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Abstract Ginkbilobin is a short antifungal protein that had
been purified and cloned from the seeds of the living fossil
Ginkgo biloba. Homologues of this protein can be detected in
all seed plants and the heterosporic fern Selaginella and are
conserved with respect to domain structures, peptide motifs,
and specific cysteine signatures. To get insight into the cellular
functions of these conserved motifs, we expressed green fluo-
rescent protein fusions of full-length and truncated
ginkbilobin in tobacco BY-2 cells. We show that the signal
peptide confers efficient secretion of ginkbilobin. When this
signal peptide is either cleaved or masked, ginkbilobin binds
and visualizes the actin cytoskeleton. This actin-binding ac-
tivity of ginkbilobin is mediated by a specific subdomain just
downstream of the signal peptide, and this subdomain can also
coassemble with actin in vitro. Upon stable overexpression of
this domain, we observe a specific delay in premitotic nuclear
positioning indicative of a reduced dynamicity of actin. To
elucidate the cellular response to the binding of this
subdomain to actin, we use chemical engineering based on
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synthetic peptides comprising different parts of the actin-
binding subdomain conjugated with the cell-penetrating pep-
tide BP100 and with rthodamine B as a fluorescent reporter.
Binding of this synthetic construct to actin efficiently induces
programmed cell death. We discuss these findings in terms of
a working model, where ginkbilobin can activate actin-
dependent cell death.
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Introduction

Plants as sessile organisms cannot run away when they are
attacked nor can they rely on mobile defence cells that consti-
tute the core of animal immunity. Instead, plant defence is
based upon the innate immunity of individual cells. This in-
nate immunity is composed of two layers (Jones and Dangl
2006): on the one side is a broad-spectrum basal defence,
which can be triggered by microbial associated molecular pat-
terns (MAMP) and activate the production of secondary me-
tabolites or proteins with antimicrobial activity. Specialized
pathogens have adapted to this host response by so-called
effector molecules which can suppress this basal defence, such
that the pathogen can invade the host cell. On the other side,
during the coevolution with these pathogens, some host plants
have acquired specific receptors that can recognize the micro-
bial effectors and reactivate defence. As final response to mi-
crobial invasion, this effector-triggered immunity (ETI) can
culminate in programmed cell death. Cell-death-related im-
munity is a very effective strategy to kill or at least to contain
the intruder, but it is a meaningful strategy only in organisms
where cells have developed a high degree of functional coop-
eration. Cell-death-related immunity is therefore not expected
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in most of the algae where true multicellularity has not been
fully achieved but must have evolved later during the evolu-
tion of terrestrial plants. Nonetheless, there is evidence for a
second, possibly independent development of cell-death-
related immunity in the kelps, macroalgae that have developed
true multicellularity as well (for review see Weinberger 2007).
The finding that programmed cell death has been discovered
also in clonal unicellular microorganisms, for instance in
yeasts, indicates that cell-death-related immunity might have
evolved from biofilm-related precursors (Severin and Hyman
2002).

Secretion of toxic compounds is therefore considered to be
the primary and most ancient tool of defence. In fact, there is a
rich literature describing such compounds from lower plants
including mosses (for review see Ponce de Leon and
Montesano 2013), ferns (Banerjee and Sen 1980; Lin et al.
2000; Parihar et al. 2010), and algae (Kubanek et al. 2003).
Production and secretion of these compounds are expected to
be inducible for mainly two reasons: (a) It sequesters consid-
erable metabolic activity, which is thus not available for nor-
mal growth and development and (b) these compounds are
toxic, so one strategy to evade autointoxication of the produc-
er cell or tissue is to strictly confine the production of these
compounds to the time when they are needed and to the loca-
tion where they are needed.

The invention of seeds as mobile and robust means for gene
flow has confronted plant defence with a new challenge: as an
adaptation to the propagation function, maturating seeds shut
down metabolic activity almost completely. A structure that is
densely packed with rich biological resources and at the same
time is metabolically inactive represents a very attractive tar-
get for microbial attack. Since, under these circumstances,
inducible defence does not provide an efficient strategy to
ward off pathogens from seeds, seed plants (and possibly al-
ready the heterosporic ferns, such as Selaginella) must have
evolved constitutive protection against fungal attack.

Ginkgo biloba as a ‘living fossil’ represents one of the most
ancestral lines in the gymnosperms and therefore might serve
as an interesting model to address the question about the evo-
lution of seed immunity. In fact, Ginkgo seems to be highly
resistant to pathogens, which may be the reason why this
unique tree can live up to 2500 years. In fact, this species is
rich in pharmacologically active compounds that are also
exploited for medical applications including antioxidant,
neurotransmitter/receptor modulatory, and anti-platelet acti-
vating activities (for review see Diamond et al. 2000).
Ginkgo has been used not only as source of food (the roasted
embryo sack) but also in traditional medicine. Under the tra-
ditional name Bai Guo it is used due to its vasodilating activ-
ity, for instance, to cure hypertension and dementia (Kleijnen
and Knipschild 1992). A jasmonate-dependent defensin gene
(Shen et al. 2005) and a chitin-binding antimicrobial protein
(Huang et al. 2000) cloned and purified from G. biloba leaves
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provide further evidence for efficient inducible basal immuni-
ty in this species.

The general question of seed immunity is even accentuated
in G. biloba, because the immature seed is shed several
months before fertilization actually takes place, which means
that the delicate gametophytes have to survive for a long pe-
riod amidst of the progressively rotten fleshy tissue. In fact,
seeds of G. biloba contain high levels of the antifungal protein
ginkbilobin (Wang and Ng 2000) that exhibits sequence sim-
ilarity to embryo-abundant proteins mainly from gymno-
sperms, and a homology with the extracellular domain of an-
giosperm cysteine-rich receptor-like kinases (Sawano et al.
2007; Liu et al. 2010). The angiosperm homologues of
ginkbilobin share the characteristic feature of receptor-like
kinases, such as the N-terminal signal peptide, an extracellular
domain (which is the domain exhibiting the homology with
ginkbilobin), a transmembrane region, and a C-terminal do-
main with eukaryotic kinase signatures (for review see van der
Geer et al. 1994). Ginkbilobin has been purified in two ver-
sions—the full-length protein contains a signal peptide and is
termed ginkbilobin-2, while the first discovered ginkbilobin-1
is a fragment lacking the signal peptide and the DUF26 do-
main harbouring a characteristic cysteine signature, which is
conserved between all plant homologues of ginkbilobin in-
cluding the angiosperm receptor-like kinases (Wang and Ng
2000; Sawano et al. 2007).

To get insight into the potential cellular targets of
ginkbilobin, we expressed green fluorescent protein (GFP)
fusions of full-length and various truncated ginkbilobin in
tobacco BY-2 suspension cells. We show that the signal pep-
tide confers efficient secretion of ginkbilobin. When this se-
cretion is prevented by cleaving off or masking the signal
peptide, ginkbilobin decorates filamentous structures. Via dif-
ferent covisualization strategies, it is shown that these struc-
tures are actin filaments and that the actin-binding activity of
ginkbilobin is located in a specific subdomain (termed as A1),
just downstream of the signal peptide. This subdomain can
coassemble with actin in vitro, indicative of direct binding to
actin. Upon stable overexpression of this domain, we observe
a specific delay in premitotic nuclear positioning indicative of
a reduced dynamicity of perinuclear actin cables. To gain in-
sight into the cellular events evoked by the binding of this
subdomain to actin, we employ a strategy based on chemical
engineering using synthetic peptides. They comprise of differ-
ent parts of the actin-binding subdomain conjugated with the
cell-penetrating peptide BP100 and with rhodamine B (RhB)
as a fluorescent reporter. We observe that the binding of spe-
cific subdomain motifs to actin filaments is followed by rapid
and efficient induction of cell death, meeting the criteria of a
programmed cell death response such as TdT-mediated dUTP-
biotin nick end labeling (TUNEL) labelling and nuclear dis-
integration. This cell death can be quelled by pretreatments
that prevent actin bundling, such as low concentrations of
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latrunculin B or elevation of cellular auxin content. These
observations lead to a working model, where ginkbilobin
can interfere with actin remodelling, activating a pathway cul-
minating in programmed cell death.

Materials and methods
Cell lines and cultivation

Suspension cell lines of BY-2 (Nicotiana tabacum L. cv bright
yellow-2; Nagata et al. 1992) were cultivated in liquid medi-
um containing 4.3 g I"' Murashige and Skoog salts (Duchefa
Biochemie, Haarlem, Netherlands), 30 g I"! sucrose,
200 mg I"! KH,PO,, 100 mg I inositol, 1 mg 1™' thiamine,
and 0.2 mg I"' 2,4-D, pH 5.8. The cells were subcultivated
weekly by inoculating 1-1.5 ml of stationary cells into 30 ml
fresh medium in 100 ml Erlenmeyer flasks. The cells were
incubated at 27 °C in the dark on an orbital shaker (IKA
Labortechnik, Staufen, Germany) at 150 rpm. Other than the
BY-2 wild type (WT) (Nagata et al. 1992), two transgenic cell
lines, GF11 (Sano et al. 2005) and FABD2 (Klotz and Nick
2012), were used in this study which express the actin-binding
domain 2 of plant fimbrin in fusion with GFP and RFP
respectively under the control of the constitutive CaMV
35S promoter. In addition, several stable transgenic cell
lines were generated in this work expressing different
domains of ginkbilobin in fusion with GFP. Transgenic
cell lines were cultivated in the same medium as BY-2
WT cell cultures, supplied with the respective antibiotics
(100 mg 1" kanamycin for the ginkbilobin cell lines
and BY-FABD2-RFP, 30 mg 1" hygromycin for GF11,
respectively).

Cloning of full-length and truncated versions
of ginkbilobin-2

Mature seeds of G. biloba were collected in Freiburg
(Germany) in December and kept at —80 °C. The material
was ground in liquid nitrogen using a mortar, and the total
RNA was extracted following the improved RNA extraction
method by Liu et al. (2010). cDNA synthesis was performed
using the Dynamo ¢cDNA Synthesis Kit (Finnzymes, Vantaa,
Finland) according to the instruction of the manufacturer, tak-
ing 1 pg of RNA as template for reverse transcription. To
generate transgenic cell lines overexpressing full-length or
truncated versions of ginkbilobin-2, binary vectors were con-
structed using the Gateway® Cloning technology (Invitrogen
Corporation, Paisley, UK). The gateway primers were de-
signed according to the protocol of the manufacturer’s instruc-
tion amplifying either full length, signal peptide, full length
without signal peptide (NSP or ASP), subdomain Al, Al+
A2, A1+A2+A3, and B of ginkbilobin-2 from the cDNA of

G. biloba. The primer sequences are specified in supplemental
Table 1. For the preparatory PCR, standard conditions and the
Phusion polymerase (0.4 U for a total volume of 20 pl) were
used with 35 cycles (pre-heating at 98 °C for 30 s; denatur-
ation at 98 °C for 10 s, annealing at 58 °C for 20 s, and
extension at 72 °C for 20 s), followed by final extension at
72 °C for 5 min. The size of the PCR products was verified by
electrophoresis and purified using the NucleoSpin® Extract II
(Macherey-Nagel, Dueren, Germany) kit according to the
manufacturer’s instruction. The resulting coding sequences
were inserted into the binary vector pK7FWG2,0 (Karimi
et al. 2002) or pK7WGF2,0 (Karimi et al. 2002) following
the manufacturer’s instruction. The structure of the different
domains is shown in Fig. 1b.

Biolistic transformation

For biolistic transformation, gold particles (1.5-3.0 uM;
Sigma-Aldrich, Germany) were coated with 1 pg of plasmid
DNA modified from a manual of Bio-Rad (PDS-1000/He
Particle Delivery System Manual). The coated gold particles
were loaded on macrocarriers (Bio-Rad Hercules, CA, USA).
Amount of 750 ul of 3-day-old BY-2 WT cells was
placed on PetriSlides™ (Millipore, Billerica, USA) con-
taining solid MS medium (0.8 %w/v Danish agar).
These loaded PetriSlides™ were transferred into a
custom-made chamber (Finer et al. 1992) and
bombarded by three shots at a pressure of 1.5 bar in a
vacuum chamber of —0.8 bar. After the bombardment, the
cells were incubated for 1848 h in the dark at 27 °C and then
inspected by microscopy. For the cotransformation of two
constructs, 500 ng of each plasmid was mixed before coating
the gold particles.

Agrobacterium-mediated transformation

BY-2 cells were transformed via agrobacteria-mediated trans-
formation following the protocol developed by Buschmann
et al. (2011) with a few modifications for both transient or
stable transformation. Chemo-competent Agrobacterium
tumefaciens (LBA4404; Invitrogen Corporation, Paisley,
UK) cells were used for the transformation. First, the coculti-
vation temperature was decreased to 22 °C instead of 27 °C
which produced higher transient transformation rate. Second,
the mixture of cells and agrobacteria was not directly placed
on the MS Paul agar surface but on a layer of filter paper in
between instead to avoid the mechanical wounding
caused by transferring the cells when using a sterile
spatula. For cotransformation, the cocultivation inocu-
lum was prepared as mixture of the respective transformed
Agrobacterium strains.
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Fig. 1 Phylogeny and domain
structure of ginkbilobin-2 related
proteins. a Evolutionary
relationship between 55
ginkbilobin-2 related protein
sequences inferred by neighbour-
joining method based on an
alignment constructed by the
ClustalW algorithm (see
supplemental material 1). Values
next to the branches represent the
percentage of replicate trees in
which the associated taxa
clustered together in the bootstrap
test (based on 500 replicates). The
tree is drawn to scale, with branch
lengths in the same units as those
of the evolutionary distances used
to infer the phylogenetic tree. The
evolutionary distances were
computed using the Poisson
correction method and are in the
units of the number of amino acid
substitutions per site. All
positions containing gaps and
missing data were eliminated
from the dataset (complete
deletion option), leaving a total of
89 positions in the final dataset.
The Swissprot accessions are
given along with the genus name.
b Domain structure of
ginkbilobin-2 related protein
sequences. SP-predicted signal
peptide, followed by subdomains
A1-A3 and subdomains B1, B2,
and in some of the proteins an
additional long cysteine-rich C-
terminal extension (Cys-ext). The
conservation of the individual
domains with ginkbilobin-2 is
indicated by the shaded boxes
based on similarity at the amino
acid level. The yellow lines
represent conserved cysteine
signatures
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Treatment with actin drugs and phalloidin-based actin
staining

To eliminate actin filaments, 1 uM of latrunculin B (Sigma-
Aldrich, Deisenhofen, Germany) was added to the 3-day-old
BY-2 cells (overexpressors of ginkbilobin subdomain A1, NSP/
ASP, and actin marker line GF11), and the response was
followed under the microscope. To visualize actin, the modified
tetramethylrhodamine B isothiocyanate (TRITC)-phalloidin
staining method by Maisch et al. (2009) based on the protocol
by Olyslaegers and Verbelen (1998) was used. The cells were
directly viewed under the microscope following three times
washing for 10 min in phosphate-buffered saline.

Phenotyping cellular responses

The different ginkbilobin-2 based overexpressor lines were
phenotyped as described in Kiihn et al. (2013). Nuclear posi-
tioning was quantified from 1500 individual cells collected
from three independent experimental series. The mitotic index
(MI) was measured as described in Maisch and Nick (2007).
The fluorescent dye Hoechst 22358 (Sigma-Aldrich, Neu-
Ulm, Germany) intercalating into the DNA was used to dis-
criminate non-mitotic from mitotic cells. Each data point was
scored from a sample of 3000 individual cells from three in-
dependent experiments. Mortality in response to ginkbilobin-
2 subdomain peptide conjugates was quantified by Evans
Blue as described in Kiihn et al. (2013). Each data point rep-
resents 3000 cells from three independent experimental series.
To check whether the cells that die show features of pro-
grammed cell death, cells were fixed in Carnoy fixative [3:1
(v/v) 96 % (v/v) ethanol/acetic acid] complemented by 0.5 %
(w/v) Triton X-100, and nuclei were labelled by TUNEL (in
situ cell death detection kit, TMR red, Roche Diagnostics,
Heidelberg Germany) following the protocol of the producer.
DNA was counterstained by 1 pg/ml 2'-(4-hydroxyphenyl)-
5-(4-methyl-1-piperazinyl)-2,5'-bi-(benzimidazole)-
trihydrochloride (Hoechst 33258; Sigma, Taufkirchen,
Germany). The antifungal activity of the peptides was tested
against Candida albicans using previously described method
(Wiegand et al. 2008). The antimicrobial activity of the con-
jugates against C. albicans was determined from dose-
response series as described in Tsai et al. (2011).

Synthesis of ginkbilobin subdomain peptide conjugates

The subdomains Al, A2, and A3 from the putative actin-
binding domain of ginkbilobin-2 were synthetically generated
as fusions with the cell-penetrating peptide BP100 and rhoda-
mine B, following the strategy previously described in
Eggenberger et al. (2011). All peptides were synthesized using
standard 9-fluorenylmethoxycarbonyl (Fmoc) solid-phase pep-
tide synthesis (Fields and Noble 1990). Rhodamine B (RhB)

was used as a fluorescent marker and BP100 as the cell-
penetrating carrier. Rhodamine B was coupled at the N terminus
of BP100, and the different ginkbilobin-2 subdomain peptides
were coupled at the C termini of the constructs. The sequences
of the peptide conjugates are specified in supplemental Table 2.
The peptides were purified by HPLC using acetonitrile/water
gradients as previously described (Wadhwani et al. 2006;
Wadhwani et al. 2008), and the purified peptides were charac-
terized by analytical liquid chromatography combined with ESI-
mass spectrometry (Eggenberger et al. 2011).

Actin-binding assays

Actin filaments were polymerized from monomeric rabbit
skeletal muscle actin purchased from Cytoskeleton (Denver,
USA) according to the manufacturer’s instruction. For the
characterization of the binding behaviour of domain A1 con-
jugate to microfilaments, cosedimentation assays were per-
formed according to Srivastava and Barber (2008). Amount
of 50-100 uM of domain A1l conjugate was incubated with
25 uM G-actin in a 50 pl reaction volume in actin-binding
buffer (10 mM Tris-HCI pH 7.0, 1 mM EGTA, 0.1 mM CaCl,,
2 mM MgCl,, 0.5 mM DTT, 1 mM ATP) for 1 h at 22 °C. The
samples were centrifuged at 185,000 g for 20 minat22 °Cina
TLA-100 ultracentrifuge (Beckman, Krefeld, Germany) to
sediment the filaments and the filament-bound protein.
Equal amounts of the sediment and supernatant samples were
separated by 15 % (w/v) SDS-PAGE and stained with
Coomassie Brilliant Blue.

Microscopy

To phenotype cellular responses, cells were observed and re-
corded under an Axiolmager Z.1 microscope (Zeiss, Jena,
Germany). Images were analysed using the AxioVision (Rel.
4.8.2) software or Image J (NIH, Bethesda, USA). To observe
the cellular details of the transformed cells, images of RFP-/
TRITC and GFP-/Alexa Fluor® 488 fluorescence were ac-
quired through an Axio Observer Z1 (Zeiss, Jena, Germany)
using a 63 x /1.44 DIC oil objective , the 561 nm and 488 nm
emission lines of the Ar-Kr laser, and a spinning-disc device
(YOKOGAWA CSU-X1 5000). The apparent thickness of
actin cables in response to ginkbilobin was quantified as de-
scribed in Chang et al. (2015).

Results

Divergent phylogeny of proteins containing
a ginkbilobin-2 domain

To access the putative functions of ginkbilobin-2, a phyloge-
netic tree was constructed based on the neighbour-joining
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algorithm of homologous proteins (Fig. 1a). Homologues of
ginkbilobin-2 could be identified only in seed plants, and in
the heterosporic fern Selaginella. These homologues are clus-
tered into two classes (Fig. 1b)—one class contained proteins
just composed of the ginkbilobin-2 domain along with an N-
terminal putative signal peptide for secretion, while the other
class contained proteins harbouring, in addition, a long C-
terminal extension of usually ~180 amino acids. Both classes
occurred in all taxa, but there was a clear dominance of the
version without extension in the gymnosperms, whereas the
version with extension dominated in the angiosperms. For
several angiosperm taxa, several homologues were found.
Some of them are not significantly different (as shown exem-
plarily for soybean), whereas some are significantly different
and fall into different subclades (as shown exemplarily for
banana). In Selaginella, eight ginkbilobin-2 homologues
could be identified: three with and five without this C-
terminal extension. Within each of the two classes of
ginkbilobin-2 domain proteins, the members clustered mostly
in accordance with taxonomic relationship, i.e. dicot and
monocot, as well as the gymnosperm members formed sepa-
rate subclades. However, those homologues from Selaginella
that lacked the C-terminal extension were split into two
groups, one was basal to the clade, whereas the other clustered
with the monocots, however, with a low bootstrap value.
Alignment of the sequences revealed specific cysteine signa-
tures that were conserved throughout, even between the ac-
cessions with and without the C-terminal extension. In this
extension, further cysteine signatures could be detected that
were preserved as well (Fig. 1b). The closest relatives of
ginkbilobin-2 with approximately 85 % identity were
embryo-abundant proteins from conifers. In Ginkgo, a closely
matching second protein, designated as ginkbilobin-1, had
been described as well (Wang and Ng 2000). However, since
this protein was lacking a signal peptide and even a start co-
don, we considered this as a fragment and did not analyse it
further. Based on the conservation in the alignment, the
ginkbilobin-2 domain could be subdivided into subdomains
Al, A2, A3, B1, and B2. Among those subdomains, especial-
ly B1 and A2 were conserved throughout the evolution of
vascular plants, whereas A3 appeared to be more variable.
The domain B contained a conserved cysteine signature C-
Xg-C-X,-C, which is a characteristic feature of a receptor su-
perfamily described for Arabidopsis thaliana and rice and was
proposed to participate in defence signalling (Chen 2001).
However, these receptors do not share a ginkbilobin-2
domain.

The conservation of the cysteine signatures along with nu-
merous other motifs of the ginkbilobin-2 domain throughout
the evolution of vascular plants suggests that these motifs
confer important biological functions. Since the ginkbilobin-
2 domain as an entity, to our knowledge, does not occur out-
side the vascular plants, we were wondering whether the

@ Springer

isolated subdomains (A1, A2, A3, Bl, and B2) might have
additional homologues. For this purpose, we conducted a
BLAST search with the isolated subdomains at reduced strin-
gency of the e-value threshold (100) to recover such additional
partial homologues whose functional assignments might give
us an idea about potential cellular functions of ginkbilobin-2.

For the Al motif, among 12 recovered hits, three of the
homologues were part of the so-called CLASP-N-like/arma-
dillo fold proteins. These cytoskeletal proteins are known to
mediate interactions between actin filaments and microtu-
bules. Two of those proteins were from insects, one from an
oomycete with up to 65 % similarity that remained confined to
the Al motif. A search with the A2 motif yielded 13 hits,
whereby six were two-component histidine kinases of plant-
interacting bacteria. The homology was located at the start of
the histidine-kinase homodimerization domain and reached up
to 80 % similarity, again remaining confined to this motif on
both sides. Whereas a search with the A3 motif did not un-
cover any homologues, the search with the B1 motif only
produced a couple of angiosperm sequences (both mono-
and dicots) in addition to the previously known ginkbilobin-
2-containing proteins. These additional sequences also possess
the above-mentioned specific cysteine signatures and showed
homologies of 50-60 % similarity in most cases that were,
however, confined to the B1 motif. For most of them no func-
tion was assigned. Three of these hits belonged to a plant
receptor-like kinase superfamily involved in pathogen sensing
(Chen 2001). A search with the B2 domain yielded not only
homologues in bacterial proteins related to phytopathogenicity
but also one plant DUF26 domain protein that had already
been picked up by the search for Bl homologues. It should
be noted that the hits recovered by this strategy shared only
similarity with individual subdomains of ginkbilobin-2, not
with ginkbilobin-2 as an entity. Nevertheless, these motifs in-
dicate a putative relationship with defence on the one hand and
with the cytoskeleton on the other.

Localization of full-length ginkbilobin-2 and its individual
domains

To acquire more information about cellular functions of
ginkbilobin-2, the subcellular localization of the full-length
protein and specific truncations were investigated by express-
ing GFP fusions in tobacco BY-2 cells either transiently (by
biolistics) or in a stable manner (using binary vectors based on
the GATEWAY® cloning strategy). Since the N terminus
harboured a predicted signal peptide of 26 amino acids (using
the on line software SignalP 4.1 server), we first tested a fu-
sion of GFP C-terminal to this putative signal motif. Upon
expression, this construct showed up small fluorescent vesi-
cles (Fig. 2a) that were moving along with the cytoplasmic
strands and also decorated the nuclear rim, which indicated
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ASP-GFP

Fig. 2 Localization of GFP fusion constructs of full-length or truncated
ginkbilobin-2 upon transient expression in tobacco BY-2 cells. The
structure of the constructs used is shown schematically as inset. a
Signal peptide upstream of GFP. b Full-length ginkbilobin-2 including
the signal peptide upstream of C-terminally fused GFP. ¢ Full-length
ginkbilobin-2 including the signal peptide downstream of N-terminally
fused GFP. d Ginkbilobin-2 lacking the signal peptide upstream of C-
terminally fused GFP. e Subdomain B upstream of C-terminally fused
GFP. f Subdomain Al upstream of C-terminally fused GFP with a
zoom-in to show the filaments visualised by this construct. g Confocal
section of the cortical region for the same construct as in (f) to show
punctate structures aligned as bead on a string along filaments. h
Subdomains A1+A2 upstream of C-terminally fused GFP. i
Subdomains A1+A2+A3 upstream of C-terminally fused GFP with a
zoom-in to show the filaments visualised by this construct. Scale bar
20 um

that the signal peptide was functional and designated GFP for
secretion.

In the next step, the full-length ginkbilobin-2 (including the
signal motif) was studied. Considering the presence of the
signal peptide and potential steric hindrance, GFP was fused
either in N- or in C-terminal position of the full-length
ginkbilobin-2 coding sequence including the signal peptide.
The C-terminal fusion of full-length ginkbilobin-2 (Fig. 2b)
produced a similar pattern as the signal peptide alone, suggest-
ing that the signal peptide was functional in committing its
cargo for the secretory pathway. However, when GFP was

fused to the N terminus of full-length ginkbilobin-2 (including
the signal peptide), this fusion exhibited a different pattern
(Fig. 2c) as it visualized filamentous structures that tethered
the nucleus by transvacuolar strands to a cortical meshwork, a
morphology and organization that is characteristic for plant
actin. To test whether this deviant localization of GFP-
ginkbilobin-2 was caused by GFP masking the signal peptide,
we fused GFP C-terminally of full-length ginkbilobin-2, but
truncated the signal motif (ASP). The pattern produced by this
construct visualized wide strands that locally extended into
lentil-shaped structures resembling the endoplasmic reticulum
(Fig. 2d). Thus, ginkbilobin-2—if not sequestered from the
cytoplasm by means of the N-terminal signal peptide—tethers
to a filamentous network that might be actin.

We then asked which of the subdomains confer this specific
localization. Thus, various subdomains or combinations there-
of were tested for their localization. Subdomain B (Fig. 2¢)
that contains the specific cysteine signature was at first sight
localized in a manner similar to the full-length protein with
truncated signal peptide (Fig. 2d). However, a closer look
reveals that the strands labelled by this construct are much
broader and widen near the cell cortex into triangles, which
is the pattern observed for the structure of the cytoplasmic
strands in these vacuolated cells. This indicates that the fila-
mentous localization of the full-length protein (Fig. 2c¢) is not
conferred by domain B. Therefore, domain A was put under
closer scrutiny: the entire domain A marked, in addition to
cytoplasmic strands, slender and branched filaments (Fig. 2i,
inset), which is characteristic for actin. Also, a combination of
subdomains Al and A2 produced filaments (Fig. 2h), and
when everything was truncated down to subdomain A1 alone
(Fig. 2f), a rich system of fine filaments became manifested
that was congruent with the pattern observed for the full-
length protein with truncated signal peptide. These filaments
converged to the nuclear envelope and emanated from rod-
like, sometimes more punctate structures at the nuclear rim.
Confocal sections in the cortical region show that the punctate
structures are aligned along filaments like beads on a string
(Fig. 2g). This pattern is reminiscent of the actin cytoskeleton
in those cells. This truncation study assigns the specific local-
ization of ginkbilobin-2 to subdomain Al. It should be men-
tioned that for those constructs producing the actin-like pat-
terns (i.e. full-length ginkbilobin without signal peptide, do-
main A, and its subdomains), the expressing cells had died a
few days later.

Ginkbilobin-2 domains target to actin

To get insight into the cellular nature of the filamentous struc-
tures visualized by ginkbilobin-2, the different constructs de-
scribed above were transiently expressed in a stable actin mak-
er line expressing FABD2-RFP, either via biolistic or via
agrobacteria-mediated transformation. When GFP was fused
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to the N terminus of the full-length ginkbilobin-2 (Fig. 3al—
a3), filamentous structures were visualized that were congru-
ent with actin filaments. In contrast, a fusion of GFP placed at
the C-terminal of full-length ginkbilobin-2 (Fig. 3b1-b3) as
well as the signal peptide alone (Fig. 3c1—c3) produced vesi-
cles that were moving along the actin filaments. Next, we
want to test whether the differential localization of N-
terminal (Fig. 3al-a3) versus C-terminal (Fig. 3b1-b3) GFP
fused to full-length ginkbilobin-2 was caused by masking of
the signal peptide, when GFP was fused at the N terminus. We
thus generated a construct, where GFP was placed at the C
terminus of full-length ginkbilobin-2 but where the signal

actin DIC

Gkl-2 constructs
A1

Fig. 3 Localization patterns observed for expression of ginkbilobin-2
fused with GFP in the background of the actin marker line RFP-
FABD?2. I showing the GFP signal, 2 the RFP signal, and 3 the dic
channel. The schematic sketch shows the structure of the respective
construct. a Full-length ginkbilobin-2 downstream of N-terminally
fused GFP. b Full-length ginkbilobin-2 including the signal peptide
upstream of C-terminally fused GFP. ¢ Signal peptide upstream of C-
terminally fused GFP. Scale bar 20 um
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peptide was truncated. This construct (ASP, Fig. 4al-a3) vi-
sualized a subset of actin filaments. Exemplarily for the
subdomains, we tested subdomain A1 (Fig. 4b1), which also
colocalized with actin filaments. Also, when this subdomain
was expressed in a wild-type background (Fig. 4b2), punctate
structures like beads on a string labelled a fine meshwork
subtending the plasma membrane in the same manner as cor-
tical actin filaments.

To verify whether the localization of subdomain Al was
dependent on actin filaments, 1 uM of latrunculin B was used
to treat cells expressing subdomain Al for 30 min.
Latrunculin B is commonly used to disrupt the actin cytoskel-
eton network (Spector et al. 1983), and indeed we find that the
filamentous structures visualized by the GFP fusion with
subdomain Al (Fig. 2f, g) were completely eliminated and
replaced by vesicular structures (Fig. 5a). The same was true
for ginkbilobin-2 with GFP fused C-terminally but devoid of
the signal peptide (Fig. 5b). As a control, the actin marker line
GF11 was subjected to the same treatment and found to be
devoid of any actin filaments, demonstrating that the treatment
is efficient to eliminate actin microfilaments (Fig. 5c). A stable
line of subdomain Al in fusion with GFP showed the same
filamentous structures as already seen in the transient
transformants (compare Figs. 2 and 4). To verify if these fila-
ments represent actin filaments, the stable transformants were
stained with TRITC-phalloidin, a dye known to bind to poly-
meric actin (Kakimoto and Shibaoka 1987). The resulting
images (Fig. 5d1-d3) showed that the GFP fusion of
subdomain Al (Fig. 5d1) colocalized with the TRITC-
phalloidin labeled actin (Fig. 5d2).

The filamentous localization of ginkbilobin and its
subdomains, their colocalization with TRITC-phalloidin la-
belled F-actin, and the loss of the filamentous localization
after treatment with latrunculin B show that ginkbilobin-2—
if not recruited for secretion by the signal peptide—binds to
actin filaments, and that subdomain A1 is functionally equiv-
alent to the full-length protein with respect to this actin-
binding activity. However, whether subdomain A1l binds di-
rectly to actin or whether the interaction is mediated by third
proteins cannot be decided from these in vivo data.

Subdomain Al is necessary and sufficient to modulate
nuclear positioning

To see whether the association of ginkbilobin-2 with actin
would alter any actin-dependent cellular responses, different
stable overexpression lines were generated in tobacco BY-2
via agrobacteria-mediated transformation and phenotyped.
Stable transformants were obtained for subdomains Al, B,
and full-length ginkbilobin-2 without the signal peptide
(ASP, also abbreviated as NSP for ‘non-signal peptide’).
Subdomain Al localized along transvacuolar actin cables
and in rod-like punctate structures adjacent to the nuclear
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Fig. 4 Localization patterns A1
observed for expression of
ginkbilobin-2 subdomains fused
with GFP in the background of
the actin marker line RFP-FABD2
and BY-2 WT. a Ginkbilobin-2
lacking the signal peptide
upstream of C-terminally fused
GFP (NSP): al showing the GFP
signal, a2 the RFP signal, and a3
the merge of both signals. b
Subdomain A1 upstream of C-
terminally fused GFP: b/
Subdomain A1 upstream of C-
terminally fused GFP in the
background of the actin marker
line RFP-FABD2. 52 The cortical
layer of subdomain A1 of C-
terminally fused GFP in a BY-2
WT background. The schematic
sketch shows the structure of the
respective construct. Scale bar
20 um

Gkl-2 ASP-GFP merge

Gkl-2 A1-GFP

il -

Latrunculin B

Phalloidin stain

ASP-GFP FABD2-GFP

Rho-Pha

Fig. 5 The filamentous signal visualized by the subdomain Al of 30 min. ¢ Actin signal in the GF-11 line after treatment with 1 pM of
ginkbilobin-2 is caused by actin. a Subdomain Al upstream of C- latrunculin B for 30 min. d Labelling of actin filaments in a stable
terminally fused GFP after treatment with 1 uM of latrunculin B for transformant expressing subdomain A1 upstream of C-terminally fused
30 min. b Ginkbilobin-2 lacking the signal peptide upstream of C- GFP using TRITC-phalloidin. The GFP signal is shown in (/), the
terminally fused GFP (ASP) treated with 1 pM of latrunculin B for phalloidin signal in (2), the merge of both signals in (3). Scale bar 20 pm
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rim (Figs. 5d1-d3, 6a). Generally, the signal in the stable
transformants was weaker as compared to the transient
expressors. Also, for the lines overexpressing NSP or
subdomain B (Fig. 6b, c), only weak expression could be
obtained that was localized in the same pattern as seen in the
transiently transformed cells (Fig. 2e, d). This suggests that
higher stable expression of the transgenes (especially promi-
nent for NSP or subdomain B) might impair viability, such
that during the course of cultivation only the weak expressors
had persisted.

Premitotic nuclear positioning is a trait that depends on a
perinuclear array of actin filaments (Durst et al. 2014) that
move and tether the nucleus in concert with microtubules,
plant-specific minus-directed KCH-kinesins, and the cortical
meshwork of actin (Kiihn et al. 2013). We therefore measured
nuclear positioning on day 3 after subcultivation and observed
that nuclear positioning was significantly delayed in the
overexpressor of subdomain A1 (Fig. 6d) and NSP, compared
to the non-transformed BY-2 control. In contrast, overexpres-
sion of subdomain B did not cause a significant delay. The
comparison of the isolated subdomain A1 with the NSP con-
struct (that also harbours subdomain A1 but did not produce a
stronger effect) and with subdomain B demonstrates that
subdomain A1 is necessary and sufficient to confer an inhibi-
tion on nuclear positioning. Nuclear migration is delayed by
overexpression of a class-XIV kinesin, KCH (Frey et al.

2010), and this is followed by a corresponding delay of mi-
totic activity. To test whether also the delay of nuclear posi-
tioning by overexpression of subdomain Al and the NSP
construct would cause a delay of mitotic activity, we followed
the time course of mitotic index for the transgenic lines
(Suppl. Fig. 1) and found that the peak of mitotic activity
was delayed by 1 day.

Actin-binding ginkbilobin-2 peptides conjugated
to a cell-penetrating peptide induce programmed cell
death

The attempt to generate stable overexpression cell line of the
GFP fusions with ginkbilobin-2 fragments was only partially
successful because the signal observed in the transformants
was relatively low (see Fig. 6a—c) compared to the signal
conferred by transient expression (see Fig. 2). This indicates
that the overexpression of these transgenes impinges on via-
bility, such that weaker expressors are favoured over stronger
expressors. The stringency of antibiotic selection (100 mg1~
kanamycin) was already at the maximum—further increase of
stringency would therefore cause sublethality even of trans-
formed cells. We therefore employed a different strategy: The
cell-penetrating peptide (CPP) BP100 can carry functional
cargoes into plant cells (Eggenberger et al. 2011), which al-
lows to administer a defined quantity of the function at any

ASP-GFP

40 -
38
36
34

Nuclear position [%] 7

32 4
lateral

30 T
BY-2WT

Fig. 6 Phenotypes of stable transformants and the nuclear positioning.
Phenotypes of stable transformants for C-terminal GFP fusions with
subdomain Al (a), subdomain B (b), or the ASP construct, i.e.
ginkbilobin without signal peptide (¢). Scale bar 20 um. Nuclear
positioning in the stable transformants shown in (a—c) as compared to
the non-transformed control (d). A value of 30 % indicates that the
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nucleus is completely lateral, whereas a value of 50 % indicates that the
nucleus has moved exactly into the cell centre. Values represent means
and standard errors from 1500 individual cells collected from three
independent experimental series. Asterisks represent differences with
the control that are significant at the 95 % confidence level
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defined point in time. Therefore, various subdomains of
ginkbilobin-2 were coupled with rhodamine B (RhB) as a
fluorescent reporter and conjugated with BP100 by chemical
synthesis and then introduced into BY-2 WT cells. Since the
previous experiments had shown that the actin-binding activ-
ity can be mainly attributed to subdomain A, the conjugates
were prepared for subdomains Al, A2, and A3, respectively.
Our specific aim here was to identify which of the three
subdomains are responsible for binding to actin.

Preparatory experiments demonstrated that treatment with
the subdomain-CPP conjugates caused rapid cell death, if the
concentration exceeded 1 pM. To follow uptake microscopi-
cally, we thus used 0.5 pM of the ginkbilobin-2 subdomain-
CPP conjugates as well as the non-conjugated BP100 and
incubated non-transformed BY-2 WT cells for 24 h to test
the uptake by spinning-disc microscopy. Confocal sections
near the central plane of the cell demonstrated clearly that
the fluorescent marker was present in the cytoplasm
(Fig. 7a—d). For the conjugates with subdomains Al, A2,
and A3, the signal was forming punctate structures. Some of
these dots seemed to be aligned like beads on a string (Fig. 7a—
¢, shown with arrows). RhB coupled with BP100 alone was
also transferred into the cytoplasm but produced diffuse label-
ling throughout the cytoplasm and was also bound along the
cross wall (Fig. 7d). To obtain more information about the
localization of the peptides, the stable actin marker cell line
GF-11 was incubated with the conjugates. The structures vi-
sualized by the subdomain A1l conjugate (Fig. 7el) were as-
sociated with the transvacuolar actin cables. The fluorescence
of the actin cables also appeared somewhat discontinuous. A
similar outcome was observed for the subdomain A3
(Fig. 7gl—g3). In contrast, for subdomain A2 and the non-
conjugated BP100 (Fig. 7f, h), the RhB signal did not colo-
calize with actin filaments, which also were of contiguous
appearance. Here, also a considerable fraction of the RhB
signal was associated with the cross walls. A quantification
of apparent filament thickness w and filament density (Chang
etal. 2015) showed that the A1 and A3 conjugates increased w
almost threefold compared to a mock control, while reducing
filament density by a similar factor, in contrast A2 was less
effective (supplemental Table 5)

In the next step, we analysed the cell-death response trig-
gered by the conjugates in more detail, by employing the
uptake of the non-permeable dye Evan’s Blue as readout for
mortality. A dose-response of mortality, scored 1 h after addi-
tion of the conjugates, showed a threshold at 1 uM and satu-
ration (with 100 % mortality) from 2 uM (Fig. 8a). As a
control, we tested the non-conjugated BP100 carrier but ob-
served only a minor induction of mortality (saturating at
around 25 % from 2 pM), demonstrating that the high mor-
tality is caused by the ginkbilobin peptide cargo and not by the
carrier itself. Since the concentration range between threshold
and saturation was very narrow if assessed at 1 h, potential
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A1 conjugate

A2 conjugate

[
-
o
=d
S
=
c
o
o
)
<

Gkl-2 conjugates merge

actin

Fig. 7 Localization of ginkbilobin peptide conjugates in BY-2 cells.
Introduction of ginkbilobin-2 peptide conjugates with the cell-
penetrating peptide BP100 and rhodamine B as a fluorescent reporter
into non-transformed cells of BY-2 (a—d), or into the actin marker line
GF11 expressing the actin-binding domain 2 of plant fimbrin in fusion
with GFP (e-h). a, e Subdomain Al. b f Subdomain A2. ¢, g Subdomain
A3. d, h Non-conjugated BP100. Panels (/e—//) show the rhodamine
signal, (2) the actin signal, and (3) the merge of both signals,
respectively. Incubation time 1 h. Arrows show the punctate structures.
Scale bar 20 um

differences between the peptides were hardly resolved. We
therefore followed the time course of mortality for a concen-
tration of 1 uM (Fig. 8b). Here, mortality developed most
rapidly for the A1 and A3 conjugates, whereas A2 produced
a weaker effect. As negative control, the carrier, BP100, was
used alone, without any fused ginkbilobin conjugate. In the
absence of ginkbilobin, BP100 did not cause significant mor-
tality, even after incubation for 24 h (Fig. 8b). Thus, those
conjugates that decorated actin cables (Al and A3) were also
effective in inducing cell death, whereas the A2 conjugate that
did not decorate actin cables was also a less efficient trigger of
cell death.

To probe the role of actin in this cell-death response, we
pretreated the cells prior to addition of the conjugates for
30 min with compounds acting directly or indirectly upon
actin: 1 uM latrunculin B, sequestering G-actin from
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Fig. 8 Activity of ginkbilobin peptide conjugates in vivo and in vitro.
Induction of cell death in vivo (a—¢) and binding to actin in vitro (d).
Dose-response (a) and time course (b) of mortality after treatment with
rhodamine-labelled conjugates of BP100 with subdomains Al (RBAI,
diamonds), A2 (RBA2, squares), or A3 (RBA3, triangles) respectively
versus BP100 alone (RBP100, circles). Dose-response (a) measured after
treatment for 1 h, time course (b) measured for treatment with 1 uM of'the
same conjugates as in (a). Mortality observed 6 h after addition of the
conjugates after pretreatment for 30 min with either latrunculin B (1 uM),
the natural auxin IAA (2 uM), or the auxin-efflux inhibitor NPA (10 uM),
respectively (c). Values are represented relative to the control (treatment
with the respective conjugate, but without pretreatment). Data represent
mean values and standard errors from three independent experimental
series comprising a population of more than 3000 cells for each curve.
Coassembly of ginkbilobin A1 conjugates with BP100 with actin in vitro
(d). F-actin was assembled for 1 h at 22 °C either in the presence or
absence of Al-conjugate and then precipitated by ultracentrifugation.
As negative control, Al-conjugate was incubated in parallel without G-
actin. Supernatant (S) and precipitate (P) were separated side by side by
SDS-PAGE and stained by Coomassie Brilliant Blue

integration into filaments, and 2 uM of exogenous natural
auxin, causing dissociation of actin cables into finer strands
or complete inhibition of auxin efflux by 10 uM of the auxin-
efflux blocker 1-naphthyl phthalamic acid (NPA). The con-
centrations and effects of these compounds had been charac-
terized for the same cell line in a previous publication (Durst
et al. 2013). We observed that all these treatments strongly
reduced the mortality (scored 6 h after addition of the
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conjugates) induced by 1 uM of the conjugates (Fig. 8c), in-
dicating that actin dynamics is necessary for conjugate-
triggered cell death. To test whether this response meets
criteria of programmed cell death, we labelled cells treated
for 3 h with the Al-conjugate (again 1 uM) with TdT-
mediated dUTP-biotin nick end labeling (TUNEL) and
DAPI. We observe that many of the Al-treated cells showed
TUNEL-positive nuclei (supplemental Fig. 2A), whereas in
the controls the TUNEL signal was not significant. At 6 h,
many of the Al-treated nuclei showed clear symptoms of
disintegration (supplemental Fig. 2B). When the frequency
of TUNEL-positive nuclei was scored (supplemental
table 4), it was found to be almost 50 % for the A 1-conjugate,
even higher for the A3-conjugate, but only around 30 % for
the A2-conjugates. In contrast, BP100 alone or a non-treated
mock control produced only some 10 % TUNEL-positive
nuclei.

We further assayed for a potential antifungal activity of the
conjugates (supplemental Table 3) using C. albicans as exper-
imental model. We observed that rhodamine-labelled conju-
gates of BP100 with subdomains A1, A2, and A3 reached the
same inhibition as the positive control gramicidin S, whereas
there was no significant inhibition (as for rhodamine alone or
50 % ethanol used as negative controls) when rhodamine was
directly linked to the subdomains and BP100 was omitted.

To test whether the ginkbilobin subdomain A1 can bind to
actin directly, we performed a coassembly assay (Fig. 8d): G-
actin was assembled into F-actin either in the absence or pres-
ence of Al conjugate, and the filaments were then collected by
ultracentrifugation. In the presence of G-actin, the A1 conju-
gate was quantitatively partitioned to the precipitate along
with actin itself. A negative control, where the A1 conjugate
was incubated in parallel in absence of G-actin left the Al
conjugate in the supernatant, verifying that the actin-
dependent precipitation was specific and not caused by unspe-
cific agglomeration of the peptide conjugate.

Discussion
Potential functions of ginkbilobin domains

The binding of ginkbilobin to actin was shown to be mediated
by the subdomain A1 (Figs. 2 and 4), and it was necessary and
sufficient for the delay of premitotic nuclear positioning
(Fig. 6). In contrast, subdomain A2 appeared to be dispensable
for actin binding. The tertiary structure of ginkbilobin-2 has
been solved based on crystallization and is composed of two
«-helices and a 3-sheet composed of five strands, which form
a compact single-domain architecture comprising the o-
helices and the (3-strands (Miyakawa et al. 2009). One of the
o-helices produced by subdomain A2 constitutes a positively
charged surface. This positively charged surface of subdomain
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A2 was suggested to interact with the (negatively charged)
fungal surface, which might cause membrane perme-
abilization analogous to the case of sapecin, an insect defensin
(Takeuchi et al. 2004). Subdomain B contains a specific and
conserved cysteine signature (C-Xg-C-X,-C) that is also char-
acteristic of so-called DUF-26 homologues, a subgroup of the
extensive receptor-like kinase superfamily of angiosperms.
This subgroup of cysteine-rich receptor-like kinases is in-
volved in plant defence to pathogen attack (Czernic et al.
1999). The conserved cysteine signature forms three disulfide
bridges that are likely to contribute to the structural stability of
ginkbilobin (Miyakawa et al. 2009) and by functional analogy
might act in pathogen recognition. The functional context of
this putative pathogen recognition is certainly different:
in G. biloba, the B-domain would target the actin-
binding subdomain Al to the pathogen, whereas in the
context of the cysteine-rich receptor-like kinases of an-
giosperms, the recognition of the pathogen would trigger
an intracellular kinase cascade culminating in the activation of
defence genes and, in the case of a biotrophic pathogen, pro-
grammed cell death.

Advances in chemical engineering using functional
cargoes

We have shown in previous work (Eggenberger et al. 2011)
that BP100 can be used as an efficient cell-penetrating carrier
to enter living plant cells. This tool can be exploited for chem-
ical engineering, by conjugating specific peptides that bind to
specific cellular targets as cargo to BP100. As a proof of
principle, the actin-binding peptide Lifeact had been success-
fully introduced into tobacco cells using BP100 and used to
visualize the perinuclear actin network. Those earlier
experiments by Eggenberger et al. (2011) have shown that
Lifeact coupled to BP100 can be introduced into BY-2 cells
and binds to the actin microfilaments, while Lifeact without
BP100 can also be taken up by the cells but the Lifeact has no
function that only localizes in the cytoplasm. Cell-penetrating
peptides (CPPs) are short cationic peptides with an amphiphil-
ic character that interact with the negatively charged cell sur-
face and can finally pass through the hydrophobic lipid bilayer
without causing any permanent damage. Although short cat-
ionic sequences with an amphiphilic nature seem to be
required in CPPs to enable their membrane passage, the
mechanism of this bilayer penetration is still unclear
(Fischer et al. 2004; Pujals et al. 2006; Fonseca et al.
2009). However, irrespective of the still enigmatic
mechanism of uptake, the current work demonstrates
that CPPs can be successfully used to introduce functional
cargoes (in this case subdomain A1 of ginkbilobin) into living
plant cells to obtain a specific cellular response namely pro-
grammed cell death, while ginkbilobin subdomains without
BP100 have no cellular effect.

Actin as a deadly switch

Premitotic nuclear positioning depends on a perinuclear cage
of actin filaments and microtubules that are linked by KCH
kinesins (Kiihn et al. 2013). The development of mitotic ac-
tivity of subdomain A1l overexpressor matches the observa-
tions for the nuclear movement consistent with published
work showing that the nuclear positioning acts as pacemaker
for the first division (Fig. 6d and supplemental Fig. 1).

Our observations indicate a role of actin reorganization for
the induction of programmed cell death. It should be empha-
sized that the ginkbilobin conjugates do not eliminate actin
filaments but rather seem to induce a network of more massive
actin cables (Fig. 2c). This impression is also supported by
quantifications of apparent filament thickness and filament
density in response to treatment with the subdomain A conju-
gates (supplemental table 5): Here, a reduction of filament
density is accompanied by a corresponding increase in appar-
ent filament thickness indicative of a bundling process. Also
the in vitro coassembly data (Fig. 8d) speak against an elim-
inating activity of ginkbilobin. Low concentrations of
latrunculin B sequester free G-actin that otherwise would be
recruited for polymerization and thus impair the formation of
bundles. Exogenous natural auxin prevents bundling through
a different mechanism, by releasing actin-depolymerization
factors from their membrane anchor PIP2 (Durst et al.
2013), and the phytotropin NPA blocks auxin efflux, thus
causing elevated levels of auxin. All three treatments can sig-
nificantly reduce ginkbilobin-induced cell death leading to the
conclusion that actin dynamics is necessary to trigger cell
death in response to the ginkbilobin conjugates (Fig. 8c).
The link between actin and auxin is further corroborated by
the finding that auxin can mitigate Harpin-induced actin bun-
dling and cell death in grapevine cells by competition for
superoxide generated by the membrane-located NADPH oxi-
dase (Chang et al. 2015).

Although actin bundling is reduced by auxin, the effect of
auxin on cell death is no direct proof for a role of bundling
because auxin might also act through a parallel pathway. To
test the role of actin bundling for ginkbilobin activity directly,
we therefore plan experiments with a cell line expressing the
actin bundling WLIM domain under control of an inducible
promoter. In this cell line, upon induction of the promoter by
dexamethasone, the expression of WLIM causes progressive
actin bundling (Hohenberger et al. 2011). The observation of
TUNEL-positive nuclei and disintegrating nuclei support the
conclusion that the ginkbilobin-induced response meets
criteria for programmed cell death. The interaction of
ginkbilobin with actin might be direct or indirect through
actin-binding proteins. We therefore tested for the Al conju-
gate, whether it can bind to actin in vitro, and found that A1
can specifically coassemble with G-actin into filaments indic-
ative of direct interaction with actin. Actin-dependent
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programmed cell death is a topic progressively emerging for
eukaryotic cells in general (for reviews see Gourlay and
Ayscough 2005; Franklin-Tong and Gourlay 2008). Despite
the molecular differences between programmed cell death in
plants and classical apoptosis, the dependence on actin has
also been demonstrated for plant cells (reviewed in
Smertenko and Franklin-Tong 2011) and seems to represent
an evolutionarily conserved aspect of programmed cell death.
For instance, the bundling of actin cables in cells of the em-
bryonic suspensor not only heralds ensuing cell death but has
been shown to be necessary and sufficient to initiate this re-
sponse (for review see Smertenko and Bozhkov 2014). We
also could demonstrate in suspension cells of grapevine and
tobacco that cell death triggered by bacterial Harpin elicitors is
heralded by a rapid and specific reorganization of the actin
cytoskeleton: The cortical actin filaments subtending the cell
membrane detach, and the entire actin skeleton contracts into
dense cables towards the nucleus (Qiao et al. 2010, response
of Vitis rupestris to Harpin N; Guan et al. 2013, response of
tobacco BY-2 to Harpin Z). Moreover, the grapevine phyto-
alexin resveratrol, which seems to be crucial for resistance to
biotrophic pathogens, can induce a similar actin response,
which is later followed by programmed cell death (Chang
etal. 2011).

Based on the functional study conducted in the present
work, a working model for the biological function of
ginkbilobin can be proposed: Interference of subdomain A
with the actin of the producer cell is prevented by efficient
secretion of the protein by virtue of its N-terminal signal pep-
tide. Upon secretion, ginkbilobin could reach microbial sur-
faces, where the actual ‘killer’, i.e. subdomain A would take
effect. The activity of subdomain A seems to be located main-
ly in subdomains Al and A3. The polar growth of fungal
hyphae depends on the actin cytoskeleton (Pruyne and
Bretscher 2000a, b) sustaining very intensive recycling of
membraneous material at the hyphal tip including numerous
membrane fusion and separation events (Ayscough et al.
1997). These events are highly dependent on actin turnover
and therefore represent a very sensitive target for compounds
with antifungal activity. When ginkbilobin binds to the hyphal
tip, it is expected to enter the cell as a consequence of intensive
membrane recycling events and will eventually come into
contact with actin filaments to bind and interfere with their
dynamicity. The fact that conjugates of the A1-A3 peptides
with BP100 block growth of C. albicans more efficiently than
conjugates of A1-A3 with rhodamine might indicate that en-
trance into the target cell is limiting for the efficacy (although
it should be kept in mind that the direct conjugation with
rhodamine might also sterically impede the effect of the pep-
tide). As a consequence, polar growth is arrested. Moreover,
suppression of actin dynamicity can induce apoptotic cell
death also in fungi, a phenomenon known in the literature as
‘actin-mediated apoptosis’ (Gourlay et al. 2004; Gourlay and
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Ayscough 2005, 2006). The antifungal activity of ginkbilobin
has been demonstrated by plate inhibition assays (Wang and
Ng 2000; Sawano et al. 2007) for different fungi such as
Fusarium oxysporum, Trichoderma reesei, or C. albicans.
Unfortunately, the cellular mechanism of growth inhibition
has not been addressed in those studies.

Based on this working model, the antifungal activity of
ginkbilobin would exploit an evolutionarily conserved and
ancient mechanism to control cell death via restricting actin
dynamics. Later, by a functional shift in higher plants, the
functional modules of ginkbilobin seemed to have been re-
cruited for different purposes; the cysteine signature of the
B-domain was integrated into receptor-like kinases such that
microbial binding could be linked with defence signalling.
Therefore, the A-domain became dispensable and was lost
in most proteins except for some protective proteins of the
seeds (the homologues harbouring the long C-terminal exten-
sion). Future work will be dedicated to analyse the cellular
response of fungal hyphae to ginkbilobin and its functional
subdomains.
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