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ABSTRACT

The strawberry fruit allergens Fra a 1.01E, Fra a 1.02 and Fra a 1.03 belong to the
group of pathogenesis-related 10 (PR-10) proteins and are homologues of the major
birch pollen Bet v 1 and apple allergen Mal d 1. Bet v 1 related proteins are the most
extensively studied allergens but their physiological function in planta remains elusive.
Since Mal d 1-Associated Protein (MdAP) has been previously identified as interaction
partner of Mal d 1 we studied the binding of the orthologous Fra a 1-Associated Protein
(FaAP) to Fra a 1.01E/1.02/1.03. As the C-terminal sequence of FaAP showed strong
auto-activation activity in yeast two-hybrid analysis a novel time resolved DNA-
switching system was successfully applied. Fra a 1.01E, Fra a 1.02 and Fra a 1.03 bind
to /FaAP with Kpof 4.5 £ 1.1 nM, 15 £ 3 nM, and 11 + 2 nM, respectively. Fra a 1.01E
forms a-dimer, whereas Fra a 1.02 and Fra a 1.03 bind as monomer. The results imply
that PR-10 proteins might be integrated into a protein-interaction network and FaAP

binding appears to be essential for the physiological function of the Fra a 1 proteins.

INTRODUCTION

Plant Pathogenesis-Related class 10 proteins (PR-10) are part of the highly complex
plant inducible defence mechanism® and are expressed upon biotic (pathogen infection) and
abiotic (wounding, salt, heat) stress factors.” The PR-10 protein family comprises small (17-
22 kDa), cytosolically localised, and slightly acidic proteins that are widely distributed
among seed plants. PR-10 genes constitute a multigene family in which some members are
constitutively expressed in defined plant tissues while others are induced under certain
environmental conditions.>* This gives rise to the assumption that PR-10 proteins play a role

in plant development as well as in the general plant defence mechanism.® Till now the
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physiological function of PR-10 proteins in plants has remained uncharacterized although
some members in this protein family show ribonuclease activity and are discussed as plant
steroid carrier.’ PR-10 proteins are homologues of a large family of food and tree pollen
allergens® — a subdivision of the Bet v 1 superfamily.®> Prominent PR-10 protein members that
induce allergenic reactions in human are Bet v 1 from birch pollen’, Mal d 1 from apple®, Pru
ar 1 from apricot, Pru av 1 from cherry®, Dau ¢ 1 from carrot'®, Api g 1 from celery** and the
strawberry (Fragaria x ananassa) fruit allergen Fra a 1.%

Cloning and sequencing of Fra a 1 genes in the cultivated strawberry (Fragaria %
ananassa) revealed the presence of an intron and little variability in the encoded amino acid
sequence (Fra a 1 isoforms A to E)."* However, the recent identification of novel Fra a 1
genes and the complete genome sequence of the related species F. vesca show that the genus
Fragaria contains a family of 13-21 Fra a 1 homologous genes, depending of the selection

14-16

criterion”"°, and Fra a 1A — 1E are probably allelic forms of Fra a 1.01. Although Fra a

1.01E has been proposed as the major strawberry allergen®***

, gene expression analysis and
basophil activation tests revealed Fra a 1.02 as the main strawberry allergen of the Bet v 1
superfamily.*’

The recently elucidated solution structure of Fra a 1.01E exhibits a high similarity to
the crystal structure of the major cherry allergen Pru av 1 and the major birch pollen allergen
Bet v 1 (sequence identity of 79.4% and 53.8%, respectively) and a glycine-rich loop motif
(residues 46-51) was verified as a highly conserved feature throughout the Bet v 1
superfamily.*®

Fra a 1.01E/1.02/1.03 proteins have a high sequence similarity. The pairwise identity
of the amino acid sequence of Fra a 1.01E and Fra a 1.03 with Fra a 1.02 is 78.9% and

80.1%, respectively. The sequence identity of the three isoforms relating to Bet v 1 accounts

for 54%, 58.4% and 59%, respectively.'’
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Fra a 1.01E is mainly expressed in roots, Fra a 1.02 in ripe strawberry fruits and Fra
a 1.03 shows similar expression levels in different tissues and developmental stages.*>®
Transient RNAi-mediated silencing of Fra a 1 genes in strawberry fruit of the red-fruited
cultivar Elsanta led to reduced levels of Fra a 1 mRNA in the fruits and significantly
decreased levels of anthocyanins and upstream metabolites.***>*® This effect was consistent
with the parallel down-regulation of phenylalanine ammonia lyase (FaPAL) and to a lesser
extent of chalcone synthase (FaCHS) transcript levels. Both genes have been shown to be
involved in the production of anthocyanins in fruits. These results demonstrated that Fra a 1
expression is directly linked to flavonoid biosynthesis and showed that the Fra a 1 allergen
has an essential biological function in pigment formation in strawberry fruits.”> Only recently,
the structural analysis of a Fra a 1.03-catechin complex provided first mechanistic insights
into the biological function of Fra a 1 proteins as they may play a role in the control of the
flavonoid pathway by binding to metabolic intermediates.?

In'a yeast two-hybrid screen (Y2H) to reveal proteins that interact with the major
apple allergen Mal d 1, Mal d 1-Associated Protein (MdAP) was identified.?* MdAP
comprises 190 amino acids and does not exhibit any sequence similarity to known proteins
but shares 69% and 46% amino acid identity with an orthologous protein in F. vesca '® which
we named Fra a 1-Associated Protein (FaAP) and a protein in Arabidopsis thaliana,
respectively. MdAP and FaAP are encoded by a single gene in the M. x domestica and F.
vesca genome.

Powerful methods for the physical-chemical characterization of proteins and their
physical interactions are highly sought after as they are important tools for functional analysis
of proteins. In vitro molecular interactions are commonly analysed with biosensors, which
determine the association/dissociation of solute target proteins to/from surface-immobilized

capture molecules. The switchSENSE technique is such a biosensor, which was developed to
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investigate the molecular dynamics of proteins.? Briefly, short doubled stranded 48-x DNA
nanolevers [Fig. 1] are end-tethered to gold microelectrodes that are arranged within
individually addressable flow channels. A covalently bound fluorescence dye which is
attached to the opposite end of the DNA is used to measure the orientation of the DNA levers
with respect to the surface. Alternating potentials that are applied to the electrodes switch the
lever orientation between a standing and a lying state. As the fluorescence signal is quenched
when the DNA levers tilt towards the gold surface the movement of the DNA levers can be
monitored by an epifluorescence setup in real-time. When designated capture molecules are
attached to the DNAs’ top end, they can specifically bind target proteins from solution. As a
consequence of the increased hydrodynamic drag, the motion of the DNA lever slows down
as a function of the protein’s hydrodynamic diameter. Protein-protein interactions slow down
the motion further. This allows following of binding kinetics in real time and calculation of
association ko, and dissociation rates Kqff, and the dissociation constant Kp.

The aim of this study was to test the interaction of three Fra a 1 protein isoforms with
the putative binding partner FaAP by in vivo and in vitro methods. The well-established yeast
two-hybrid assay was used to study in vivo protein binding of the target proteins whereas the
switchSENSE method was applied for in vitro analysis.?? The latter system takes advantage
of short DNA strands that function as nanolevers and are employed as capture probes to bind
target proteins. By moving the proteins over nanometer amplitudes the protein diameter were

determined and dissociation constants (Kp) calculated.??
MATERIAL AND METHODS

RNA extraction and cloning of Fra a 1.01E, Fra a 1.02, Fra a 1.03 and FaAP for

heterologous expression
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Total RNA was extracted from strawberry fruit (Fragaria x ananassa cv. Elsanta) as
described previously.”® First-strand cDNA was synthesized as reported.”* The corresponding
ORF sequences of three isoforms of Fra a 1 (Fra a 1.01E/1.02/1.03) were PCR amplified
using strawberry cDNA as template and digested with Sphl and BamHI (Fra a 1.02: Sphl) for
the vector pQE70 including a His-tag (Qiagen, Hilden, Germany). The resulting digested
PCR fragments were ligated into the Sphi/BamHI (Fra a 1.02: Sphl) predigested pQE70
vector. The clones containing the recombinant plasmids pQE70-rFra a 1.01E/1.02/1.03 were
screened by PCR, restriction digestion, and verified by sequencing, to confirm correct
insertion of the genes rFra a 1.01E/1.02/1.03 in frame with the C-terminal His-tag. The
validated constructs pQE70-rFra a 1.01E/1.02/1.03 were transformed in E. coli strain BL21
(DE3) pLysS (Novagen, Darmstadt, Germany). The gene of the putative interaction partner
FaAP was cloned as described for the Fra a 1 isoforms. FaAP was fused N-terminal to EGFP
(Enhanced Green Fluorescent Protein), separated by a cleavage site for thrombin protease
that was inserted as linker. The appropriate restriction enzymes are BamHI and EcoRI. The
FaAP-EGFP fusion construct was cloned in the vector pET28b including an N- and C-
terminal His-tag in frame with FAAP-EGFP. FaAP was expressed as the fusion protein FaAP-

EGFP and used in the experiments, as unmodified FaAP was barely expressed by E. coli.
Heterologous expression, purification of recombinant Fra a 1 and FaAP proteins

Heterologous expression was performed as described.?* The proteins were purified
according to 2* and the manual of Profinity™ IMAC Resins.” GenBank Accession Numbers
are AM236319 (Fra a 1.01E), GQ148818 (Fra a 1.02), GQ148819 (Fra a 1.03) and

KF785812 (FaAP).

Fra a 1.02-specific rabbit polyclonal antibody
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The rabbit polyclonal antibody anti-Fra a 1.02 was raised against purified recombinant

Fra-a 1.02 protein according to *".
Yeast Two-Hybrid analysis

A Y2H screen was performed as described previously.?® The MATCHMAKER Two-
Hybrid System 3 (Clontech) was used to identify protein-protein interactions. The
corresponding ORF sequences of three strawberry allergen isoforms Fra a 1.01E/1.02/1.03,
Mal d 1 (cDNA from the cultivar “Golden Delicious”; GenBank Accession Number
AJ417551) and MdAP (cDNA from the cultivar “Golden Delicious”; GenBank Accession
Number AAD21467) ** were cloned in GBD as well as in GAD. The Saccharomyces
cerevisiae strain Y190 (Clontech) was used for the transformation using the S. cerevisiae
EasyComp™ Transformation Kit (Invitrogen; Catalog no. K5050-01). Transformed Y190
yeast cells were plated on minimal medium lacking tryptophan (W) and leucine (L). To
examine -Y2H interaction of GAD- and GBD-fused proteins in the yeast cells, the
transformants were grown for 4 d at 30°C on a minimal medium lacking W, L and histidine
(H) and in addition of 2.5 to 7.5 mM (max. 20 mM) 3-amino-1,2,4-triazole (3-AT; Sigma-
Aldrich).. For negative controls the empty “bait” respectively “prey” vector was Co-
transformed with each putative binding partner. As positive control AMSH3 (“prey”) and
VPS2.1 (“bait”) were analyzed according to 2. The results were documented by photography.
R-Galactosidase filter assay was performed as described in the “Yeast Protocols Handbook”

PT3024-1 (Clontech).
Biochip and DNA layer preparation

Experiments on switchable DNA layers were performed on a biochip as described
elsewhere.?” Briefly, thiolated 48-x oligonucleotides (Metabion, Planegg, Germany) were

end-grafted to Au electrodes (120 um diameter) on a glass substrate via spotting with a

7
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picoliter dispensing system [Fig. 1]. After 10 min incubation under co-adsorption of
mercaptohexanol for surface passivation, the biochip was assembled and flow channels were
formed by using double adhesive film as an intermediate layer and an ITO (indium-tin-oxide)
cover slide as a top layer and counter electrode. Double-stranded DNA layers were denatured
by rinsing NaOH solution (pH 12-13) over the electrodes for 1 s, after which layers could be

regenerated by hybridization with fresh complementary DNA.
Modification of DNA with capture molecules and proteins

Nitrilotriacetic acid (NTAs)-tagged 48-x DNA was synthesized from triaminated
DNA (IDT, Leuven, Belgium).?®?®® The NTA chelator heads were loaded by 10 min
incubation in 500 UM NiCl; solution after removal of excess divalent ions with 5 mM EDTA.
Protein-DNA conjugates of 48-x DNA with Fra a 1.01E, Fra a 1.02 and Fra a 1.03 (500 nM
Fra a 1 protein) were synthesized using a SMCC-Linker (Succinimidyl-4-[N-maleimido-

methyl]cyclohexane-1-carboxylate) as described elsewhere ?? without further purification.

Measurement of the protein-protein interaction between RCAR8 and ABI2 with and

without abscisic acid (control experiment)

His-tagged ABI2 (Abscisic Acid Insensitive 2) was bound to NTA;-tagged 48-x DNA
in T-buffer at a concentration of 50 nM. The interaction with RCAR8 ((PYL5), Regulatory
Components of ABA Receptor 8 (Pyrabactin Resistance 1-Like 5)) and ABA (abscisic acid)
was investigated by subsequent rinsing of 100 nM RCARS with and without 10 uM abscisic
acid-over the immobilized ABI2 in changing order. As negative control, all experiments were

repeated with unmodified 48-x DNA.

Measurement of the protein-protein interaction between Fra a 1 and FaAP-EGFP

This article is protected by copyright. All rights reserved.



The respective proteins were solved in His-tag elution buffer. The His-tag elution
buffer was changed via Zeba™ desalt spin columns (Thermo Scientific, Rockford, USA)
against T-buffer (10 mM Tris-HCI pH 7.3, 50 mM NaCl). FaAP-EGFP and Fra a 1.02
antibody were bound to DNA layers of DNA-Fra a 1.01E, -Fra a 1.02 and -Fra a 1.03
conjugates by flowing a solution of 200 nM or 500 nM FaAP-EGFP, respectively 50 nM Fra
a 1.02 antibody in T-buffer over the sensor and waiting until the binding signal went into
saturation. Since Fra a 1 —DNA conjugates were not purified, there is always a mixture of
unmodified and modified DNA on the surface. Dissociations of proteins were measured by
rinsing buffer. His-tagged proteins Fra a 1.01E, Fra a 1.02, Fra a 1.03 and FaAP-EGFP were
bound to NTAgs-tagged 48-x DNA in T-buffer. Full surface coverage was ensured by using a
protein concentration of at least 200 nM throughout all experiments. For the protein sizing
measurement %, time-resolved rising curves before and after saturation of NTAs-DNA layers

with His-tagged protein were used.
RESULTS
In silico analysis

As MdAP (Mal d 1 Associated Protein) has been described as interacting partner of
two-isoforms of the major apple allergen Mal d 1 %%, we screened the genome sequence of F.
vesca *® for genes encoding homologous proteins. The FaAP gene (Fra a 1 Associated
Protein) exhibits 69% protein sequence identity to MdAP 2, is 579 bp long, and codes for a
protein of 193 amino acids with a molecular weight of 21.461 kDa and a calculated pl of 4.49
[Fig. 2]. FaAP, in accordance with MdAP, is encoded by a single gene in the genome of the
woodland strawberry.*® A BLAST search of the FaAP sequence at NCBI provided, amongst
others, protein sequences from Solanum lycopersicum (79% identity; XM_004249348.1),

Prunus persica (69%; EMJ03824.1), Populus trichocarpa (59%, XP_002323365.1), Vitis
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vinifera (58%, XP_002264531.1) and Arabidopsis thaliana (46%, AAD21467.1). These
protein sequences are described as hypothetical and predicted proteins, homologous to
MdAP. The genomic DNA (gDNA) of FaAP consists of two exons that are separated by an
intron. The intron starts after 204 bp with the conserved splice site GT, at codon 69, has a
length of 1,282 bp and ends with the splice site AT. FaAP is presumably not secreted, is not a
DNA binding protein and does not contain a nuclear localization signal as was predicted by

Predict Protein *° although it could enter the nucleus due to its small size.
Interaction between Fra a 1 proteins and FaAP via Y2H screen

To identify interaction partners of the Fra a 1 proteins, we performed Y2H analysis
with Fra a 1.01E/1.02/1.03 and FaAP, as its ortholog from M. x domestica MdAP has been
shown to bind to Mal d 1.2 The known interaction of Mal d 1 with MdAP and AMSH3 with
VPS2.1 served as positive controls [Fig. S1].2*%" The combination of FaAP:Fra a 1.01E
showed strong yeast cell growth whereas Fra a 1.03:FaAP primarily promoted cell growth
when ‘bait’ and ‘prey’ vectors were interchanged. The combination empty GBD:FaAP and in
particular the sinterchanged combination FaAP:empty GAD induced strong reporter gene
auto-activity. Thus, a latent auto-activation activity was present in FaAP and could not be
reduced using high concentrations of 3-AT (20 mM). The negative controls of Fra a
1.01E/1.02/1.03 in combination with empty GBD and empty GAD showed only a minor cell
growth.

To reduce the auto-activity of FaAP, we divided FaAP in an N- (1-291 bp; FaAP-N)
and C- (292-582 bp; FaAP-C) terminal part and tested interaction in different combinations.
FaAP-N.and the three Fra a 1 isoforms in both vector arrangements did not reconstitute a

functional GALA4 transcription factor. However, when the combinations of FaAP-C with Fra a
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1.01E/1.02/1.03 were analysed, FaAP-C:Fra a 1.01E was able to induce reporter gene
expression.

The negative controls of FaAP-N and FaAP-C with the empty GBD and FaAP-
N:empty GAD co-transformation did not support cell growth, but FaAP-C:empty GAD
represented a strong transcriptional activator comparable with FaAP:empty GAD. This
implies that the amino acid sequence which is responsible for the auto-activation activity of
FaAP is primarily located in the C-terminal (292-582bp) fragment.

We also analysed Fra a 1:MdAP as well as Mal d 1:FaAP in different combinations to
test. whether FaAP and MdAP (69% amino acid identity with FaAP) share similar functions.
Although reporter gene expression was observed for FaAP:Mal d 1 this result is probably
owed to the auto-activation activity of FaAP.

Surprisingly, physical interaction of Mal d 1 and MdAP could not be unambiguously
confirmed by the Y2H analysis but similar to FaAP, MdAP induced gene transcription in the
presence of the empty GAD. However, auto-activation caused by MdAP seemed to be
weaker compared to FaAP. The known association of AMSH3 (“prey”) and VPS2.1 (“bait”)
served-as positive control.?” The results were reproduced and verified by B-galactosidase
filter assays [Fig. S2].

Although the Y2H analysis provided some evidence for a physical interaction
between Fra a 1 proteins and FaAP, the results could not clearly demonstrate the association
due to a high auto-activation background of the C-terminal sequence of FaAP. Thus, an

alternative and independent system was used for further analysis.
Interaction between Fra a 1 and FaAP by time-resolved DNA switching

A time-resolved DNA switching system was applied to analyse the putative binding

of three Fra a 1 isoforms and FaAP.?” Double-stranded DNA (48-x) was immobilized on a
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biochip and DNA orientations were measured in real-time by fluorescence energy transfer of
the Cy3 dyes (covalently bound fluorescence dye) attached to the DNAs’ distal end [Fig. 1].
Employing time-correlated single photon counting, the upward and downward motion of the
DNA was monitored. A fluorescence histogram was acquired within seconds.

As a positive control, we first analysed the interaction of a polyclonal antibody raised
against Fra a 1.02 with the three Fra a 1 isoforms bound to the 48-x DNA. The DNA lever
motion slightly slowed down when the allergens were attached to the DNA, except for Fra a
1.01E [Fig 3; pink broken lines compared with the black lines]. The motion of the DNA lever
decelerated even stronger in the presence of the antibody as shown by the decreasing slopes
of the fluorescence response curves when the binding partner was added, indicating an
interaction with the partner [Fig. 3; green broken lines]. Based on the different slopes it can
be concluded that Fra a 1.02 showed the highest and most rapid interaction with the antibody
whereas Fra a 1.03 exhibited a lower affinity to the polyclonal antibody. In the case of Fra a
1.01E the motion of the DNA lever decelerated in the presence of the antibody but the time-
resolved rising curves for the unmodified DNA and the Fra a 1.01E-DNA conjugate were
almost identical making the result inconclusive. The time courses can be fitted well with a
single exponential function, which indicates reaction-limited association kinetics. The area
under the curves is a parameter gauging the swiftness of the motion allowing the calculation
of ken (rate constant for association).?? As no dissociation was observed for Fra a 1.02 and Fra
a 1.03 only the ko, was determined with 1.9+0.5 10° M1 s* and 0.620.2 10> M1 s,
respectively [Table S1]. The ko, value for Fra a 1.01E was not calculated due to the
inconclusive result.

When the Fra a 1.01E/1.02/1.03 proteins were covalently conjugated to the DNAs’
top end the DNA lever motion slowed down as is visible by the smaller slopes of the curves

for DNA-Fra a 1 (48x-Fra a 1.01E/1.02/1.03) fusions in comparison with the unconjugated
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DNA (48-x) [Fig. 4]. To detect a possible interaction, of Fra a 1 proteins with FaAP, the Fra a
1 isoforms bound on the biochip were rinsed with 200 nM and 500 nM of FaAP-EGFP
protein. When Fra a 1.01E, Fra a 1.02 and Fra a 1.03 were analysed in combination with
FaAP-EGFP the movement of the DNA-protein-protein complex decelerated further [Fig. 4].
This indicates that the three Fra a 1 isoforms interact with FaAP-EGFP. EGFP did not bind to
the Fra a proteins 1.01E and 1.02 as the fluorescence histograms in the presence and absence
of EGFP were identical [Fig. S3]. The binding kinetics were calculated using the measured
kon and Kog values [Table 1]. Fraa 1.01E binds slow but very strong to FaAP-EGFP (Kp of
45.nM). The Fra a 1.02 and Fraa 1.03 binding to FaAP-EGFP exhibit nearly identical

kinetics (Kp of 15 and 11 nM, respectively).

Determination of the hydrodynamic diameter of Fra a 1 and FaAP-EGFP by time-

resolved. DNA switching

In-order to calculate the hydrodynamic diameter of the complexes, the three Fra a 1
isoforms and FaAP-EGFP were bound with their His-tag to NTA3-DNA. Protein
concentrations of 200 nM were used to saturate all NTAg-chelator heads with His-tagged
protein. FaAP-EGFP forms a complex with Fra a 1.01E, 1.02 and 1.03 as slopes of the
fluorescence response curves were always the smallest in the presence of FaAP-EGFP
[Fig. 5].In the case of FaAP-EGFP and Fra a 1.01E, the switching dynamics of the DNA-
protein-protein complex slowed down to a greater extent than in the interaction of FaAP-
EGFP with the other Fra a 1 proteins, which indicates that Fra a 1.01E probably binds as a
dimer [Fig. 5; green broken lines]. Similarly, Fra a 1.01E bound to NTA3-DNA decelerated
the motion of the DNA lever stronger than the two other Fra a 1 proteins which supports the
hypothesis of the formation of Fra a 1.01E dimers. In the interaction study of Fra a 1.01E two

time constants could be measured. A fast binding for Fra a 1.01E to the NTAs-His-tag (~0.02
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s™) and a slow but strong interaction between Fra a 1.01E and FaAP-EGFP (~0.003 s), as
described above.

To investigate the diverse binding characteristics, the hydrodynamic protein diameters
of the NTA3-DNA bound proteins were determined by the Lollipop model.?” Fra a 1.01E
showed a visible larger shift of the fluorescence response curve [Fig. 6] and consequently a
higher hydrodynamic protein diameter (5.5 nm) compared with Fra a 1.02 and Fra a 1.03 (4.6
and 4.2 nm), respectively [Table 2]. This is an indication that two Fra a 1.01E proteins are
attached to the NTA3-DNA and supports the hypothesis of a FaAP independent formation of
a dimeric structure of Fra a 1.01E as already drawn from Figure 5(A). The hydrodynamic
diameters of Fra a 1.02 and Fra a 1.03 was in accordance with their similar molecular masses.
FaAP-EGFP showed also an appropriate hydrodynamic diameter for the molecular mass of
the fusion protein [Table 2].%

As a second positive control, in addition to the antibody association shown in Figure
3, the known protein-protein interaction between RCAR8 (UniProt # Q9FLB1), a Bet v 1
homologous protein, and ABI2 (GenBank Accession Number Y08965.1) in the presence of
abscisic acid (ABA) was analysed.* RCARS is a Regulatory Component of ABA Receptor 8
and has been shown to interact in an ABA-dependent manner with ABI2 (Abscisic acid
Insensitive 2), a PP2C (protein phosphatase Type 2C) phosphatase.®"*? After binding of ABI2
(50.nM) to NTA3-DNA, a mixture of RCARS8 (100 nM) and ABA (10 uM) was rinsed over
the sensor. A clearly shifted time-resolved fluorescence response curve, indicative of an
ABI2-ABA-RCARS8 complex, was observed [Fig. 4(D)]. The ABI2-ABA-RCARS8 complex
exhibits a ko, of 3.2+0.8 10° M'1 s™* and finally a Kp of 1.9 nM [Table 1]. After binding of
ABI2 (50 nM) to NTA3-DNA, RCARS8 (100 nM) was rinsed over the sensor and forms a
complex with the immobilized ABI2 also in absence of ABA [Fig. 4(D)]. Thereafter a

solution of ABI2 (50 nM), RCARS (100 nM) and ABA (10 uM) was applied to the biochip,
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but the time-resolved curve remained unchanged. This result indicated that the protein-
protein interaction between ABI2 and RCARS is ABA-independent.

As negative controls we analyzed the binding of FaAP-EGFP, Fra a 1.01E, Fraa 1.02,
Fra a 1.03, Fra a 1.02 antibody, RCAR8 and RCARS in the presence of ABI2 to unmodified
48-x DNA [Fig. 7]. An interaction was not observed, only FaAP-EGFP at a concentration of
500 nM and RCARS8-ABI2 exhibit a minor non-specific binding to the unmodified 48-x

DNA.
DISCUSSION

In this study, FaAP was identified as an ortholog of MdAP by in silico analysis and
the putative in vivo interaction between Fra a 1 and FaAP was analysed by an Y2H assay.

However, strong auto-activation®*3*

of FaAP, a well-known disadvantage of the Y2H system,
was observed [Fig. 3]. Similarly, in this study, MdAP was identified as an activator of the
reporter genes in the Y2H analysis in combination with an empty prey vector. Auto activation
of MdAP has not been reported, yet.* The weakness of the Y2H results called for additional
ways to test the putative physical interaction of the Fra a 1 proteins and FaAP.

Thus, electro-switchable DNA biochips were chosen as an alternative method for the
analysis of protein interaction by time-resolved measurements.?> The study provided a
distinct indication for the physical association of Fra a 1.01E, Fra a 1.02 and Fra a 1.03 with
FaAP, invitro. The validity of the system was confirmed by determining the binding of the
allergens to an allergen specific antibody and measuring the known physical interaction of
RCARS and ABI2.%" The kinetic data indicated that Fra a 1.01E showed the strongest affinity

to FaAP-EGFP followed by Fra a 1.03 and Fra a 1.02 [Table 1]. The interaction seemed to be

isoform independent as FaAP interacts with three Fra a 1 isoforms.
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Besides, Fra a 1.01E clearly showed a greater hydrodynamic diameter than Fra a 1.02
and Fra-a 1.03 as was calculated by the Lollipop model [Fig. 6].% Thus, we hypothesized,
that two molecules of Fra a 1.01E bind to one DNA lever and Fra a 1.01E was detected as
dimer. As Fra a 1.01E in complex with FaAP-EGFP displayed a much bigger shift compared
to a minor shift of Fra a 1.02/1.03 in interaction with FaAP-EGFP [Fig. 5], we followed that a
Fra a 1.01E dimer interacts with two FaAP-EGFP fusion proteins bound to two NTA3-DNA
levers. In this way the DNA strands interlink on the chip surface.?®

Recently, it was shown that Fra a 1.01E is a monomer in solution *® and in the crystal
3D.structure.”® In the present study, the time resolved DNA-switching measurement system
demonstrated dimerization of Fra a 1.01E. Similarly, the most prominent representative of the
PR-10 family, the major birch pollen allergen Bet v 1, isolated directly from birch pollen,
forms a dimer.* The dimerization was confirmed by western blotting with a monoclonal
antibody and both the monomer and dimer showed RNase activity. AmPR-10 from the
Chinese medical plant Astragalus mongholicus * and SPE16 from Pachyrrhizus erosus, the
Mexican yam °, form homodimers in solution and dimerization of a norcoclaurine synthase
(NCS), another PR-10 allergen-related protein, seemed to be important for the enzyme
activity.*

The concentration of allergens and the oligomerization status of allergens have a
tremendous effect on their allergenic potential. It was shown that the allergens are “inactive”
in their low concentration status as monomers. At higher concentrations allergens are
“active” as oligomers. Some important members of the PR-10 protein family like the birch
pollen allergen Bet v 1, the apple allergen Mal d 1, the carrot allergen Dau ¢ 1 and the celery
allergen~Api gl exhibit a low allergenic potential as monomers. But at a higher
oligomerization status, e.g. dimers, the allergenic potential increases and they can be

identified as hyperallergenic proteins.®” Lately, Fra a 1.01E was identified as a hypoallergenic
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strawberry allergen in a basophil activation test as low concentrations (0.5 ng, 5 ng and 50
ng) were applied in the test.'” In addition, further BAT analyses were performed with a
higher concentration of 500 ng recombinant Fra a 1 proteins. The increase of protein
concentration led to an enormous rise of basophil activation with an enhancement of 69%
between 50 ng and 500 ng recombinant protein Fra a 1.01E applied in the test [Fig. S4]. In
contrast, Fra a 1.02 and Fra a 1.03 exhibited only a minor increase in basophil activation
between 50 ng and 500 ng. Hence, we assume that dimerization as shown by the time
resolved DNA-switching measurement and the significantly increased allergenic potential of
Fra.a 1.01E at high concentration (500 ng) is accompanied by a significant increase of the
allergenic potential. It seems that the oligomerization status of the strawberry allergen
significantly affects the allergenic potential of the protein.

Another outstanding example for PR-10 proteins and homologues of Bet v 1 are the
RCAR proteins, comprising 14 members. Four RCARs (RCAR11, 12, 13 and 14) form
dimeric structures in solution.®®**" The RCAR proteins contain the conserved loop 2 (CL2)
which.undergoes, after ABA binding, a conformational rearrangement for creating the
interaction surface for PP2C. In the dimeric structure of RCAR14 the switching CL2 may be
constrained by the dimer. Consequently the dimeric structure prevents the binding of ABA
and the interaction of PP2C with RCAR14.* So far, the functional importance of the
dimerization of PR-10 proteins could not be established.

In the case of Fra a 1.01E the physical interaction of the dimer with FaAP could have
an important physiological impact similar to the enzymatic activity of the NCS dimer ** and
the inhibition of the RCAR14-ABA-PP2C interaction by the RCAR14 dimer, which affects
the downstream ABA-pathway.*® As PR-10 related proteins form a cavity for the binding of

42,43

ligands such as phytosteroids and flavonoids it is conceivable that they act as plant

hormone and secondary metabolite carriers. Multimeric complexes involving orthologous of
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FaAP might have an essential function in trafficking the metabolites. Similarly, the cytosolic
complex of a PR-10 protein and a leucine-rich repeat protein 1 (LRR1) from pepper
(Capsicum annuum) has been shown to be responsible for cell death-mediated defense
signalling.* LRR1 acts as positive regulator of hypersensitive cell death triggered by PR-10.

The determination of the binding between Fra a 1.01E/1.02/1.03 and the polyclonal
Fraa 1.02 antibody served as a reliable positive control and test for the specificity of the
antibody. The results of the time resolved DNA-switching measurements reflect very well the
amino acid sequence identities of the protein sequence. Fra a 1.02 shows the highest and most
rapid interaction with the antibody, followed by Fra a 1.03 (80.1% identity) and Fra a 1.01E
(78.9% identity). The known association of RCAR8-ABA-ABI2 was used as second positive
control. The strong binding between these three components was already reported.** The
interaction of the complex in the presence of ABA could be verified (Kp of 1.9 nM).
However, even without the presence of ABA, RCARS bound to ABI2. This result indicates
that RCARS8 and ABI2 can interact also in an ABA-independent manner.

The protein FaAP has an orthologue protein in the model plant Arabidopsis thaliana
with a protein sequence identity of 46%. The orthologue protein AtAP (AAD21467.1; Locus
detail at TAIR: AT2G35900) is temporarily described as a hypothetical protein. In an
extensive study to investigate the network evolution of the Arabidopsis interactome the
hypothetical protein AtAP was involved in a Two-hybrid interaction study. AtAP as the prey
(transcriptional activation domain) partner stroked up an interaction with two proteins Atg8d
and Atg8f which represented the bait (DNA binding domain) part in the Two-hybrid system.
The proteins Atg8d/f (Locus detail at TAIR: AT4G16520, AT2G05630) are described as
autophagy-related proteins 8d/f.*>*® The Atg8 protein family which encodes ubiquitin-like
proteins participate in various stages of the important autophagic process like intracellular

membrane trafficking.”® Only recently it was reported that a trafficking pathway of
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anthocyanins, co-localized in an endomembrane system, overlaps with the endoplasmic
reticulum-to-vacuole protein sorting way in Arabidopsis and concurs to the formation of
vacuolar inclusions. This is a novel and interesting mechanism of vesicular transport and
vacuolar sequestration of anthocyanins.>

It was shown that the Fra a 1 expression is directly linked to flavonoid biosynthesis
and that the Fra a 1 allergen has an essential biological function in pigment formation in

strawberry fruits." This was demonstrated by transient RNAi-mediated silencing experiments

19,51 20,52

, structural analysis studies and proteome analysis of a naturally white-fruited
strawberry variety *. The interaction between the Fraal isoforms and FaAP and the
association between Arabidopsis AtAP (FaAP orthologue protein) and Atg8d/f provide a first
clue for the biological function of Fra a 1. The presumed association of the three proteins (Fra
a 1, FaAP and Atg8d/f) and the Fra a 1 dependent pigment formation may be related to the
transformation of vacuoles during fruit development, which serve as storage compartments
for anthocyanin pigments.
CONCLUSIONS

FaAP could be confirmed as a putative interaction partner of the strawberry allergen
Fra a 1.01E/1.02/1.03. Although an Y2H assay provided first evidence of a physical
interaction, strong auto-activation activity of the C-terminal domain of FaAP rendered the
results-inconclusive. However, measurements by a DNA switching device provided evidence
for the protein-protein binding of FaAP and Fra a 1 isomers as well as RCARS, ABI2 and
abscisic acid. The data provide a foundation for further research on the physiological function

of PR-10 proteins in developmental processes, secondary metabolism and antimicrobial

activity.

ACKNOWLEDGMENTS

19

This article is protected by copyright. All rights reserved.



We thank Erwin Grill (Chair of Botany, TUM) and Claus Schwechheimer (Department of

Plant Systems Biology, TUM) for skillful technical and theoretical assistance.

20

This article is protected by copyright. All rights reserved.



REFERENCES

1.

10.

11.

12.

13.

14.

15.

Yan Q, Qi X, Jiang Z, Yang S, Han L. Characterization of a pathogenesis-related
class 10 protein (PR-10) from Astragalus mongholicus with ribonuclease activity.
Plant Physiol Biochem 2008;46(1):93-99.

Hoffmann-Sommergruber K. Pathogenesis-related (PR)-proteins identified as
allergens. Biochem Soc Trans 2002;30(6):930-935.

Lebel S, Schellenbaum P, Walter B, Maillot P. Characterisation of the Vitis vinifera
PR10 multigene family. BMC Plant Biol 2010;10(1):184.

Hyun K, Kim J. Genomic identification of putative allergen genes in woodland
strawberry (Fragaria vesca) and mandarin orange (Citrus clementina). Plant Omics J
2011;4:428-434.

Wu F, Li Y, Chang S, Zhou Z, Wang F, Song X, Lin Y, Gong W. Purification,
characterization and preliminary crystallographic studies of a PR-10 protein from
Pachyrrhizus erosus seeds. Acta Crystallogr D Biol Crystallogr 2002;58(12):2165-
2167.

Van Loon L, Rep M, Pieterse C. Significance of inducible defense-related proteins in
infected plants. Annu Rev Phytopathol 2006;44:135-162.

Swoboda I, Hoffmann-Sommergruber K, O'Riordain G, Scheiner O, Heberle-Bors E,
Vicente O. Bet v 1 proteins, the major birch pollen allergens and members of a family
of conserved pathogenesis-related proteins, show ribonuclease activity in vitro.
Physiol Plant 1996;96(3):433-438.

Vanekkrebitz M, Hoffmannsommergruber K, Machado M, Susani M, Ebner C, Kraft
D, Scheiner O, Breiteneder H. Cloning and sequencing of Mal d 1, the major allergen
from apple (Malus domestica), and its immunological relationship to Bet v 1, the
major birch pollen allergen. Biochem Biophys Res Commun 1995;214(2):538-551.
Neudecker P, Schweimer K, Nerkamp J, Scheurer S, Vieths S, Sticht H, Résch P.
Allergic cross-reactivity made visible solution structure of the major cherry allergen
Pru av 1. J Biol Chem 2001;276(25):22756-22763.

Yamamoto M, Torikai S, Oeda K. A major root protein of carrots with high homology
to intracellular pathogenesis-related (PR) proteins and pollen allergens. Plant Cell
Physiol 1997;38(9):1080-1086.

Schirmer T, Hoffmann-Sommergruber K, Susani M, Breiteneder H, Markovi¢-
Housley Z. Crystal structure of the major celery allergen Api g 1: molecular analysis
of cross-reactivity. J Mol Biol 2005;351(5):1101-1109.

Karlsson A, Alm R, Ekstrand B, Fjelkner-Modig S, Schiétt A, Bengtsson U, Bjork L,
Hjerng K, Roepstorff P, Emanuelsson C. Bet v 1 homologues in strawberry identified
as IgE-binding proteins and presumptive allergens. Allergy 2004;59(12):1277-1284.
Musidlowska-Persson A, Alm R, Emanuelsson C. Cloning and sequencing of the Bet
v 1-homologous allergen Fra a 1 in strawberry (Fragaria ananassa) shows the
presence of an intron and little variability in amino acid sequence. Mol Immunol
2007;44(6):1245-1252.

Hjerng K, Alm R, Canbéck B, Matthiesen R, Trajkovski K, Bjork L, Roepstorff P,
Emanuelsson C. Down-regulation of the strawberry Bet v 1-homologous allergen in
concert with the flavonoid biosynthesis pathway in colorless strawberry mutant.
Proteomics 2006;6(5):1574-1587.

Munoz C, Hoffmann T, Escobar NM, Ludemann F, Botella MA, Valpuesta V,
Schwab W. The strawberry fruit Fra a allergen functions in flavonoid biosynthesis.
Mol Plant 2010;3(1):113-124.

21

This article is protected by copyright. All rights reserved.



16.

17.

18.

19.

20.

21,

22,

23.

24,

25.
26.

27.

28.

29.

Shulaev V, Sargent DJ, Crowhurst RN, Mockler TC, Folkerts O, Delcher AL, Jaiswal
P, Mockaitis K, Liston A, Mane SP, Burns P, Davis TM, Slovin JP, Bassil N, Hellens
RP, Evans C, Harkins T, Kodira C, Desany B, Crasta OR, Jensen RV, Allan AC,
Michael TP, Setubal JC, Celton JM, Rees DJ, Williams KP, Holt SH, Ruiz Rojas JJ,
Chatterjee M, Liu B, Silva H, Meisel L, Adato A, Filichkin SA, Troggio M, Viola R,
Ashman TL, Wang H, Dharmawardhana P, Elser J, Raja R, Priest HD, Bryant DW,
Jr., Fox SE, Givan SA, Wilhelm LJ, Naithani S, Christoffels A, Salama DY, Carter J,
Lopez Girona E, Zdepski A, Wang W, Kerstetter RA, Schwab W, Korban SS, Davik
J,.Monfort A, Denoyes-Rothan B, Arus P, Mittler R, Flinn B, Aharoni A, Bennetzen
JL, Salzberg SL, Dickerman AW, Velasco R, Borodovsky M, Veilleux RE, Folta KM.
The genome of woodland strawberry (Fragaria vesca). Nat Genet 2011;43(2):109-
116.

Franz-Oberdorf K, Eberlein B, Edelmann K, Hiicherig S, Besbes F, Darsow U, Ring
J, Schwab W. Fra a 1.02 Is the Most Potent Isoform of the Bet v 1-like Allergen in
Strawberry Fruit. J Agric Food Chem 2016;64(18):3688-3696.

von Loetzen CS, Schweimer K, Schwab W, Rdsch P, Hartl-Spiegelhauer O. Solution
structure of the strawberry allergen Fra a 1. Biosci Rep 2012;32(6):567-575.
Hoffmann T, Kalinowski G, Schwab W. RNAi-induced silencing of gene expression
in strawberry fruit (Fragariax ananassa) by agroinfiltration: a rapid assay for gene
function analysis. Plant J 2006;48(5):818-826.

Casafial A, Zander U, Mufioz C, Dupeux F, Luque I, Botella MA, Schwab W,
Valpuesta V, Marquez JA. The strawberry pathogenesis-related 10 (PR-10) Fra a
proteins control flavonoid biosynthesis by binding to metabolic intermediates. J Biol
Chem 2013;288(49):35322-35332.

Puehringer HM, Zinoecker I, Marzban G, Katinger H, Laimer M. MdAP, a novel
protein in apple, is associated with the major allergen Mal d 1. Gene 2003;321:173-
183.

Langer A, Hampel PA, Kaiser W, Knezevic J, Welte T, Villa V, Maruyama M,
Svejda M, Jahner S, Fischer F, Strasser R, Rant U. Protein analysis by time-resolved
measurements with an electro-switchable DNA chip. Nat Commun 2013;4:2099.

Liao Z, Chen M, Guo L, Gong Y, Tang F, Sun X, Tang K. Rapid isolation of high-
quality total RNA from taxus and ginkgo. Prep Biochem Biotechnol 2004;34(3):209-
214.

Ring L, Yeh S-Y, Hicherig S, Hoffmann T, Blanco-Portales R, Fouche M, Villatoro
C, Denoyes B, Monfort A, Caballero JL. Metabolic interaction between anthocyanin
and lignin biosynthesis is associated with peroxidase FaPRX27 in strawberry fruit.
Plant Physiol 2013;163(1):43-60.

BioRad. Profinity IMAC Resins Instruction Manual.

Schwechheimer C, Deng X-W. Studying protein-protein interactions with the yeast
two-hybrid system. Molecular Plant Biology, PM Gilmartin and C Bowler, eds
(Oxford, UK: Oxford University Press) 2002:173-198.

Katsiarimpa A, Anzenberger F, Schlager N, Neubert S, Hauser MT, Schwechheimer
C, Isono E. The Arabidopsis deubiquitinating enzyme AMSH3 interacts with ESCRT-
I11 subunits and regulates their localization. Plant Cell 2011;23(8):3026-3040.
Knezevic J, Langer A, Hampel PA, Kaiser W, Strasser R, Rant U. Quantitation of
affinity, avidity, and binding kinetics of protein analytes with a dynamically
switchable biosurface. J Am Chem Soc 2012;134(37):15225-15228.

Goodman RP, Erben CM, Malo J, Ho WM, McKee ML, Kapanidis AN, Turberfield
AJ. A facile method for reversibly linking a recombinant protein to DNA.
Chembiochem 2009;10(9):1551-1557.

22

This article is protected by copyright. All rights reserved.



30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

Rost B, Yachdav G, Liu J. The PredictProtein server. Nucleic acids research
2004;32(Web Server issue):W321-326.

Raghavendra AS, Gonugunta VK, Christmann A, Grill E. ABA perception and
signalling. Trends Plant Sci 2010;15(7):395-401.

Santiago J, Rodrigues A, Saez A, Rubio S, Antoni R, Dupeux F, Park SY, Méarquez
JA, Cutler SR, Rodriguez PL. Modulation of drought resistance by the abscisic acid
receptor PYL5 through inhibition of clade A PP2Cs. Plant J 2009;60(4):575-588.
Worseck JM, Grossmann A, Weimann M, Hegele A, Stelzl U. A Stringent Yeast
Two-Hybrid Matrix Screening Approach for Protein—Protein Interaction Discovery.
Two Hybrid Technologies: Springer; 2012. p 63-87.

Maier RH, Maier CJ, Hintner H, Bauer JW, Onder K. Quantitative Real-Time PCR as
a Sensitive Protein-Protein Interaction Quantification Method and a Partial Solution
for Non-Accessible Autoactivator and False-Negative Molecule Analysis in the Yeast
Two-Hybrid System. Methods 2012.

Bufe A, Spangfort MD, Kahlert H, Schlaak M, Becker W-M. The major birch pollen
allergen, Bet v 1, shows ribonuclease activity. Planta 1996;199(3):413-415.

Berkner H, Schweimer K, Matecko I, Rosch P. Conformation, catalytic site, and
enzymatic mechanism of the PR10 allergen-related enzyme norcoclaurine synthase.
Biochem J 2008;413:281-290.

Rouvinen J, Janis J, Laukkanen M-L, Jylhd S, Niemi M, Paivinen T, Mékinen-
Kiljunen S, Haahtela T, Soderlund H, Takkinen K. Transient dimers of allergens.
PloS ONE 2010;5(2):e9037.

Yin P, Fan H, Hao Q, Yuan X, Wu D, Pang Y, Yan C, Li W, Wang J, Yan N.
Structural insights into the mechanism of abscisic acid signaling by PYL proteins. Nat
Struct Mol Biol 2009;16(12):1230-1236.

Klingler JP, Batelli G, Zhu J-K. ABA receptors: the START of a new paradigm in
phytohormone signalling. J Exp Bot 2010;61(12):3199-3210.

Hao Q, Yin P, Li W, Wang L, Yan C, Lin Z, Wu JZ, Wang J, Yan SF, Yan N. The
molecular basis of ABA-independent inhibition of PP2Cs by a subclass of PYL
proteins. Mol Cell 2011;42(5):662-672.

Santiago J, Dupeux F, Betz K, Antoni R, Gonzalez-Guzman M, Rodriguez L,
Marquez JA, Rodriguez PL. Structural insights into PYR/PYL/RCAR ABA receptors
and PP2Cs. Plant Sci 2012;182:3-11.

Markovi¢-Housley Z, Degano M, Lamba D, von Roepenack-Lahaye E, Clemens S,
Susani M, Ferreira F, Scheiner O, Breiteneder H. Crystal structure of a hypoallergenic
isoform of the major birch pollen allergen Bet v 1 and its likely biological function as
a plant steroid carrier. J Mol Biol 2003;325(1):123-133.

Zubini P, Zambelli B, Musiani F, Ciurli S, Bertolini P, Baraldi E. The RNA
hydrolysis and the cytokinin binding activities of PR-10 proteins are differently
performed by two isoforms of the Pru p 1 peach major allergen and are possibly
functionally related. Plant Physiol 2009;150(3):1235-1247.

Choi DS, Hwang IS, Hwang BK. Requirement of the cytosolic interaction between
PATHOGENESIS-RELATED PROTEIN10 and LEUCINE-RICH REPEAT
PROTEIN1 for cell death and defense signaling in pepper. Plant Cell
2012;24(4):1675-1690.

Braun P, Aubourg S, Van Leene J, De Jaeger G, Lurin C. Plant protein interactomes.
Annu Rev Plant Biol 2013;64:161-187.

Consortium AIM. Evidence for network evolution in an Arabidopsis interactome map.
Science 2011;333(6042):601-607.

23

This article is protected by copyright. All rights reserved.



47,

48.

49,

50.

Y

52.

Pourcel L, Irani NG, Lu Y, Riedl K, Schwartz S, Grotewold E. The formation of
anthocyanic vacuolar inclusions in Arabidopsis thaliana and implications for the
sequestration of anthocyanin pigments. Mol Plant 2010;3(1):78-90.

Woo J, Park E, Dinesh-Kumar S. Differential processing of Arabidopsis ubiquitin-like
Atg8 autophagy proteins by Atg4 cysteine proteases. PNAS 2014;111(2):863-868.
Shpilka T, Weidberg H, Pietrokovski S, Elazar Z. Atg8: an autophagy-related
ubiquitin-like protein family. Genome Biol 2011;12(7):1.

Poustka F, Irani NG, Feller A, Lu Y, Pourcel L, Frame K, Grotewold E. A trafficking
pathway for anthocyanins overlaps with the endoplasmic reticulum-to-vacuole
protein-sorting route in Arabidopsis and contributes to the formation of vacuolar
inclusions. Plant Physiol 2007;145(4):1323-1335.

Mufioz C, Hoffmann T, Escobar NM, Ludemann F, Botella MA, Valpuesta V,
Schwab W. The strawberry fruit Fra a allergen functions in flavonoid biosynthesis.
Mol Plant 2010;3(1):113-124.

Casanal A, Zander U, Dupeux F, Valpuesta V, Marquez JA. Purification,
crystallization and preliminary X-ray analysis of the strawberry allergens Fra a 1E and
Fra a 3 in the presence of catechin. Acta Crystallogr Sect F Struct Biol Cryst Commun
2013;69(5):510-514.

This work was supported by Collaborative Research Center (Sonderforschungsbereich) SFB

924.

Abbreviations: ABI2, Abscisic Acid Insensitive 2; ABA, abscisic acid; FaAP-EGFP, Fra a 1-

Associated Protein-Enhanced Green Fluorescent Protein; Fra a 1.01E/1.02/1.03, Fragaria x

ananassa 1.01E/1.02/1.03; GDB, GAL4 binding domain; GAD, GAL4 activation domain;

ITO, indium-tin-oxide; RCAR8 (PYL5), Regulatory Components of ABA Receptor 8

(Pyrabactin Resistance 1-Like 5); 3-AT, 3-amino-1,2,4-triazole (Sigma-Aldrich).

This article contains supplemental Tables S1 and Figures S1 to S4.

TABLE and FIGURE LEGENDS

Table 1: Kinetic data obtained by the time-resolved DNA switching system for the

interaction between FaAP-EGFP and the three Fra a 1 isoforms and ABI2, RCARS8 and ABA.
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Table 2 Hydrodynamic diameter of Fra a 1.01E/1.02/1.03 and FaAP-EGFP measured via the

lollipop model.

Figure 1 Schematic presentation of a DNA lever with the protein Fra a 1.03 (Dy: effective
protein diameter) bound by the capture molecule, NTAj; (green), which is covalently attached
to one single strand. The second single strand comprises the fluorescence molecule (yellow
star). The dotted line represents the “lollipop” silhouette for calculating the hydrodynamic

diameter (Dy).

Figure 2 Protein sequence alignment®® of orthologous proteins to MdAP in the strawberry
genome FaAP (69%, KF785812) and further orthologous (hypothetical and uncharacterized)
proteins in Vitis vinifera (58%, XP_002264531.1), Arabidopsis thaliana (46%,
AAD21467.1), Populus trichocarpa (59%, XP_002323365.1), Solanum lycopersicum (79%
identity; XM 004249348.1) and Prunus persica (69%; EMJ03824.1). Legend of symbols:
accordance of nucleotides (.); absence of nucleotides (-); large sequence logo letters indicate
the same nucleotide in all compared sequences; small/smaller sequence logo letters indicate

different nucleotides in the compared sequences.

Figure 3 Time-resolved rising curves for unmodified DNA in buffer (48-x, black line); A-C:
Fra-a 1.01E/1.02/1.03-DNA conjugates (purple dashed line), Fra a 1.01E/1.02/1.03-DNA
conjugates after rinsing a solution of 50 nM polyclonal Fra a 1.02 antibody over the sensor
and the formation of a complex (green dotted line). Axis labelling: Y-axis: normalized

fluorescence; X-axis: time in ps.

Figure 4 Time-resolved rising curves for unmodified DNA (48-x, black line); A-C: 48x-Fra a
1.01E/1.02/1.03 conjugates (purple dashed line), 48x-Fra a 1.01E/1.02/1.03 conjugates after
rinsing a solution of 200 nM FaAP-EGFP over the sensor and the formation of a complex

(green dotted line); D: ABI2-NTAsz-modified DNA conjugate (50 nM; purple dashed line),
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RCARS (100 nM) forms a complex with the immobilized ABI2 also in absence of ABA (blue
dashed dotted line); flowing a solution of ABI2 (50 nM), RCARS8 (100 nM) and ABA (10
M) over the NTAsz-modified DNA levers on the sensor leads to no further shift in the time-
resolved curve (green dotted line). Axis labelling: Y-axis: normalized fluorescence; X-axis:

time in ps.

Figure 5 Time-resolved rising curves for NTA3-DNA after Ni-loading in buffer (black line);
A-C: Fraa 1.01E/1.02/1.03-NTA3-DNA conjugates (purple dashed line), FAAP-EGFP-NTA3-
DNA conjugates (blue dashed dotted line), mixture of Fra a 1.01E/1.02/1.03 and FaAP-
EGFP-NTA3-DNA conjugates (green dotted line); protein concentrations were 200 nM for
saturating all the NTAgs-chelator heads with His-tagged protein; Fra a 1.01E in complex with
FaAP-EGFEP display a bigger shift compared to a minor shift of Fra a 1.02/1.03 in interaction
with FaAP-EGFP; the comparisons of the diverse shift characteristic leads to the indication of
a possible dimer formation of Fra a 1.01E. Axis labelling: Y-axis: normalized fluorescence;

X-axis: time in ps.

Figure 6 Time-resolved rising curves for NTA3-DNA after Ni-loading in buffer (black line);
A-C: Fraa 1.01E/1.02/1.03-NTA3-DNA conjugates and (D) FaAP-EGFP-NTA3;-DNA
conjugate (purple dashed line); (A) Fra a 1.01E and (D) FaAP-EGFP bound to NTA3;-DNA
show a bigger shift than (B,C) Fra a 1.02/1.03; the bigger shift of Fra a 1.01E give rise to the
assumption that there is an interlinking on the NTA3-DNA chip surface through a Fraa 1.01E
dimer; Fra a 1.02/1.03 have a similar size; FaAP-EGFP displays a bigger shift based on the
higher molecular size and the two available His-tags. Axis labelling: Y-axis: normalized

fluorescence; X-axis: time in us.

Figure 7 Time-resolved rising curves for unmodified DNA in buffer (48-x, black line). No

interaction between respectively (A,B) Fraa 1.01E/1.02 (200 nM; purple dashed line), (B)
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Fra a 1.03 (200 nM; green dotted line), (C) polyclonal Fra a 1.02 antibody (50 nM; purple
dashed line), (C) FaAP-EGFP (200 nM; green dotted line) and unmodified 48-x DNA; (D)
Minor non-specific binding of FaAP-EGFP (500 nM; purple dashed line) to unmodified 48-x
DNA; (E) No interaction between RCARS8 (100 nM; purple dashed line) and unmodified 48-x
DNA,; (E) Minor non-specific interaction of ABI2-RCARS8 (50 nM/100 nM; green dotted
line) to unmodified 48-x DNA. Axis labelling: Y-axis: normalized fluorescence; X-axis: time

in ps.

Table 1: Kinetic data obtained by the time-resolved DNA switching system for the interaction
between FaAP-EGFP and the three Fra a 1 isoforms and ABI2, RCAR8 and ABA.

I(on (M-l S-l) koff (S-l) KD (n M)

FaAP-EGFP —Fraa 1.01E 58*10°+0.4 26*10°+0.6 4.5%1.1
FaAP-EGFP -Fraa1.02 1.2*10°+0.1 0.0017 £0.0002 15%3
FaAP-EGFP -Fraa1.03 1.2*10°+0.1 0.0013£0.0002 112
ABI2 - RCARS8 — ABA 3.2*10°+0.8 6.0*10%°+1.0 1905

Table 2 Hydrodynamic diameter of Fra a 1.01E/1.02/1.03 and FaAP-EGFP measured via
the lollipop model.

mass (g mol™) hydrodynamic diameter (nm)

Fraa 1l.01E 18696 55+0.5

Fraa 1.02 18428 46+0.2

Fraa 1.03 18378 42+0.2

FaAP-EGFP 48384 6.7+0.3
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. Populus trichocarpa s B--- - - - - - ---@... . H..BS.....
4. Solanum lycopersicum .- ]sE!.A-ESAé % .2..5. HmE. . A..... é.-ﬂ HN..
6. Prunus persica .ZE-———SIA——-—"s-----Ii:---IZIiZII' Hoa SRR R e
7. MdAP ..E—-—_ IA-—- I I ..... - .....................
190
T
D \ ' | [ \
Sequence Logo l L\ \‘ [ y H ED L
é k\l :' ‘é ¥-LJ n(g L 1\115’ 1_\‘-‘? QM}\NPL Lt y' I)N Ll” E Wr»
1. Vitis vinifera u. l . .. H.M.. . ARN. -E-— ............
2. Arabidopsis thaliana H.. 4 5 . A PN P £ D NP l ‘H IS -S m.
3. Populus trichocarpa A .. S s e s E..VR.BENE.NEED-VE. . .H. . .H. .-. . EAE..EE.....
gs;)IAagumlycoperswum = = .. 2 _=g§E}S\a—_A.-S.E-S£SEg .....
gﬁmxgspersica =ICZI§' v "'A.E"g=-'2é.3..l.iil.=2Z =I=ZZI§Z"iI
: S 2 1%0' ~ st Sl 1§u S L o e 0
] AEROGEES G paf (RSTYT Gt A0l
Sequence Logo 2 N I jG D P - 1 s o DL f D
o L, 23 Nl DX IPN!I- xL!hN 225 L P‘.J }_\5» U ‘L l-‘\h“j z“\.‘ G 1 *5
1. Vitis vinifera .A.EN..- BH.S.SS.H..... B. —EA—‘-~SAE.EIAE S - o o oo E
2. Arabidopsis thaliana ‘m- e v I - ENRNDEN-BEREBES . .E@. .. ... .
3. Populustrichocarpa .. ....H..DM..---D.HN.N.S.5. .H..... . M -=== EEENEEE. .B..........
gS:I:Bumlyccperswum . I - . .. S .I.S -_-_i —————— g mT .DE.m
.. .. . i . .. .. ... “. T . o -A_ .. L I B
6. Prunus persica ... i .M. HR.BEM....SB8-. .F----B"EENWD . .B§..........
7. MdAP ...A.S... . A..--lE..E... SBEl.BR. .EM..... . .F----BEASHSDD . .N........ E..
1 i 1 14
e
A /—"" B C
- 4
g/ : :
—48-x T w

=-===48-Fraa1.03
~eeeees 48-Fraa 1.03 &
50 nM antibody

-===48-Fraa 1.01E =-===48-Fraa 1.02
=eeee=s 48-Fraa 1.01E & ~weeees 48-Fraa 1.02 &

50 nM antibody 50 nM antibody
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Time (us) Time (ps) Time (ps)
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1- L
A F B
4
10 :
Lz [" — 48X iy . 48-x
j  ====48-Fraa 1.01E )/ ===--48-Fraa1.02
ff weewe 48-Fraa 1.01E {  wewe- 48-Fraa 1.02
& FaAP-EGFP & FaAP-EGFP
o M L) M 1 0 M L M 1
0 2 4 6 8 0 2 4 6 8
Time (us) Time (ps)
14 1
c
E / E / /.
w” 48-x T T Ry
)f ===-48-Fraa1.03 i —-=- RCARS & ABI2
=== 48-Fra a 1.03 y ~eeeee ABI2 & ABA
. & FaAP-EGFP 3 v & RCARS
0 2 4 6 8 0 2 4 6 8
Time (us) Time (us)
11NTA,-DNA TINTA,-DNA o "INTA;,DNA
. A : B = : C ==
u.§ uZ ’ i ,:;,:',’ T buffer
¥ ee--Fraa1.02 4" ===--Fraa1.03
—-—- FaAP-EGFP —-—- FaAP-EGFP 4 == FaAP-EGFP
=e===- Fraa 1.01E ==e==== Fra a 1.02 ======= Fra a 1.03
0 & FaAP-EGFP 0 & FaAP-EGFP 0 & FaAP-EGFP
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Time (us) Time (us) Time (ps)
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14 D, =5.5nm + 0.5nm 14 D, =4.6nm +0.2nm
AX '4’ B ’I
: 4 : 4
uz "/ = bare DNA 0z /" = bare DNA
v lollipop model 4 lollipop model
4 Fraa 1.01E Fraa 1.02
== == |ollipop model == == |lollipop model
o v L) T 1 0 M L T 1
0 2 4 6 8 0 2 4 6 8
Time (us) Time (us)
14D, =4.2nm + 0.2nm 14D, =6.7nm + 0.3nm
c ’ D <
£ 4 £ 7
Wz /” = bare DNA Wz /"= bare DNA
g lollipop model 44 lollipop model
Fraa 1.03 y FaAP-EGFP
; ====|ollipop model ====|ollipop model
0 - ¥ L T 1 0 M L) M 1
0 2 4 6 8 0 2 4 6 8
Time (us) Time (us)
1- 1- 1-
48-x DNA 48-x DNA
A B €
§ §
w uw buffer buffer
buffer -=-==Fraa1.02 ====50 nM antibody
w===Fraa101E | / ~ =w=== Fraa 1.03 ======= 200 M FaAP-
EGFP
0 T T T 0 T T T , 0 T T T ,
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Time (us) Time (us) Time (ps)
1148-x DNA 1148 XxDNA s
D E
§
g 0z
I.l_z
buffer -===100 nM RCARS8
====500 nM FaAP- -====== 100 nM RCARS8
EGFP & 50 nM ABI2
0 T T T » 0 T T T ,
0 2 4 6 8 0 2 4 6 8
Time (ps) Time (ps)
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