated with 200 nM of DPI for 90 min, time interval 30 sec. Confocal
sections in the cortical region are shown.
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Supplemental Movie S7 Cellular heterogeneity in the response visualised by a file of FABD2-GFP cells that had been treated
with 1 uM of BP100 for 1 h and then with 200 nM of DPI for 30 min. Time interval 30 sec. Confocal sections in the cortical region
are shown. Note the qualitative difference in actin dynamicity between the neighbouring cells.
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