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Deutsche Zusammenfassung

Proteine in der pflanzlichen Plasmamembran (PM) sind nicht homogen verteilt, sondern vielmehr
in verschiedenen Domanen im Nanomafstab organisiert, welche molekulare Knotenpunkte bil-
den konnen. Wahrend einige Aspekte dieser Komplexe, wie zum Beispiel Protein-Protein-Wech-
selwirkungen oder die Auswirkungen ihrer Signalkaskaden, haufig bereits bekannt sind, wurde
ihrer rdumlich-zeitlichen Regulierung bisher vergleichsweise wenig Aufmerksamkeit geschenkt.
Allerdings legen Studien eine zentrale Rolle dieser Regulation in verschiedenen Signalkaskaden

nahe, sodass es von besonderem Interesse ist, auch diese Prozesse im Detail zu untersuchen.

Die Einzelpartikelverfolgung in Kombination mit der photoaktivierten Lokalisationsmikroskopie
(sptPALM) liefert raumlich-zeitliche Informationen iiber Proteine mit hoher Prazision. Wahrend
die Methode in nichtpflanzlichen Systemen bereits ldnger etabliert ist, hat sich die Technik in der
Pflanzenforschung erst kiirzlich verbreitet und befindet sich noch unter stiandiger Verbesserung
und Weiterentwicklung. Dabei haben wir zwei grofde Herausforderungen identifiziert: (i) Die Ana-
lyse der Daten wird durch mehrstufige Auswertungsprozesse erschwert, wofiir spezifische Soft-
warelosungen verwendet werden miissen. (ii) Um physiologische Prozesse besser zu verstehen,
ist die raum-zeitliche Untersuchung von mehr als einem Protein zeitglich besonders wichtig; dies
war jedoch bisher mit sptPALM in Pflanzen nicht moglich. Neben diesen technischen Aspekten
waren wir auch daran interessiert, inwieweit verschiedene Komponenten der pflanzlichen Zelle,

im speziellen das Zytoskelett, die Organisation von PM-Proteinen beeinflussen.

In dieser Arbeit stellen wir eine universelle Softwareldsung vor, welche intuitiv ist und den An-
wender durch alle Analyseschritte fiihrt. Wir haben ihre Funktionalitdt demonstriert, indem wir
Proteine mit publizierten raum-zeitlichen Daten sowie weitere gut charakterisierte pflanzliche
PM-Proteine analysiert haben, welche bisher nicht Gegenstand von sptPALM-Studien waren. Un-
sere Ergebnisse weisen zudem auf organspezifische Effekte und einen Einfluss des Entwicklungs-
stadiums der Pflanze auf den Diffusionskoeffizienten hin — Aspekte, die bisher in keinen anderen

Untersuchungen beriicksichtigt wurden.

Dariiber hinaus haben wir zum ersten Mal die generelle Verwendbarkeit von zwei fluoreszieren-
den Proteinen (FP) gezeigt -photoaktivierbares (PA)-GFP und PATagRFP - welche simultane
zweifarbige sptPALM-Studien in Pflanzen ermdglichen konnten. Anschlieféend haben wir ihre tat-
sachliche Anwendung in einer Proof-of-Principle-Studie nachgewiesen, in der wir die Proteindy-
namik von zwei unterschiedlich markierten Proteinen gleichzeitig analysiert haben. Dies erwei-
tert nicht nur das Portfolio verfiigbarer FP, sondern ermoglicht es Forschern in Zukunft auch, bei-

spielsweise die Wirkung externer Stimuli auf verschiedene Proteine gleichzeitig zu untersuchen.
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In Folge der Untersuchungen, wie das Zytoskelett die pflanzliche PM und die darin lokalisierten
Proteine reguliert, konnten wir gegenlaufige Effekte von Aktinfilamenten und Mikrotubuli zeigen.
Die Storung von Aktinfilamenten fiihrt in erster Linie zu verringerten Diffusionskoeffizienten, gro-
f8eren Proteinclustern und eingeschrankteren Bewegungen, wiahrend die Manipulation von
Mikrotubuli zu erh6hten Diffusionskoeffizienten, vermehrter ungehinderter Diffusion und verrin-
gerten Clustergrofien fiihrt. Mit diesen Ergebnissen unterstreichen wir die potenziell spezifischen
regulatorischen Funktionen dieser unterschiedlichen Zytoskelett-Komponenten. Infolgedessen
schlagen wir einen verdnderten Mechanismus fiir die Zytoskelett-vermittelte Kompartimentie-

rung der PM im Vergleich zum picket fence model der tierischen Zellen vor.

Auflerdem habe ich Forscher bei Forster-Resonanzenergietransfer (FRET)-Messungen in
Kombination mit Fluoreszenz-Lebensdauer-Imaging-Mikroskopie = (FLIM; FRET-FLIM)
unterstiitzt, um verschiedene Signalwege genauer zu verstehen. Erneut konnten wir
demonstrieren, dass FRET-FLIM Experimente hervorragend geeignet sind, um Ergebnisse
anderer Protein-Protein-Interaktionsmethoden zu unterstiitzen oder zu bestitigen sowie um
aktuelle Arbeitsmodelle um neue Erkenntnisse zu erweitern. Zum Beispiel deuten unsere
Ergebnisse darauf hin, dass die SUCROSE-INDUCED RECEPTOR KINASE 1 (SIRK1), QIAN SHOU
KINASE 1 (QSK1) und das PLASMA MEMBRANE INTRINSIC PROTEIN 2;4 (PIP2;4) in
praformierten Proteinclustern vorhanden sein kdnnten; eine Hypothese, welche wir aktuell

weiterverfolgen.

Schliefdlich habe ich an zwei Projekten mitgewirkt, bei welchen wir eine FRET-FLIM-Methode zur
Untersuchung von tripartiten Komplexen in lebenden Zellen vorgestellt haben und bei welchen
wir klassische Laborexperimente mit computergestiitzten Modellierungen kombiniert haben um
das Verstdndnis des Brassinosteroid-Signalnetzwerks zu verbessern. Dadurch konnten wir bei-
spielsweise CYCLIC NUCLEOTIDE GATED CHANNEL 10 (CNGC10) als eine neue Komponente die-

ses Signalwegs identifizieren.

Zusammenfassend stellt diese Arbeit wesentliche methodische und technische Fortschritte sowie
Anwendungen vor, die es Pflanzenwissenschaftlern erleichtern werden, die rdumlich-zeitliche Or-

ganisation von PM-Proteinen effektiver zu erforschen.
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Summary

Proteins within the plasma membrane (PM) of plants are not homogenously distributed; rather,
they are organized in diverse domains at the nanoscale, which may form molecular nodes. While
some aspects of these complexes, such as within protein-protein interactions (PPI) or signaling
outputs, are often already known, their spatiotemporal regulation has received comparatively lit-
tle attention. However, given that studies implicate a pivotal role of these regulations in various

signaling cascades, it is of special interest to study these processes in detail, too.

Single-particle tracking (spt) in combination with photoactivated localization microscopy (PALM)
provides spatiotemporal information about proteins with high precision. Being well established
in non-plant systems, sptPALM has only recently become an emerging technique in plant research
and is still under constant improvement and development. We identified two major challenges:
(i) The analysis is complicated by multi-step evaluation processes that are carried out by individ-
ual software solutions. (ii) The spatiotemporal examination of more than one protein at a time is
highly important to understand physiological processes but has so far not been possible using
sptPALM in plants. Besides these technical issues, we were also interested in how distinct compo-

nents of the plant cell influence the organization of PM proteins, namely the cytoskeleton.

In this work, we present an all-in-one software solution that is intuitive and guides the user
through all analysis steps. We demonstrated its usability by analyzing a set of proteins with avail-
able spatiotemporal information as well as a set of other well-characterized plant PM proteins
that were so far not subjected to sptPALM studies. During these studies, the results indicate or-
gan-specific effects and an influence of the plant developmental stage on the diffusion coeffi-

cient - aspects that were not yet considered in any other study.

Furthermore, we showed the general usability of two fluorescent proteins (FPs) that would allow
for simultaneous dual-color sptPALM studies in plants, namely photoactivatable (PA)-GFP and
PATagRFP for the first time.

Next, we proved their actual application in a proof-of-principle study where we analyzed the pro-
tein dynamics of two differentially labeled proteins simultaneously. This not only expands the
portfolio of available FPs but also allows researchers in the future to, for example, analyze the

effect of external stimuli on various protein species at a time.

By studying how the cytoskeleton regulates the plant PM and proteins localized within it, we
showed contrary effects of actin filaments and microtubules. The disintegration of actin filaments
predominantly results in decreased diffusion coefficients, enlarged protein clusters, and more re-

stricted motion patterns, whereas the manipulation of microtubules leads to increased diffusion,
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more unconstrained diffusive behavior, and decreased cluster sizes. With these results, we em-
phasize the potential unique regulatory function of these distinct cytoskeleton components in
plants and thus suggest an altered mechanism for the cytoskeleton-mediated compartmentaliza-

tion compared to the picket fence model of the animal cell system.

Additionally, I supported researchers in Forster Resonance Energy Transfer (FRET)-Fluorescence
Lifetime Imaging Microscopy (FLIM) experiments to understand several signaling pathways. Once
more, we show that FRET-FLIM experiments are excellently suited to support and confirm results
of other PPl methods and to expand current working models with new insights. Our results
suggested, for example, that SUCROSE-INDUCED RECEPTOR KINASE 1 (SIRK1), QIAN SHOU
KINASE 1 (QSK1), and the PLASMA MEMBRANE INTRINSIC PROTEIN 2;4 (PIP2;4) may be present

in the PM in pre-formed protein clusters; a hypothesis we currently pursue.

Lastly, I contributed to two projects where we established a FRET-FLIM method to study tripartite
complexes in vivo and where we combined classic “wetlab” experiments with computational mod-
eling to enhance the understanding of the brassinosteroid signaling network. By doing so, we, for
example, identified CYCLIC NUCLEOTIDE GATED CHANNEL 10 (CNGC10) as a new component of
this signaling pathway.

Overall, this work presents notable method- and technique-based advancements as well as appli-
cations that facilitate molecular plant scientists to explore the spatiotemporal organization of PM

proteins more effectively.
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1 Introduction

Internal and external signaling cues and their integration are essential for all living organisms.
This is particularly important for plants, as they cannot avoid unfavorable conditions due to their
sessile lifestyle. In this context, a delicate balance between, for instance, defense and
developmental (growth) mechanisms is important, which is often facilitated by plasma
membrane (PM)-localized receptors that frequently share mutual components [1]. Considering
that diverse receptors promote distinct signaling outputs by interacting with a limited subset of
co-receptors and other associated proteins, the question of specificity becomes paramount.
Although great efforts have been made in recent years and many aspects have been examined, the

mechanism is yet not conclusively clarified.

1.1 Cell Surface Receptors Regulate Diverse Functions in Plants

To cope with the diverse demands, plants such as Arabidopsis thaliana (A. thaliana) make use of
more than 600 receptor-like kinases (RLKs) [2] and 60 receptor-like proteins (RLPs) [3-5]. Both
types consist of an ectodomain, usually responsible for ligand binding or pattern recognition, a
transmembrane domain, and a cytoplasmic part, which is either equipped with a kinase function
(RLKs) or not (RLPs). The composition of the ectodomain is very diverse in general, including but
not limited to leucin-rich-repeats (LRR), G- or L-lectin, Lysin motifs (LysM), or Malectin in the con-
text of RLKs. RLPs, however, are restricted to the LRR and LysM domains [4]. With more than 200
members, LRR-RLKs are by far the largest subfamily of plant RLKs and therefore the subject of
many studies [6]. This also applies to RLPs, where 57 out of 60 identified RLPs belong to
LRR-RLPs [3-5].

In the last decades, more and more LRR receptors were characterized and their ligands identified;
among them are famous examples such as FLAGELLIN-SENSITIVE 2 (FLS2) or
BRASSINOSTEROID INSENSITIVE 1 (BRI1), the receptors for flagellin 22 (flg22) and

brassinosteroids (BRs), respectively.

1.1.1 Classical Brassinosteroid Signaling

With the identification of BRI1 nearly 25 years ago, it stands out as one of the best characterized
RLKs to date [7] (Figure 1). The BR signaling is initiated when brassinolide (BL) or any other
active BR ligand binds to the island domain of BRI1 (or its paralogues BRI1-LIKE1 and
BRI1-LIKE3 [8]; not considered in this introduction). This creates a binding interface with its
co-receptor BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAK1), and the heterodimer formation
between receptor and co-receptor leads to the juxtaposition of the intracellular kinase domains
and the initiation of trans- and autophosphorylation events [9, 10]. Additionally, inhibitory factors

dissociate from the involved components upon phosphorylation. Among those, the BRI1 KINASE



Introduction 2

INHIBITOR 1 (BKI1) [11] and BOTRYTIS-INDUCED KINASE 1 (BIK1) [12], as well as the
BAK1-interacting receptor like kinase 3 (BIR3) [13], play crucial roles. While BKI1 and BIK1
negatively regulate BRI1 in the absence of a ligand, during the inactivity of the BR pathway, BIR3
sequesters BAK1 away from BRI1, preventing the complex formation of BRI1 and BAK1 in the
absence of BRs. With ligand binding, the affinity of BAK1 is shifted towards BRI1 and enables
complex activation. Interestingly, BIR3 not exclusively binds to BAK1 but also to BRI1, suggesting
the existence of additional BIR3-dependent regulatory mechanisms [13, 14] (Figure 1B).

B with BL

cellwall >
g
[e)
os]
—

rapid acidification
response

2957 RTRITTI T IoT
i N e

membrane

BAK1 BAK1 [/
co-receptor \/\/ g co-receptor [ &4 A
A |
- T .
8 BRI1 BRI
9 BIR3 receptor BIR3 receptor
> neg. regulator neg. regulator

nucleo-cytoplasmic
signaling cascade

Figure 1 | Schematic overview of the key components and processes during the initiation of brassinosteroid
signaling.

(A) Inactive state: In the absence of an active ligand, the components co-localize in a preformed nano-organized
complex at the PM. The co-receptor BAK1 is sequestered away from BRI1 by BIR3 which prevents interaction. The
activity of BRI1 is negatively regulated by numerous protein partners, such as BIK1 or BKI1, which all interact with
BRI1 when the BR pathway is not active. (B) Active state: Upon the binding of BL (or any other active ligand) to the
island domain of BRI1, BIR3 releases BAK1, and BKI1 and BIK1 are phosphorylated (i.e., losing their inhibitor function),
resulting in active BRI1-BAK1 heterodimers. This leads to the juxtaposition of their intracellular domains and trans- and
autophosphorylation events. An active BRI1-BAK1 complex fulfills several functions. The canonical functions can be
divided into two main responses: (i) a nucleo-cytoplasmic singling cascade (Figure 2A) and (ii) a rapid acidification at
the PM (Figure 2B).

Adapted from [15]

The canonical functions of BRI1 can be divided into two main responses: (i) differential regulation
of BR responsive genes via a nucleo-cytoplasmic signaling cascade [16-19] (Figure 2A) and
(ii) a rapid acidification response of the apoplast that includes, among others, the activation of

PM-resident P-type proton pumps [20, 21] (Figure 2B).

During the nucleo-cytoplasmic signaling cascade, the negative regulator BRASSINOSTEROID
INSENSITIVE 2 (BIN2) is inactivated and degraded, preventing it to phosphorylate BR-responsive
transcription factors such as BRASSINAZOLE-RESISTANT 1 (BZR1) and BRI1-EMS-
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SUPPRESSOR 1 (BES1). As a consequence, the transcription factors undergo dephosphorylation,
leading to their release from cytosolic sequestration, a process orchestrated by 14-3-3 proteins.
Subsequently, BES1 and BZR1 translocate to the nucleus, where they modify the expression of BR-
responsive genes about 30 minutes after exogenous BR application (Figure 24A).

Both have a large number of direct target genes in the Arabidopsis genome, including over 3000
high-confidence BZR1 targets and over 1000 putative BES1 targets [22, 23]. Among those genes,
CELLULOSE SYNTHASE GENES (CESAs) are one of the most famous examples [24]; but also, less
prominent components, such as MICROTUBULE DESTABILIZING PROTEIN 40 (MDP40), are reg-
ulated via BZR1 to regulate BR-dependent hypocotyl cell elongation [25].

In contrast to the relatively slow transcriptional regulation, the apoplast's rapid acidification
response is also regulated by BRs [20, 21] (Figure 2B). The initial steps are comparable to those
previously described. However, the formation of the active BRI1-BAK1 complex facilitates the
activity of the PM proton ATPases (e.g., PM Arabidopsis H*-ATPase isoform 1 (AHA1) and AHA2),
resulting in apoplast acidification, PM hyperpolarization, cell wall swelling and subsequent cell
elongation [20, 26, 27]. In arecent study [15], this response module was expanded by the addition
of another component from the cyclic nucleotide-gated channel (CNGC) family, which is discussed

in greater detail in chapter 3.3.2.
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Figure 2 | Main responses of the canonical functions of the brassinosteroid signaling pathway.

(A) Nucleo-cytoplasmic signaling cascade after brassinosteroid perception. After the activation of the BRI1-BAK1
complex (Figure 1), BIN2, another negative regulator, is degraded by the proteasome. In the absence of a ligand, BIN2
is phosphorylated and keeps BR responsive transcription factors, such as BZR1 or BES1, inactive in the cytosol.
Consequently, upon the degradation of BIN2, the transcription factors can be dephosphorylated and are released from
their cytosolic sequestration, translocating into the nucleus, where they facilitate the expression of BR-responsive
genes. (B) Rapid acidification response. With the receptor complex activated, it can furthermore facilitate the activity
of the PM proton ATPases (AHA1/2), likely by phosphorylation. This in turn induces the acidification (i.e., decrease in
pH) of the apoplastic space by the export of protons and leads to the hyperpolarization of the PM’s membrane potential
that becomes more negative. This allows for cell wall swelling and cell elongation, according to the acid-growth theory.
Recently, CNGC10 was identified to compensate for positive charges when protons are transported towards
extracellular spaces. The process is fast since cell wall swelling occurs within 10 minutes after BR application.

1.1.2 Non-Canonical Brassinosteroid Signaling and Integration of Other Pathways

In addition to the classical functions (see chapter 1.1.1), more and more non-canonical connec-
tions of BR signaling to other signaling pathways have become the focus of recent studies. For
example, it was shown that BRI1 is involved in sensing cell wall integrity [28] and that this process
is regulated via an additional component, namely RLP44 [29]. The exact mechanism is not fully
understood, but RLP44 might occupy pectate (i.e., demethylesterified pectin), which is limited un-
der certain conditions. As a consequence of its limitation, RLP44 is released and freely available
to interact with its downstream components, such as BRI1 [30]. Nevertheless, it cannot be entirely
excluded that RLP44 itself may be a downstream component of a cell wall integrity response mod-

ule, with sensing occurring via other elements [29]. In both cases, cell wall cues are sensed by
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RLP44 or another factor, which results in the activation of a compensatory BR signaling path-
way [28]. In this cascade, RLP44 can interact directly with both BRI1 and its co-receptor BAK1,
likely stabilizing this complex and acting as a scaffold [31, 32]. With an elegant approach, we
showed in Glockner, et al. [31] that BRI1, BAK1 and RLP44 form a tripartite protein complex. The
approach and the resulting findings are presented and discussed in detail in chapter 3.3.1.
However, RLP44’s role in interacting with BRI1 is not only restricted to cell wall integrity; it also
controls vascular cell fate in the Arabidopsis root through its interplay with phytosulfokine (PSK)
signaling [32]. Phytosulfokines are small plant peptide hormones [33] and are recognized by
LRR-RLKs, namely PHYTOSULFOKINE RECEPTOR 1 (PSKR1) and PSKR2 [34, 35], which show
high structural similarity to BRI1 and use BAK1 as co-receptor, too [36]. Comparable to BRI1’s
fast response module, PSKR1 interacts with P-type proton pumps and activates CNGC17, which
lead to cell swelling and expansion [36]. In addition, the PSK receptors are involved in defense
responses, as mutants exhibit antagonistic effects to bacterial and necrotrophic fungal infections.
Independent loss-of-function mutants show increased resistance to biotrophic bacteria but are
more susceptible to necrotrophic fungal infection [37, 38].

One of the most recent findings is the involvement of RLP44 in the maintenance of procambial cell
identity [32]. It was shown that PSK signaling is necessary for xylem cell fate, with this process
being controlled by RLP44. Interestingly, RLP44 promotes the complex formation of PSKR1 and
BRI1 with their co-receptor BAK1, suggesting that RLP44 might act as a scaffold in this context.
Additionally, RLP44 can interact with PSKR1, too. While the BRI1-RLP44 interaction might not be
necessary for cell fate determination, BRI1 transcriptionally controls the RLP44 amount and, thus,

is required for PSK signaling that maintains the procambial cell fate.

1.2 Signaling Components are Organized in Nanodomains

A plant mesophyll cell contains approximately 25 billion protein molecules, with approximately
200 millions of these located in the PM [39]. These impressive numbers, together with the above-
shown sceneries, where distinct pathways share common components, highlight the requirement
of a mechanism that ensures quick, efficient, precise, and specific signal transduction from the PM
to the nucleus. Advanced imaging techniques revealed that plant membrane proteins are actually
located into nanodomains [40-44]. This suggestion is derived from several models originated
from other non-plant model organisms, with the famous “fluid mosaic model” being the initial
concept [45]. The model assumes that proteins can laterally diffuse within the membrane without
major restrictions. However, this would result in uniformly distributed membrane-embedded
receptors independent of the entire PM proteome, which is a clear contradiction to the observed
data. An expansion of this model was introduced by Simons and Ikonen [46], who proposed the
existence of “lipid rafts” that contain high levels of cholesterol and sphingolipids and serve as

platforms with a high molecular order of proteins and lipids. Originating from the mammalian
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field, the model later found acceptance in plant science as well [47-51]. These studies revealed
that membranes are partitioned binarily into detergent-resistant and detergent-sensitive
fractions and that their protein profiles are distinct. However, the isolation of detergent-resistant
fractions and the detergents themselves may induce changes in the PM properties and results
derived from the application of newer techniques question whether detergent-resistant
membranes indeed define functional “membrane rafts”. To decipher the nature of
compartmentalization, the further development of modern imaging techniques enabled a more
detailed view. It was shown that plant and fungal membrane microdomains are quite stable in
location; thus, concerns were expressed about defining those regions as “lipid rafts”. This is based
on the fact that rafts, after all, are supposed to be moving. In consequence, such regions are now
referred to as “micro- or nanodomains” [40, 41, 52-54]. While there is no commonly accepted
definition of nanodomains, Ott [52] proposed the following concept for plants: Nanodomains are
small protein- and/or lipid-based assemblies in the sub-micrometer range that consist of
homomeric or heteromeric protein complexes. These nanodomains can serve as functional nodes
for higher-order protein complexes and are dynamic in their structure. They can either move over
time or be subject to a permanent protein turnover in which new proteins are recruited into the
nanodomains. Proteins within nanodomains exhibit longer residence times, while proteins that

are not within nanodomains presumably demonstrate increased lateral mobility.

1.2.1 Nanodomains are Organized by Several Factors

Several factors are thought to be important to organize and maintain nanodomains in plants.

Two groups of proteins are hypothesized to function as scaffolds for receptor complexes at the
PM, namely SPFH (stomatin/prohibitin/flotillin/HfIK/C) domain proteins and remorins
(REMs) [55]. REMs are plant-specific proteins that are recruited to the PM and attached to its
inner leaflet, mainly mediated by the REMORIN C-terminal Anchor (REM-CA) [56-58]. For REM1.3
from Solanum tuberosum, it was shown that those anchors are necessary to segregate the
remorins into nanodomains. Their properties, such as the degree of segregation within the
membrane, can be altered by mutations in the REM-CA domain [57]. The actual involvement in
the recruitment of receptors to nanodomains by REMs was demonstrated in Oryza sativa. The
ligand-induced phosphorylation of OsSREM4.1 by OsBRI1 causes the dissociation of OsREM4.1 and
OsSERK1, which allows the receptor to be recruited into OsBRI1/OsSERK1 signaling
complexes [41, 59]. Additionally, REMs also play roles in plant defense, hormone signaling, and

developmental processes [60].

The other major group of scaffolding membrane organizing proteins are SPHF-domain containing
proteins. In contrast to the plant specific REMs, SPFH-domain-containing proteins are conserved

in other taxa as well [61]. In Arabidopsis, five groups can be distinguished, which are all
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hypothesized to be involved in the regulation and assembly of signaling hubs such as
nanodomains [62, 63]. However, it remains elusive how SPFH proteins are targeted to the
membrane and how they are recruited into nanodomains [60]. In some cases, members of the
REM family mutually act with SPFH proteins. For instance, it was shown that FLOTILLIN 4 recruits
REM1 into nanodomains during LYSINE MOTIF KINASE 3 (LYK3) complex formation in
Medicago truncatula [64].

Another important factor for PM compartmentalization and organization is its lipid composition,
as lipids are not uniformly distributed in the PM [41]. The outer membrane leaflet is enriched with
plant sphingolipids [65], while the inner leaflet contains mainly phospholipids [66]. Due to these
anionic lipids, there is a strong electronegative charge on the inner surface of the PM. This
contributes to the specific functional properties of the PM and enables the recruitment of
numerous soluble or lipid-anchored proteins [67-69].

Additionally, the lateral separation of PM components within each leaflet plays a crucial role, too.
This is reminiscent of the “lipid raft” hypothesis from Kusumi, et al. [70], where liquid-ordered
phases (enriched in sterols and glycosphingolipids) and disordered phases are present. Recently,
it was shown that liquid-ordered phases are relevant for protein localization, as they colocalize
with StREM1.3. Furthermore, the organization of StREM1.3 into nanodomains is dependent on
sterols, as such domains are sensitive to the PM sterol composition [57]. This indirectly indicates
that sterols participate in the formation of liquid-ordered membrane domains. The molecular ba-
sis of the lipid raft hypothesis is complicated by the fact that proteins themselves highly influence
the lateral sorting of lipids [71, 72]. Consequently, several questions remain unanswered, and the

full extent of lipid segregation in nanodomains remains unknown.

The research on PMs is particularly driven by the development and testing of specialized models,
which are crucial for understanding the complex mechanisms and dynamics of this structure. This
resulted in the idea of another regulatory mechanism that considers the cytoskeleton as a key
organizer, referred to as the picket fence model [70]. Originating from the animal field, the model
is suggested to be true for plant cells as well, with minor adjustments (Figure 3). While animals
do not possess cortical microtubules, this structure needs to be additionally considered for plant
cells. It is suggested that, together with cortical actin filaments, the microtubules define mem-
brane domains that are 40-300 nm in size by acting as a “fence”. The model also postulates the
presence of "pickets", which are formed by transmembrane proteins. These are anchored either
by the cytoskeleton in the cytosol or in the extracellular matrix. Due to the large number of pro-
teins with an extracellular domain in plants, all of which can act as "pickets," the functional role of
specific "pickets" may be overestimated [41].

Several plant PM-localized nanodomain resident proteins are known to directly or indirectly

associate with the cytoskeleton, such as FLS2 or BRI1 [40, 73]. Although a global effect and thus a
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comparable consequence on all membrane proteins is expected when cytoskeleton components
are manipulated, no consistent understanding is available currently.

For example, McKenna, et al. [74] showed an impact of the cytoskeleton on the lateral diffusion of
some but not all proteins in the PM. Moreover, additional studies revealed a change in or loss of
nanodomain organization of proteins after cytoskeleton disruption, again for some but not for all
tested proteins [40, 42, 63, 75-78]. Despite these contrary effects, there is strong evidence that the
cytoskeleton is involved in the dynamics and spatial organization of PM nanodomains, possibly

with a less prominent role than in animal cells [41].

[
limited diffusion within
membrane compartment . . “fence” exoskeleton
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Figure 3 | Schematic overview of the possible revision of the picket fence model in plants.
The picket fence model in plants is likely to involve, besides cortical actin filaments, microtubules as well, both acting
as a membrane skeleton “fence”. In addition, an exoskeleton “fence” consisting of cell wall components (pectins, cellu-
lose, hemicellulose) is proposed, which may also compartmentalize the membrane (indicated with dashed orange ar-
eas). This could explain the limited diffusion of PM proteins. Lines with arrowheads indicate examples of diffusion tra-
jectories of respective PM proteins influenced by several barriers. Transmembrane proteins act as fixed pickets. They
are thought to either be anchored by the cytoskeleton in the cytosol or the extracellular matrix. The diffusion of other
components (such as lipids) could thus be hindered by the pickets

Adapted from [41]

While the cytoskeleton is proposed to be an important regulator intracellularly, the key compo-
nent for the extracellular space can be the cell wall. The exceptionally high turgor pressure in plant
cells presses the PM to the rigid cell wall, which strongly influences lipid and protein dynamics at
the PM-cell wall interface. It was shown that receptors with an extracellular domain display lim-
ited lateral diffusion [74, 79] compared to faster diffusing proteins that associate with the inner
leaflet of the PM [79]. The essentially immobile nature of plant PM proteins with an extracellular

domain is a property that is rarely seen in animal cells and could point to a highly important role
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of the plant cell wall regarding the protein diffusion processes in the PM. Undoubtedly, a variety
of different approaches in recent publications showed that the manipulation of the PM-cell wall

continuum has an impact on protein dynamics and the formation of nanodomains [63, 74, 79].

1.3 Advanced Spectroscopy and Microscopy Techniques Unravel the Spatial,

Temporal and Compositional Properties of Proteins and their Complexes

As described above, proteins, their interactors and their behavior are regulated at the nanoscale.
To study these processes in detail, appropriate techniques are necessary. In general, microscopy
and spectroscopy methods are regarded as distinct disciplines. In classical microscopy, the
detected light intensity serves as the main source of information. However, already early
developments, such as the use of polarization in microscopy nearly 200 years ago [80], showed
that the utilization of other photophysical properties is indispensable for further developments.
These properties can be accessed with the help of spectroscopy, which describes the analysis of
light-matter interactions. Thus, the combination of spectroscopy and microscopy
(“spectromicroscopy”) allows for deeper spatiotemporal insights into complex biological

processes.

1.3.1 General Concepts of Fluorescent Microscopy and its Background

Humankind is fascinated by things we cannot see with the naked eye. Thus, the development of
microscopes was a significant contribution to better understand processes that were previously
inaccessible. Moreover, to enhance image quality, it is crucial to distinguish between the signal
and the background. One possibility to achieve this is the use of fluorescence microscopy. Here,
only certain objects are made visible against an otherwise dark background by labeling them with
fluorophores. The following section will introduce the basic concepts of absorption and fluores-
cence as well as related processes that form the basis for the advanced microscopy methods pre-

sented in the subsequent chapters.

Fluorescence refers to the inherent property of molecules to absorb light at a certain wavelength
and then emit light at a longer wavelength after a very short time interval. The delay between
absorbance and emission is referred to as the fluorescence lifetime (FLT). Most molecules exist in
the electronic single ground state Sp at room temperature. Upon absorbing a photon, the molecule
enters an excited state, for example, a vibrational level of the first excited singlet state S1. However,
molecules rapidly relax to lower energy states through various pathways, including internal con-
version (IC) and vibrational relaxation (VR). A detailed description of these processes is beyond
the scope of this thesis but is explained comprehensively in the literature [81, 82].

In the context of the mentioned processes, fluorescence can be considered the reversal of absorp-

tion, whereby the molecule returns to the ground state So by emitting a photon. Non-radiative and
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non-coherent VR and IC processes are fast compared to fluorescence and are, in general, already
completed before fluorescence occurs within a nanosecond time delay after the absorption. Con-
sequently, fluorescence emission occurs almost exclusively from the lowest vibrational level of Sy,
regardless of the energy originally used for excitation, which is also known as Kasha'’s rule [83].
Conversely, this means that the emission spectra are commonly independent of the excitation
wavelength (see Kasha-Vavilov rule; [84]). The spectral red-shift that is observable between the
excitation and the emission spectra is due to an energy loss caused by VR after excitation and is
commonly known as the Stokes shift [85]. This characteristic is used by spectroscopy techniques

that separate the excitation from the emission light with the help of color filters.

1.3.2 Determination of Interactions and Distances by Forster Resonance Energy Transfer

and Fluorescence Lifetime Imaging Microscopy

Forster Resonance Energy Transfer (FRET) is a physical concept that, in an interplay with fluores-
cence microscopy, can give information about distances and interactions/associations between
molecules with impressive spatial resolution. FRET describes the energy transfer from a do-
nor fluorophore to an acceptor fluorophore without the emission of a photon. This effect depends
on the following three factors: (i) A spectral overlap between the donor emission and the acceptor
absorbance spectra, (ii) the distance between donor and acceptor as well as (iii) the relative ori-
entation of their transition dipole moments (Figure 4A). The transfer of energy from the donor to
the acceptor can be characterized by the FRET efficiency, which is defined as the proportion of the
donor molecules that have transferred their excited state energy to the acceptor molecules. The
efficiency increases with the presence of a large spectral overlap described in (i), decreasing in-
termolecular distance (typically below 10 nm) and is highest for parallel or antiparallel orienta-
tion of the transition dipole moments. In this context, the Forster distance (Ro) is the distance be-
tween donor and acceptor, where the probability of energy transfer is 50 % (Figure 4A). When
the donor transfers energy to the acceptor, the fluorescence intensity of the donor decreases,
while the acceptor itself can emit a photon that can be recognized as an increase in fluorescence
intensity at a higher wavelength compared to the one from the donor, a property that is made use
of during intensity-based FRET assays [86, 87]. A schematic overview of the energy processes is
depicted by the Jabtonski diagram in Figure 4B.

In the past decades, concepts have been presented that use FRET as an in vivo concept to study
fundamental biological processes [88]. The ability to interact with or associate with other struc-
tures is an important feature of proteins from all organisms to fulfill diverse biological functions.
With FRET and FRET-related approaches, interactions or associations can be evaluated when pro-
teins of interest are fused to fluorescent markers, such as genetically encoded fluorophores [89].
As described above, intensity-based FRET assays can then be used since FRET only occurs at small

distances, which indirectly suggests an interaction or association. However, intensity-based FRET
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approaches may not be ideal for biological live-cell applications since the detection of fluorophore
intensities is influenced by several factors, such as the excitation power, detection sensitivities,
chromophore concentrations, their quantum yields or saturation effects [90, 91]. Thus, precise
calibrations and the control of the above-mentioned parameters are necessary, which can be
problematic in biological systems where, for example, chromophore concentrations are depend-

ent on the expression levels of the respective fusion proteins.

To overcome these limitations, FRET-FLIM (Fluorescence Lifetime Imaging Microscopy) has
emerged as a robust alternative since the approach is not affected by the aforementioned caveats.
By measuring the FLT of the donor fluorophore, FRET-FLIM provides a more direct and reliable
readout of molecular interactions.

In the presence of an acceptor that offers an alternative relaxation path from the donor to an
acceptor, FRET decreases the radiative decay rate of the donor, which can be quantified as an
apparently reduced FLT [87, 92] (Figure 4B). Typically, FRET-FLIM experiments are designed as
follows: (i) The donor fluorophore fused to a protein of interest is initially evaluated alone.
Without the presence of a FRET partner here, the evaluated FLT reflects a control situation.
(ii) The same protein-donor fluorophore fusion is co-expressed with a
protein-acceptor fluorophore fusion that may be closely associated with the protein fused to the
donor. In the case of an interaction or spatial proximity, FRET occurs, which can be read out as a
decrease in the FLT of the donor (Figure 4B). In contrast, comparable FLTs to (i) can be observed
when no close association (i.e., no FRET) is present.

(iii) As a negative control, the protein-donor fluorophore fusion is co-expressed with a known
non-associating protein-acceptor fluorophore fusion. In consequence, no change in the FLT is
expected, comparable with (i). Decreased FLTs in (ii) that significantly differ from the control
situation in (i) indicate an association between the proteins. However, in general, caution is
advised, as an association based on reduced FLTs do not necessarily confirm an interaction,

necessitating additional validation methods.
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Figure 4 | Schematic overview of FRET-(FLIM) principles and criteria.

(A) Shown is the FRET efficiency plotted against the distance r (in nm) between the donor (D) and acceptor (A)
molecules. The distance at which the probability of energy transfer is 50 % is defined as the Forster distance Ro
(here: 5 nm). The FRET efficiency mainly depends on three factors: (i) The spectral overlap between donor emission
and acceptor excitation, (ii) the distance between D and A, typically below 10 nm, and (iii) the relative orientations of
the respective dipoles of D and A. The more optimal these factors are, the higher the FRET efficiency.

(B) Schematic depictions of the energy flow in the absence or presence of FRET, illustrated by Jabtonski diagrams.
Left: Energy flow in the absence of FRET. Upon the absorption of a photon (hv), the donor molecule enters an excited
state (blue arrow, S1) and relaxes relatively fast by vibrational relaxation (VR, brown arrow). Subsequently, the
molecule can return to its ground state (So) by fluorescence (green arrow), emitting a photon (hv). The fluorescence
lifetime (FLT) of the donor is unaffected. Right: Energy flow in the presence of FRET with the same color code. In the
presence of an acceptor, the donor transfers energy to the acceptor instead of emitting a photon. The acceptor then
becomes excited and can then return to its ground state by fluorescence (red arrow), emitting a photon (hv). The
process influences the FLT of the donor by decreasing it.

A striking advantage of FRET-FLIM studies compared to other interaction assays is their ability to
uncover both steady-state and dynamic interaction processes of protein complexes [93, 94]. Cell
structures, such as the PM, do not show a homogenous distribution of components; thus, it is evi-
dent that not every investigated protein has access to its putative interaction partner. In conse-
quence, mixtures of donor subpopulations will appear with different FLTs, indicating that the do-
nor is present in differently composed complexes. For the analysis process, several proprietary
software solutions are available to extract the FLT. However, the processes behind the software
calculations (i.e., from raw data to FLTs) are beyond the scope of this thesis. They are discussed
in detail in the literature [95, 96].

In plant science, FRET, FRET-FLIM and related approaches have emerged relatively recently, with
increasing numbers of publications in the late 2000s (see Web of Science keyword search,
April 2024 [97]). In addition, the method was designed for bipartite protein interactions. This
however, exacerbates to account for actual biological processes, which require the involvement
of more than two proteins [98]. While an adequate approach was already introduced in the animal

field in 2010 [99], the delay of integrating novel technologies into plant science was present here
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as well [100] until a triple FRET method was presented [31], which is discussed in detail
in chapter 3.3.1

1.3.3 Plasma Membrane Protein Dynamics and Nanoscale Organization

The plant PM serves as the interface between intracellular and extracellular signals, enabling
highly dynamic processes that are primarily regulated by heterogeneously distributed
membrane-localized or associated proteins (see chapter 1.1). In order to elucidate the underlying
processes, the time-dependent analysis of individual molecules (proteins) is essential. This can be
achieved with a concept named single-particle tracking (spt). Here, the precise localization of
single fluorescent molecule fusions is highly important. Due to the diffraction limit, a point source
of light (e.g., a single emitter fluorophore) in the sample plane will appear much larger in the
image plane in a lens-based microscope, which is described by the point spread function (PSF).
The resulting pattern, known as Airy pattern, is characterized by a central peak of typically
200 nm in width, which represents the limit of resolving two neighboring points or structures.
Nevertheless, single emitters can be localized with much higher precision up to 20 nm as long as
overlap with neighboring PSFs is avoided [101]. This can be done, for example, with the help of
special fluorophores, an approach that is described in detail in chapter 1.3.3.1. The spatial
isolation of emitters with non-overlapping PSFs then allows for the single-molecule detection and
their localization with high spatial precision, which is performed computationally. For successful
detection, a high signal-to-noise ratio is crucial so that algorithms can differentiate between pixel
regions with potential fluorescence emitters and background noise. In the localization step, the
pixel regions determined before are analyzed further to compute the subpixel coordinates of each
molecule [102-104]. The detailed processes are beyond the scope of this thesis but are introduced
comprehensively in the literature [102, 105-107].

The concept of spt can be combined with photoactivated localization microscopy (PALM) [108],
referred to as sptPALM [109]. The next chapters will first introduce special fluorophores that are
used in sptPALM approaches to ensure the separation of emitters in time and secondly, the tech-
nique itself will be discussed in detail, including application possibilities and examples with a fo-

cus on plant cell science.
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1.3.3.1  Special Fluorophores with Different Optical States Enable Single-Molecule Detection

To achieve the requirements of spatially separate emitters, special fluorophores are used. Alt-
hough these fluorophores can also be organic dyes, the following sections will focus on fluorescent
proteins (FPs), since the investigation of plants precludes the usage of organic dyes that are ap-
plied in other systems [102, 110]. This is mainly due to the presence of the cell wall, which hinders
the reliable uptake of synthetic dyes by plant cells [111].

The Green Fluorescent Protein (GFP) has been one of the most widely used FPs in life science since
its discovery [112] and its successful demonstration as a genetically encodable fluorescent
marker was one of the most striking developments in the last decades [113]. However, with the
advent of new technologies, these more conventional fluorophores are no longer optimal for ad-
vanced techniques such as sptPALM. Among other factors, this is due to the property that all illu-
minated FPs are active simultaneously, resulting in the generation of overlapping signals. In con-

sequence, the detection of single molecules is hindered.

An elegant solution is the application of fluorophores with different optical states, which can be
categorized by their mode of action: (i) Photoswitchable FPs, (ii) Photoconvertible FPs and
(iii) Photoactivatable (PA) -FPs. While the reactions of (i) are reversible, those of (ii) and (iii) are
irreversible. They all change their chromophore configuration in response to light of a specific
wavelength, resulting in a fluorescent state or a shift in the emission spectrum (Figure 5). With
the help of this stochastic transition process, the FP pool can be separated into a subset that can
be imaged (i.e., is active) and a subset that is inactive or in a state that is not excited by the wave-
length used for imaging [114].

Dronpa [115] and Skylan-NS [116] are two prominent examples of reversible photoswitchable
fluorophores. Their native, non-fluorescent state can be converted into a fluorescent active state
by irradiation with light of a wavelength of around 400 nm. Additionally, the FPs can be reverted
to their dark state. This switching can be performed several times.

One of the most widely applied photoconvertible FPs are mEos variants, such as mEos3.2 [117].
Photoconvertible FPs in general are present in two spectrally different states; in the case of
mEos3.2, a native green and a photoconverted red variant. The switch from the green to the red
variant is irreversible and performed by irradiation with a 405 nm laser. Thus, the spatial separa-
tion is achieved by imaging only the photoconverted red variant. This is possible due to the fact
that mEos is predominantly present in the native green variant, so in consequence, the density of
the red variant is easier to control.

PA-FPs are naturally in a dark state and are irreversibly converted into an active fluorescent state
by illumination with UV light. PA-GFP was identified by screening for amino acid substitutions in
GFP that would result in a PA version [118]. The fluorescent active version can then be imaged

with properties comparable to classic GFP. Another example is PATagRFP. Its fluorescent active
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state exhibits an excitation maximum at 562 nm, comparable to classic RFP. Indeed, a combination
of PA-GFP and PATagRFP seems ideal for the simultaneous observations of two proteins with

super-resolution microscopy, a topic that is further discussed in chapter 3.1.2.

Photoswitchable Photoconvertible Photoactivatable

Dronpa, Skylan-NS EosFP PA-GFP, PATagRFP
— ON
OFF [— O OFF |—
’ SN—
—1%
OFF |—

Figure 5 | Schematic overview of different types of fluorescent proteins used in super-resolution microscopy.
Grey barrels indicate FPs in their non-emitting “off” state. Green and magenta barrels represent FPs emitting light in
the respective colors. Blue flashes illustrate the application of light to switch, convert or activate the different fluores-
cent states. Photoswitchable FPs, such as Dronpa or Sklyan-NS exist in a native non-fluorescent state and can be con-
verted to an active state. This process is reversible. Photoconvertible FPs like EosFP exist in a native green variant and
a red variant. The conversion is initiated by the irradiation of the molecules with light at 405 nm. The process is irre-
versible. PA-GFP and PATagRFP are two examples for photoactivatable FPs. They naturally exist in a dark state and can
be activated by the use of light at 405 nm to obtain their fluorescent active versions.

New fluorophores are constantly being developed for super-resolution microscopy [114, 119].
This, in particular, is advantageous for transferring methods to other organisms or tissues, as this
often requires adaptions such as distinct pH optima or specific spectral properties. The challenge
of incorporating two fluorophores for super-resolution microscopy in plants is thoroughly exam-

ined in chapter 3.1.2.
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1.3.3.2  Single-Particle Tracking with PALM (sptPALM) Enables the Investigation of Dynamics and the

Spatiotemporal Organization of Single Proteins

The combination of spt with PALM (i.e., sptPALM) was first introduced by Manley, et al. [109] and
has been widely used ever since. In this approach, a single molecule (e.g., a protein) fused to a
fluorophore is tracked for as long as possible, allowing researchers to follow its movement with
high spatial (below 100 nm) and temporal (in the range of milliseconds) resolution. As a result,
valuable information about the diffusion coefficient and type of movement can be obtained.

For the successful realization of sptPALM experiments, two requirements (among others) are
especially important: (i) The application of special fluorophores (see chapter 1.3.3.1). This is of
particular interest as PM proteins are very densely packed. In this context, it is important to finely
control the proportion of active fluorophores to enable precise localization and tracking. To
ensure the longest possible tracking time, relatively low excitation intensities are used to avoid
premature photobleaching. Consequently, the resulting low signal intensity must be compensated
for by the use of superior detection systems. Furthermore, high frame rates are essential to
capture fast, dynamic processes [120]. (ii) High image contrast is also crucial for the detection and
precise localization of single emitters. Consequently, sptPALM setups utilize total internal
reflection fluorescence (TIRF) microscopy [121, 122]. Unlike epifluorescence microscopy, where
light passes through the sample, TIRF reflects light at the coverslip/sample interface. The
collimated laser beam, focused off-axis onto the objective’s back focal plane, strikes the interface
at a critical angle of incidence, causing total reflection and generating an evanescent wave that
penetrates the sample, typically between 50 nm and 150 nm in depth. This excites only
fluorophores in the vicinity of the interface, reducing out-of-focus light and enhancing image
contrast. This approach is optimal for the study of animal cells because they can be grown directly
on coverslips, facilitating access to near-surface structures such as the cortical cytoskeleton or
PM [123]. However, plant cells are surrounded by walls that keep these structures more than
200 nm away from the interface [124]. To overcome this, experimenters adjust the angle of
incidence for optimal contrast. Techniques such as highly inclined and laminated optical sheet
(HILO) microscopy [125] and variable-angle epifluorescence microscopy (VAEM) [126] use this
principle to achieve higher contrast than classical epifluorescence microscopy, although still less

than TIRF microscopy.

If the aforementioned requirements are met, sptPALM experiments can be conducted, and their
analysis is typically divided into three principal processes: (i) Localization, (ii) tracking, and
(iii) the calculation of motion and diffusion parameters. Furthermore, other types of analysis can
be carried out, such as the analysis of the properties of clusters/nanodomains and/or their pat-

terns based on (i) or (ii) [109].
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After the acquisition of time-series images, the usual format of sptPALM raw data, further analysis
steps are computationally performed by diverse algorithms, presented in the following as a short
procedural overview with references to state-of-the-art publications. First, the fluoro-
phore-tagged molecules are localized in each image frame with high spatial precision [127]. In the
next step, a tracking algorithm is applied. With this, localizations that were detected and that be-
long to the same molecule can be connected to form a trajectory [127-129]. Once the tracks are
generated, movement and diffusion parameters can be calculated. The mean square displace-
ment (MSD) analysis is currently the most widely used method to extract diffusion coefficients
and motion patterns for this type of data [103]. The details of the calculation are discussed in the
literature, for example in Saxton and Jacobson [130].

In short, assuming Brownian motion (unrestricted diffusion), the molecule tracks are used for the

calculations of the MSD for each time interval that can be applied to the trajectories as follows:

MSD (tiq, = mAt) =

N-m
1 2
N—m Z [xj(ti + mAt) - xj(ti)]

i=1

In this formula, x; is the position of the respective molecule j that is sampled at N discrete times at
different timepoints t.. The values for tiqy are defined as interval distance (m) multiplied with A¢,
which describes the smallest time difference between two localizations, thus the acquisition time
of a recorded movie. In consequence, the start of the track and its end determine the largest pos-
sible interval. The MSD is typically plotted versus ti,y; on either a linear-linear or

log-log scale [103].
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Figure 6 | Molecule trajectory analysis and mean square displacement (MSD) plot.
(A) Exemplary depiction of particle tracks recorded from single fluorescent-tagged proteins moving in a live cell mem-
brane. The tracks are colored randomly. (B) Calculation of MSD values for a single molecule trajectory (green) as de-
scribed in the equation above. (C) Exemplary MSD plots of Brownian movement (free diffusion) showing on curve rep-
resenting slow diffusion (magenta) and one illustrating fast diffusion (blue).

Adapted from [103]

The PM needs to be considered as a two-dimensional structure that restricts, due to its heteroge-
neous environment, the free diffusion of molecules. Based on this, the diffusion coefficient (D) that

is directly linked to the slope of the MSD can be estimated directly by the following formula:
MSD (tiqg) = 4Dt *

The introduction of the power law with a, the so-called anomalous exponent, allows for the
description of biological systems. Active transport or flow gradients resultin « > 1, as the molecule
is pulled in a certain direction, while @ < 1 indicates restricted or confined motion, for example,
due to the trapping of a protein in membrane subdomains. However, using the MSD-derived
anomalous exponent to classify the motion behavior may be challenging. For example most of the
MSD-based methods are not able to detect switches from one motion type to another within the
same trajectory, although this is a core biological characteristic [131, 132]. Yet, more and more

methods and algorithms are developed to overcome this issue [133-137].

Another interesting feature of proteins is their ability to associate into clusters, a process that can
be studied by sptPALM-based experiments as well. This has one major advantage, since by doing
so, previously recorded mobility data can be directly correlated with their spatial organization
and allow for a mutual interpretation. Again, numerous sophisticated algorithms are available for
these processes [138]. The following section will provide only a brief overview and will instead
refer to the original references and practical applications.

For the determination of plant PM protein clusters, one method has almost exclusively been

applied in recent years, namely segmentation via Voronoi diagrams [57, 139, 140]. Two
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commonly applied software solutions make use of this approach: (i) SR-Tesseler [141] and
(ii) ClusterViSu [142]. Despite their frequent use, the exact selection of parameter values to
execute the analyses often remains elusive. Recently, Wallis, et al. [143] introduced a different
approach. While the majority of other methods are restricted to the centroids or molecule
positions, Nanoscale spatiotemporal indexing clustering (NASTIC) specifically uses the complete
track as a source for clustering information. So far, the method has not been tested specifically
with plant cells, but a proof-of-principle study showed its applicability [144]. It is important to
highlight that all methods are based on user-defined parameters that can strongly influence the
result. For this reason, when working with these methods, it is generally advisable not to report
absolute values for any evaluated parameters but rather relative changes with respect to different
treatments or conditions. In addition, all methods require further care since the algorithms tend
to overestimate the presence of clusters, even in simulated datasets with high localization density.
This phenomenon often occurs imperceptibly, as there is a deficiency in quality control measures

to detectit [138, 145].

While live-cell sptPALM measurements in the mammalian field were already performed by
Manley, et al. [109], the first applications in plant science by Hosy, et al. [146] were conducted
later. In their proof-of-principle study using mEos2, they investigated the dynamics of different
membrane proteins and revealed that they are characterized by distinct dynamic properties. After
the publication of these initial studies, the number of sptPALM approaches in the plant field rose
inrecentyears. Among those, Gronnier, et al. [57] showed that mutations in the C-terminal domain
of REM1.3 alters its mobility and organization in domains, thus being critical for immunity.
McKenna, et al. [74] investigated the roles of the cell wall and the cytoskeleton on PM protein
dynamics and domain organization. Additionally, studies also investigated the influence of exter-
nal applications of substances, such as auxin. It was shown that the Rho GTPase
RHO OF PLANTS 6 (ROP6) is rather mobile under control conditions and changes its behavior
upon the addition of auxin, becoming immobile [147]. Very recently, the successful application of
sptPALM to proteins localized in the membrane of the endoplasmic reticulum was shown by
Pain, et al. [148]. These examples clearly demonstrate the role of sptPALM as an emerging tech-
nique in plant science. However, during the establishment of the method over the last years in our
lab, we faced two major challenges:

(i) As described in detail, the analysis process of sptPALM data is a multi-step process that is based
on several distinct methods and algorithms and requires experience and expertise. However, the
individual steps of the process have so far been carried out by individual software solutions,
including SMAP by Ries [149], TrackMate by Tinevez, et al. [129], and sptPALM_viewer by
Bayle, et al. [120]. The availability of internal laboratory solutions in addition to the programs

mentioned above makes it difficult to transfer the data from one step to another. This may
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exacerbate to follow the FAIR (Findable, Accessible, Interoperable, Reusable) principle [150], as
during import and export processes, data integrity and storage are often problematic. In recent
years, this topic has received more and more attention, both in general and in particular with
regard to plant science [151] and software design [152]. In order to address the specific needs of
sptPALM data evaluation and management, Hugelier, et al. [153] identified a significant gap that
needs to be filled. They emphasized the importance of creating an open-source tool that brings
together algorithms to standardize and simplify evaluation processes. Additionally, they
suggested integrating an active feedback system into the pipeline, aiding users in understanding
the reliability and robustness of both data and results. This would also lower the threshold for
non-experts and improve the reproducibility of the experimental outcome. We developed an
all-in-one software that incidentally follows most of the colleagues’ suggestions above. The
software is discussed in detail in chapter3.1.1 and led to the publication of
OneFlowTraX (see [144]).

(ii) A challenge specific to plant science has been that all previous studies have observed the
mobility behavior of only one protein at the single-molecule level at a time. However, as described
before, interactions or the complex formation of more than one protein is a main mechanism to
achieve and regulate biological processes; thus tracking at least two proteins simultaneously at
once via sptPALM is of particular interest. However, the dependence on genetically encoded FP
for sptPALM experiments in plants is the main reason why this objective has not yet been
achieved. In contrast to other cell systems, synthetically produced organic dyes cannot be used in
plant cells [102, 110, 111]. A development of such a dual-color sptPALM for plants will give novel
mechanistic insights into the dynamic molecular processes of membrane organizations, e.g., the
influence of ligands on receptor/co-receptor pairs. The implementation of two plant
codon-optimized FPs for dual-color sptPALM and their successful application are discussed in

detail in chapter 3.1.2 and are based on the preprint from Rohr, et al. [154].



Aim of the Thesis 21

2 Aim of the Thesis

In recent years, several studies have revealed that plant-PM proteins are heterogeneously distrib-
uted and organized in nanodomains. While the members, interactions, and signaling outputs of
these complexes are often well described, the spatiotemporal regulation of complex members at
the nanoscale may also be of great importance. These modulations can be analyzed using ad-
vanced microscopy techniques, such as sptPALM, which provides these spatiotemporal infor-
mation about proteins with high precision. Although well established in non-plant systems,
sptPALM has only recently become an emerging technique in plant research. Consequently, the

method is still under constant improvement and development.

My studies aimed to continue the establishment of sptPALM in our research group and to refine
and develop further sophisticated aspects. To achieve this, [ collaborated with
Dr. Sven zur Oven-Krockhaus from the Institute of Physical and Theoretical Chemistry at the
University of Tiibingen. Two major challenges were identified: (i) The analysis is complicated by
being a multi-step process involving several distinct methods that are carried out by individual
software solutions. (ii) In plants, observing protein mobility at the single-molecule level has been
restricted to one protein at a time. However, understanding physiological processes in detail

requires the analysis of more than one protein simultaneously.

The first goal was to develop an all-in-one software solution. The design and programming were
executed by Dr. Sven zur Oven-Krockhaus, while the applicability to plant PM proteins was my
scientific task. Secondly, the objective was to extend the portfolio of usable FPs for plant sptPALM

studies, laying the foundation for dual-color single-molecule observations.

Furthermore, I sought to gain a deeper understanding of the regulation of PM protein dynamics
and their organization in nanodomain-like structures. Given the numerous factors that influence

this process, | aimed to focus my attention on the role of the cytoskeleton.

PPI studies and the analysis of protein association are powerful methods for understanding
signaling pathways. FRET-FLIM approaches enable live-cell observations and are often used to
substantiate results obtained by ex vivo methods. With my expertise in plant FRET-FLIM
experiments, | aimed to provide support to Dr. Max Gilbert from the University of Hohenheim in
validating protein associations predictions made by his path-based centrality measures.
Furthermore, | aimed to provide support to Dr. Lin Xi (University of Hohenheim) with FRET-FLIM
studies to better understand the processes of SUCROSE-INDUCED RECEPTOR
KINASE 1 (SIRK1)-regulated aquaporin-mediated water influx.
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In addition, I contributed to two projects that aimed to establish a triple FRET-FLIM method in
plant cells and to elucidate the brassinosteroid-regulated rapid cell elongation response. These
projects sought to enhance our understanding of brassinosteroid signaling and to introduce a

method for studying tripartite protein complexes in general.
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3 Results and Discussion

3.1 Plasma Membrane Protein Dynamics and Nanoscale Organization

The regulation of molecular dynamics at the nanoscale is crucial for maintaining accurate biolog-
ical processes in all living cells. Investigating the underlying functional mechanisms at the molec-
ular level with high spatiotemporal resolution necessitates specialized methods, a challenge fur-
ther compounded when studying plants. However, recent advancements in microscopy tech-
niques, such as sptPALM, have revolutionized cell biology and now enable the evaluation of such
processes [120]. Nevertheless, we identified two major hurdles during our establishment of the
sptPALM method:

(i) The post-acquisition analysis is often complex and time-consuming and yet depended on sev-
eral software solutions [120, 129, 149]. (ii) Previous studies observed the mobility of only one
protein at the single-molecule level at a time. However, interactions or complex formations with
more than one protein are highly important. To observe such processes, the labeling of proteins
with different fluorophores is necessary (e.g., for dual-color sptPALM). Due to the presence of a
wall surrounding plant cells, organic dyes that are often applied in other cell systems cannot be
used here [102, 110, 111]. Instead, genetically encoded FPs with specific properties need to be

used but are, due to their limited number, the bottleneck for the establishment of such a method.

In this section, three publications are introduced. In two of them, I present results obtained by me
and my co-workers to solve the above-mentioned hurdles, while the third publication illustrates
an application of the sptPALM technique to explore the influence of the cytoskeleton on protein

dynamics and nanoscale organization.
3.1.1 OneFlowTraX is a User-Friendly All-In-One Software Solution for the Analysis of
Single-Molecule Dynamics and Nanoscale Organization

The following chapter is based on (1) Rohr et al., 2024: OneFlowTraX: a user-friendly software

for super-resolution analysis of single-molecule dynamics and nanoscale organization (see - 2 -)
Frontiers in Plant Science

More information about my scientific contribution can be found in the respective

section (see XIII).

As sptPALM approaches in plant science are still an emerging field, the software was designed, on
the one hand, as a user-friendly interface for unexperienced users but also for experts who can

modify the source code for their specific requirements.
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The software consists of four main tabs: (i) Localization, (ii) Tracking (with mobility analysis),
(iii) Cluster Analysis and (iv) Batch Analysis. The first three tabs focus on parameter optimization,
quality assessment, and outlier identification, while batch analysis is recommended for large da-
tasets, utilizing pre-determined parameters that were tested in the aforementioned tabs.

For localization and tracking, algorithms that are well accepted in the respective research area
were applied and adapted [149, 155]. The localization algorithm is accelerated by employing a
graphics processing unit (GPU). However, personal computers, which do not comprise such a unit,
can also execute the calculations, albeit with decreased speed. For localization and tracking,
OneFlowTraX provides pre-defined parameters that can be used as a starting point without the
need for extensive expertise. In addition, OneFlowTraX generates histograms and other
visualizations that help the user adjust their parameters to find ideal values or to exclude raw data
that may be responsible for significant outliers. A detailed description of the parameters and
expected outputs is summarized in the software manual and example datasets are available
online.

For the evaluation of the diffusion coefficient based on the track data, OneFlowTraX offers several
options: Firstly, the mean MSD over all tracks is calculated and the diffusion coefficient is esti-
mated by a linear fit. Usually, this rather averaged analysis is used as a first impression. A more
detailed analysis is provided by a second approach, where the diffusion coefficients are calculated
for the MSD curves of all individual tracks and plotted as a histogram distribution. This reveals
the possible presence of multiple populations that would remain hidden in the mean MSD plot.
Goodness-of-fit thresholds reject inconclusive results, and the final report includes both peak dif-
fusion coefficients and the proportion of multiple populations.

The Cluster Analysis tab allows the spatial organization of molecules to be investigated from
single-molecule data. Here, OneFlowTraX provides a variety of available methods that are
commonly used in the field, including Voronoi tessellation [141, 142], density-based spatial
clustering of applications with noise (DBSCAN) [156] and the recently published NASTIC [143].
The last tab comprises batch analysis, which is the core of OneFlowTraX. This tab allows large
datasets to be evaluated quickly (around seven seconds per file with around 30,000 localizations
each). For the batch analysis, it is possible to load settings for the parameters previously tested
and saved in the other three tabs. After the batch analysis, the results file includes the list of pa-

rameters according to the FAIR principles and the results themselves.

While the coding and the design of the software were done by Dr. Sven zur Oven-Krockhaus, I
provided the biological material and conducted the measurements to prove the applicability of
OneFlowTraX.

To do so, we used protein fusions with FP that are codon-optimized for their application in plants,

namely mEos3.2, PA-GFP and PATagRFP. While PA-GFP as well as mEo0s3.2 and its variants were
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used before in plants for sptPALM measurements [57, 74, 146, 157], PATagRFP has not been
applied so far. With the successful demonstration of the individual usability of PA-GFP and
PATagRFP, we laid the foundation for subsequent dual-color experiments, described
in chapter 3.1.2.

In short, we generated constructs with well-characterized PM-localized proteins, such as BRI1 and
RLP44, which are expressed under the control of their native promoter. For a quick evaluation,
transient expression of the BRI1 fusion proteins in epidermal cells of Nicotiana benthamiana
(N. benthamiana) was used, which resulted in similar outcomes for the tested fluorophores after
undergoing the aforementioned analysis steps for the diffusion coefficient. Moreover, stable trans-
genic A. thaliana lines were generated harboring RLP44 fusions with the respective fluorophores.
The measurements were performed on epidermal hypocotyl cells. All the analysis steps were com-
pleted successfully and resulted in comparable diffusion coefficients. For both plant systems,
mEos3.2 had the best signal-to-noise ratio. The general applicability of carrying out cluster anal-
yses was demonstrated by using the NASTIC algorithm.

While the above-described results confirmed the general usability of the FPs and OneFlowTraX,
we reproduced observations for Low temperature inducible 6a (LTi6a)-mEos3.2 and PLASMA
MEMBRANE INTRINSIC PROTEIN 2;1 (PIP2;1)-mEos3.2 from Hosy, et al. [146] to validate the re-
liability of the software. We additionally showed that differences in the diffusion coefficient be-
tween LTi6a and PIP2;1 are more pronounced in epidermal hypocotyl cells than root cells. More-
over, the mobility of LTi6a was significantly higher in the PM of epidermal hypocotyl cells than in
epidermal cells of the root. This observation indicates organ-specific differences in protein dy-
namics that were never addressed before.

Furthermore, we evaluated the impact of light conditions during growth on the diffusion coeffi-
cient to examine whether the developmental stage of A. thaliana affects protein dynamics. Our
results showed that RLP44-mEos3.2 moves significantly faster in the PM of cells located in the
upper part of hypocotyls of dark-grown seedlings compared to those in the lower part. The diffu-
sion coefficients obtained in the upper part of the hypocotyls of light-grown seedlings were simi-
lar to those obtained from the lower part of the etiolated hypocotyl. This may explain the high
data variability we observed when using light-grown seedlings, as accessing specific positions is
technically difficult due to the short hypocotyl. Consequently, these findings emphasize the signif-
icance of considering the position of measurement, particularly for physiological inquiries.
Exploring dynamic changes following treatments is one major objective of sptPALM studies. To
test for the ability of OneFlowTraX to detect such changes, we subjected RLP44-mEos3.2-express-
ing seedlings to sorbitol, which is known to induce concentration-dependent changes in the diffu-
sion coefficient [44, 146]. Indeed, we were able to reproduce the published findings that increas-

ing plasmolysis enhances the dynamics of PM proteins quantitatively for RLP44-mEos3.2 as well.
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In consequence, we demonstrated that OneFlowTraX is able to resolve dynamic changes between

treatments.

In summary, with OneFlowTraX, we presented an all-in-one software solution for the evaluation
of sptPALM data. The establishment of our software incidentally followed the suggestions from
Hugelier, et al. [153]. The authors emphasized the need for an open-source tool that combines all
the needed algorithms to simplify the data evaluation process and suggested the integration of a
feedback system to allow the user to interpret intermediate data.

While the initial focus was on plant PM proteins, OneFlowTraX is usable for various applications,
including post-acquisition processing of non-plasma membrane-related processes in both prokar-
yotic and eukaryotic cells. In addition, we laid the foundation for dual-color sptPALM in plants

with the introduction of a compatible FP-pair, namely PA-GFP and PATagRFP.

The successful proof-of-principle implementation of a dual-color approach is described in the fol-

lowing section.

3.1.2 Dual-Color sptPALM Opens New Possibilities to Study the Dynamics of Two Proteins

Simultaneously in A. thaliana

The following chapter summarizes and discusses (2) Rohr et al., 2024: Simultaneous and
Dynamic Super-Resolution Imaging of Two Proteins in Arabidopsis thaliana using dual-color

SptPALM (see- 17 -)
Preprint on bioRxiv

More information about my scientific contribution can be found in the respective

section (see XIII).

Previous investigations focusing on the dynamics and sub-compartmentalization of two proteins
used classical fluorophores, such as GFP and RFP/mCherry [40, 158]. However, this approach is
not ideal for single-molecule analyses, as using these fluorophores can result in the illumination
of protein congregations, leading to the observation of homomultimers instead of

single-molecules.

In Rohr, et al. [144] (see chapter 3.1.1), we introduced PATagRFP as a red-spectrum PA-FP that is
spectrally well distinguishable from PA-GFP. The single application of PATagRFP and PA-GFP in
N. benthamiana and A. thaliana was shown, too. Although their general usability expands the
available portfolio, the main research interest lies in their simultaneous use. This is because spa-
tiotemporal observation of two or more differentially labeled proteins is of great interest in un-
derstanding the dynamics within membrane nanodomains and the nanoscale reorganization of

receptor complexes upon ligand perception.
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Within the here-described publication, we confirm that PA-GFP and PATagRFP behave identically
when acquired in the same A. thaliana cell. For this proof-of-principle study, we selected a plant
line that was created by crossing pRLP44::RLP44-PA-GFP and pRLP44::RLP44-PATagRFP. The
measurements were conducted using light-grown epidermal hypocotyl cells from seven-day-old
seedlings grown on % Murashige and Skoog media supplemented with 1% sucrose. The
specimen's signal was split into two optical paths (green and red) by a dichroic beam splitter and
then projected side-by-side onto a single scientific complementary metal-oxide
semiconductor (sCMOS) camera chip. The provided movies were pre-processed for OneFlowTraX
analysis and separated into two files, representing the green and red channels, respectively. The
super-resolved trajectories of the corresponding fusion proteins were generated using files
containing over 1,500 frames each, recorded at 20 Hz and analyzed by applying filtering
thresholds commonly used in the field [120, 144, 146]. As aresult, we observed tracks with similar
heterogenous spatial patterns within the PM for both fusions, as is characteristic for numerous
proteins [41, 144]. The diffusion coefficients were extracted based on the MSD. We observed a
bell-shaped distribution of the decadic logarithm of the diffusion coefficients for both
simultaneously recorded fusion proteins, suggesting singular RLP44 populations. The
distribution of track data was analyzed using a normal distribution to extract the absolute values
of the diffusion coefficient (in pm?/s) for each cell, as previously described [144, 146]. We
observed no significant differences (Mann-Whitney-U-Test, p=0.8282) for the diffusion
coefficients, with means (% standard deviation) 0f 0.0203 + 0.00617 pm?/s for RLP44-PA-GFP and
0.0205 + 0.00587 um?/s for RLP44-PATagRFP. Consequently, the selected FPs are an excellent
choice for dual-color sptPALM since the behavior of the protein is not affected by the FP, and they
can be interchanged without altering the diffusion behavior of the fusion proteins. Our results
demonstrate that PA-GFP and PATagRFP offer high image contrast during data acquisition,
enabling precise detection and localization. Their photophysical properties, such as
photostability, allow for the recording of tracks with sufficient length for statistical analysis. Their
spectral separability makes the implementation of live-cell dual-color sptPALM feasible, opening
up new possibilities for the simultaneous study of two proteins in one and the same living plant
cells. This will broaden the understanding of molecule dynamics within the plant plasma

membrane.

The following parenthesis was not part of the discussed preprint. However, recently acquired data
give interesting insights into the future direction of the dual-color approach and potential refine-
ments.

We showed in the meantime that the presented proof-of-principle study can be extended to other

proteins as well (data not shown). We were able to simultaneously observe BRI1-PA-GFP and
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RLP44-PATagRFP, where significant differences in mobility were detected, as previously shown
for these proteins, albeit fused to mEos3.2 [144].

Despite the evaluation of the mobility of certain proteins, their aggregation in clusters is of great
interest, too. By using protein fusions that are known to interact with each other, it is expected
that a majority of the detected clusters from both channels show high co-localization rates. We
generated cluster maps from both channels for all recorded movies (data not shown) and overlaid
them. Contrary to our expectations, we observed sparse co-localization and a shift of red clusters
to the right-hand side. We assume that this is a technical issue caused by illumination problems
rather than a biological one due to its consistent appearance. Therefore, this obstacle will be one
of the highest-priority problems for the future to solve. Based on a recent publication from the
Ries Lab [159], adaptations of the microscope setup are planned to homogenize the illumination.
In addition, the observation of cluster co-localization may be affected by the recording time. Ini-
tially, we decided on 1,500 frames due to several technical and biological obstacles as well as for
memory-saving reasons. However, by now, after optimization processes, longer recording times
may be feasible. As sptPALM experiments are based on the stochastic activation of FPs, the re-
cording time can significantly affect the robustness of cluster detection via the algorithms. Thus,
longer recording times are likely to result in the detection of more co-localizing clusters, as a short
recording time may not activate enough FPs in both channels in the same area. Therefore, in ad-

dition to minor setup changes, a prolonged recording time can be tested.

In summary, with the successful implementation of a dual-color sptPALM approach in plants, we
have provided a technique that allows the simultaneous observation of the mobility dynamics of
two proteins within the same plant cell, a technique that was previously limited to non-plant or-
ganisms. With further adjustments to the optical system, we believe that multi-channel cluster

analysis, which is currently aggravated, may be feasible.
3.1.3 Single-Molecule Analyses Reveal Insights About the Contrasting Effects of
Cytoskeleton Disruption on Plasma Membrane Receptor Dynamics

The following chapter is based on (3) Rohr et al., 2024: Contrasting Effects of Cytoskeleton
Disruption on Plasma Membrane Receptor Dynamics: Insights from Single Molecule Analyses

(see-31-)
Preprint on bioRxiv

More information about my scientific contribution can be found in the respective

section (see XIV).

While chapter 3.1.1 and chapter 3.1.2 introduced method-based publications, the following sec-

tion summarizes and discusses the application of sptPALM to a specific research question.
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In this publication, we characterized the influence of the cytoskeleton on the dynamics and na-
noscale organization of proteins in the PM of plant cells using several sptPALM-based analysis
methods.

The PM, together with the cell wall, is the first selective barrier between the cell and the environ-
ment and has a fundamental function during diverse processes. The organization of the PM is in-
fluenced by several factors, such as scaffolding proteins, lipids, the cell wall, or the cytoskeleton.
All of those are proposed to be involved in the regulation of nanodomains, structures that can
serve as functional nodes for higher-order protein complexes [41, 160].

Here, we focused our research on the cytoskeleton, which is considered a key PM organizer. The
so-called picket fence model [70] was originally postulated for the animal field, and it is discussed
whether it is a viable model for plant cells as well [41].

In short, it is suggested that cortical actin filaments together with cortical microtubules define PM
domains that are 40-300 nm in size by acting as “fences”. The model also suggests the presence of
“pickets”, which are formed by transmembrane proteins. In consequence, it is assumed that mem-
brane proteins are constrained in their motion by the presence of such “fences” and “pickets”.

To test whether the picket fence model is transferable to the plant cell system as well, we made
use of genetically encoded enzymatic tools that can manipulate actin and microtubule integrity,
namely the Salmonella enterica effector Salmonella virulence plasmid B protein (SpvB) (for actin)
and a truncated version of the atypical tubulin kinase PROPYZAMIDE HYPERSENSITIVE 1
(PHS1AP) (for microtubules) [161-163], and we evaluated three parameters based on sptPALM
experiments. More specifically, we tested the impact of the cytoskeleton destruction on: (i) The
protein diffusion, (ii) cluster sizes and (iii) the motion behavior. To do so, we used a set of different
PM receptor proteins: RLP44, BRI1, PSKR1, FLS2, and BAK1 (all fused to mEo0s3.2). The data were
acquired in N. benthamiana epidermal leaf cells three days post-infiltration.

Apart from BAK1, all fusion proteins showed a bell-shaped distribution of the diffusion coefficient,
independent of whether the co-expressed enzymatic tool was present or not. BAK1 showed two
populations of mobility: one slower population and a faster one. The presence of such subpopula-
tions usually indicates diverse molecular states of the protein, such as a bound state and a
free-moving fraction [164].

After the disintegration of actin filaments, we observed a decrease in the diffusion coefficient for
RLP44-, BRI1-, PSKR1-mEos3.2, and the fast fraction of BAK1-mEo0s3.2, while FLS2-mEos3.2 dif-
fusion was unaffected. Additionally, we also evaluated the protein cluster sizes. Here, we observed
an increase in the cluster diameter for BRI1-, PSKR1-, FLS2-, and BAK1-mEo0s3.2. The clusters of
RLP44-mEos3.2 showed a tendency to increase as well.

As a third parameter, we classified the molecular movements of the proteins and studied their
transient movement types to analyze whether there is a change upon the disintegration of the

cytoskeleton. According to Vega, et al. [136], we classified the protein tracks into four different
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motion types: (i) free diffusion, (ii) confined diffusion, (iii) immobility, and (iv) directed diffusion.
In response to the actin disintegration by SpvB, we observed a similar shift in the motion patterns
for RLP44-, BRI1-, and PSKR1-mEos3.2: Free diffusion was decreased, while immobility and con-
fined movements increased. Compared to RLP44- and PSKR1-mEos3.2, the effects on
BRI1-mEo0s3.2 were less pronounced. FLS2-mEos3.2, however, showed opposing effects. Here,
less immobility and increased free diffusion were observable. BAK1-mEos3.2 exhibited a minor
effect in response to actin filament disintegration, suggesting a less eminent role of actin filaments
on this aspect.

After the disintegration of microtubules, we observed results opposite to the data obtained after
the destruction of actin filaments. The manipulation of cortical microtubules resulted in signifi-
cantly increased diffusion of RLP44-, PSKR1- and the less mobile BAK1-mEos3.2 fraction. Alt-
hough BRI1-mEo0s3.2 showed a trend of increasing diffusion as well, the changes were not signif-
icant. In contrast, the mobility of FLS2-mEos3.2 remained nearly unaffected. For the cluster diam-
eters, we observed a decrease in size for RLP44-, BRI1-, PSKR1-,and BAK1-mEos3.2. The observed
increase for FLS2 was statistically not significant. Again, the disintegration of microtubules re-
sulted in contrary results compared to actin destruction in the context of the proteins’ motion
behaviors. In the absence of intact microtubules, RLP44-mEo0s3.2 spent more time in a free diffu-
sive state, while confined and immobile behavior was less present. A comparable effect was pre-
sent for PSKR1-mEos3.2, as well. FLS2-mEo0s3.2 showed a decrease in immobility in the absence
of microtubules and minor increasing effects on the free diffusive and confined proportion. As
with actin disintegration, microtubule disruption did not substantially affect the movement pat-
terns of BAK1-mEos3.2 or those of BRI1-mEos3.2.

[t is worth mentioning that none of the tested fusion proteins showed substantial directed motion.
This suggests that the studied proteins are not regulated by direct transport processes via the
cytoskeleton.

In summary, we showed contrary effects of actin and microtubule disintegration on three tested
parameters, namely (i) the diffusion coefficient, (ii) the organization in nano-sized clusters, and
(iii) the motion behavior. While some results of actin or microtubule disintegration match with
the picket fence model, others do not, such as, for example, the decreased cluster sizes in the
absence of microtubules. Based on these results, the model cannot be directly transferred from
the animal cell system to plant science. We hypothesize that this might be tied to the presence of
cortical actin and cortical microtubule filaments in plants, contrary to animal cells, where
microtubules arise from centrosomes and do not have a pivotal role in the regulation of PM
organization [165]. To decipher a potential compensatory effect, the depletion of both structures
will be of great interest in the future, especially in A. thaliana, which also allows for a more
background-free observation of the effects. Although decreased diffusion coefficients after the

disintegration of actin filaments, i.e., in the absence of “fences”, seem counterintuitive, a recent
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publication showed that the destruction of actin leads to increased salicylic acid (SA) levels and
that the external application of SA results in a constrained diffusion of a PM protein and enlarges
their clusters [166-169]. Whether this process reflects a rather general and global concept that
applies to a variety of proteins needs to be confirmed by experiments in the future. To this end,
the application of SA to test the dynamics and organization of our proteins at the nanoscale should
be carried out. In addition to the proposed experiments, we plan to intensify our computational
modeling approach, which we started recently. There, we used Smoldyn, a particle-based spatial
simulation software [170] to model the dynamics and nanoscale organization of membrane
proteins, based on a simplified reaction environment. Recently, we identified new components of
the fast brassinosteroid pathway in cooperation with modeling experts from the
Bioquant, Heidelberg [15]. Although comparative approaches for membrane dynamics in plants
are still lacking, which is a common phenomenon for computational modeling in plant science in
general [171], we believe that we might reveal so-far hidden aspects in the regulation of the

cytoskeleton together with our cooperation partners.

3.2 FRET-FLIM for Analyzing Complex Composition and Function

The identification of essential players and their interaction partners is crucial for comprehending
biochemical processes at the molecular level. A complex network of protein-protein interac-
tions (PPI) executes many, if not all, cellular functions. Historically, the increasing number of avail-
able techniques to detect such interactions highlights the need for diverse methods to meet spe-
cific research needs. In the realm of plant science, it is crucial to consider various factors before
deciding whether to use a heterologous system (e.g., yeast two-hybrid) or an in situ method
(e.g., co-immunoprecipitation; Co-1P). Additionally, interaction dynamics must be considered, as
PPIs can be weak or strong and either transient or stable in the context of time. Each property
may be better suited to a specific technique [172]. FRET-FLIM applications can be carried out in

living plant cells and enable the observation of rapid molecular events [173].

In this section, two publications are introduced where I substantiated the work with FRET-FLIM
measurements to confirm findings obtained through other techniques. To provide a framework,

only a summary of each publication’s results is presented here.



Results and Discussion 32

3.2.1 FRET-FLIM Approach Confirms Interactions Predicted by Path-Based Centrality

Measures

The following chapter is based on (4) Gilbert et al., 2021: Comparison of path-based centrality
measures in protein-protein interaction networks revealed proteins with phenotypic relevance

during adaptation to changing nitrogen environments (see - 63 -)
Journal of Proteomics

More information about my scientific contribution can be found in the respective

section (see XIV).

The authors, including me, investigated the dynamic assembly and disassembly of PPIs triggered
by external stimuli. Such phenomena are observed in response to, for example, nutrient changes,
such as nitrogen availability, in plants. However, these highly dynamic assemblies are difficult to
capture. The PPI network of plants grown under full nutrition was compared to plants exposed to
nitrogen  starvation using a  size-exclusion-chromatography coupled to mass
spectrometry (SEC-MS) approach [174]. The proteins identified with this approach and their
interactomes under different nutrient conditions were analyzed using the concept of
Betweenness Centrality. This parameter describes the frequency at which a given node occurs
among all possible shortest paths. The following proteins were defined as nodes (i.e., key roles in
the regulation of information flow): PM Arabidopsis H*-ATPase isoform 2 (AHA2), QIAN SHOU
KINASE 1 (QSK1), BAK1, NITRATE TRANSPORTER 1.1 (NRT1.1), NRT2.1 and At5g49770.
Notably, a nitrogen starvation-induced interaction was proposed between At5g49770 and QSK1.
High-confidence interactions were predicted for QSK1 with NRT1.1 and BAK1. An interaction of
QSK1 with AHAZ2 was considered a low-confidence interaction under full nutrition, and an
interaction of At5g49770 with BAK1 was found to be a low-confidence interaction at nitrate
starvation. Co-Ips validated the proposed interactions, confirming the associations of QSK1 with

At5g49770,NTR1.1, AHAZ, and BAK1.

Subsequently, FRET-FLIM experiments were carried out to examine the association between
QSK1 and BAK1 and between QSK1 and AHAZ2. For the proposed QSK1-BAK1 interaction, the
FRET-FLIM approach revealed a strong association. In contrast, the interaction between QSK1 and
AHAZ2, predicted as alow-confidence interaction, resulted in no significant associations detectable
by FRET-FLIM. The At5g49770-AHA2 pair served as a negative control since the predicted net-
work did not indicate a direct interaction. No association was observed in the FRET-FLIM ap-
proach for them. The results presented here, obtained through FRET-FLIM measurements, accu-
rately reflect the interactions proposed by the SEC-MS workflow.

Once again, the results highlight the importance of combining diverse interaction methods, such

as FRET-FLIM and Co-IP. While the Co-IP was not able to distinguish between the low- and the



Results and Discussion 33

high-confidence interactions, the FRET-FLIM approach did not detect an association for the
low-confidence pair QSK1-AHA2 pair. This effect could be explained by the fact that results ob-
tained by Co-IP may be a consequence of bridged interactions. This means that the interaction is
not taking place directly but via a third protein connecting QSK1 and AHA2. However, for
FRET-FLIM, the distances produced by a third protein could be too large to fulfill the demands of
efficient FRET, which would result in decreased FLTs. A further advantage of FRET-FLIM is that
the interaction is observed in real-time in vivo in the plant cell compartment, while for Co-IP ex-
periments, tissue material is extracted and solubilized to perform the pull-down. This can lead to
artificial interactions, even between proteins that would not meet under native conditions. Alt-
hough the results shown here are very convincing, the experimental setup should be improved for
future evaluations. Instead of N. benthamiana transient expression, stably transformed A. thaliana
lines should be used. This will enable the analysis of the proteins in their homologous plant back-
ground. Moreover, these plants can be exposed to different nitrogen supplies to reflect the situa-

tions used in the SEC-MS experiments.

3.2.2 FRET-FLIM Approach Supports SIRK1-QSK1 Interaction and Proposes the Presence of

Pre-Formed Nanodomains

The following chapter summarizes and discusses (5) Wang et al., 2022: PEP7 acts as a peptide
ligand for the receptor kinase SIRK1 to regulate aquaporin-mediated water influx and lateral root

growth (see - 76 -)
Molecular Plant
More information about my scientific contribution can be found in the respective section (see XV).

In this publication, we characterize the previously identified receptor/co-receptor pair
SIRK1-QSK1 [175, 176], which regulates aquaporins in response to sucrose-induced osmotic con-
ditions. However, the ligand of the receptor pair has been unknown so far. This study uncovers
ELICITOR PEPTIDE 7 (PEP7) as the ligand of the receptor kinase SIRK1 that binds to its extracel-
lular domain. PEP7 is secreted to the apoplast specifically in response to sucrose treatments. Bio-
chemically stable interactions between SIRK1 and QSK1 were detectable only after PEP7 treat-
ment. Activation of SIRK1 by PEP7 involved transphosphorylation of QSK1 and aquaporins, akin
to sucrose-induced processes reported by the authors in previous studies [175, 176]. The concept
of phosphorylation events to ensure signaling upon the binding of ligands is common for many
receptor/co-receptor pairs, such as BRI1-BAK1 or FLS2-BAK1 [40]. In the here-discussed publi-
cation, it was confirmed that instead of sucrose, PEP7 can induce phosphorylation of QSK1 and

aquaporins as well.
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Experiments with several mutants pointed out that SIKR1 is the responsible kinase and that in the
absence of both SIRK1 and native PEP7, sucrose and external PEP7 cannot induce phosphoryla-
tion of QSK1 and aquaporins. Interestingly, the quantified phosphopeptides of aquaporins corre-
spond to known phosphorylation sites for pore-gating in PIP2A from Spinacia 34eplete34, sug-
gesting that PEP7 induces the phosphorylation-dependent opening of aquaporin pores.

To further evaluate the impact of PEP7 on the associations between SIRK1 and QSK1, I conducted
FRET-FLIM measurements using transiently transformed N. benthamiana epidermal leaf cells.
Our findings demonstrated that QSK1 and SIRK1 associate and potentially interact with each
other. Interestingly, upon the application of PEP7, there was no change in the FRET efficiency
between SIRK1 and QSK1. To exclude the possibility that native PEP7 may mask the effects of the
applied PEP7 on the QSK1-SIRK1 association, the protease inhibitor leupeptin was used.
Leupeptin acts as an inhibitor of metacaspase [177], which facilitates PEP7 release from its
precursor [178]. However, after the leupeptin supply, QSK1 still associates with SIRK1, regardless
of the presence of PEP7. This indicates that SIRK1 and QSK1 associate in pre-formed
nano-structured membrane domains in the absence of PEP7. This phenomenon is observable for
other complexes as well, like the RLP44-BRI1-BAK1 module, where the application of the ligand
does not alter the receptors interaction behavior [31]. Restricted to the receptor/co-receptor
interaction of BRI1-BAK1, Biicher], et al. [179] demonstrated that heterooligomers of BRI1-BAK1
are observed despite the 34epleteon of endogenous BL. The external application of BL increases
the number of heterooligomers. This suggests that there is a subset of (pre-existing) complexes
whose number increases after applying the ligand. Observations from the animal cell systems
support all the aforementioned results and hypotheses derived from plant-specific research.
Pre-formed receptor complexes have been identified that may enhance the affinity for the ligand,
prolong the half-life of the complex, expedite signal transduction, and encourage lateral signal
propagation [180-182]. Biicher], et al. [179], like us, observed a discrepancy between the results
obtained from the FRET-FLIM and Co-IP experiments. They found a significant increase in the
number of heterooligomers upon ligand application after Co-IP compared with the FRET-FLIM
data. The authors attributed this difference to several technique-related limitations, such as
variations in protein extraction during Co-IP experiments. They hypothesized that fluorescence
microscopy captures the entirety of tagged proteins, whereas biochemical methods such as Co-IP
only capture a subset.

For future experiments and in light of the aforementioned findings, the use of the parameter
“interaction pixels”, according to Biicher], et al. [179], should be considered as well. With this
approach, the FLT is not reported as a single averaged value over a larger region of
interest (e.g., the PM), but instead the values of each image pixel can be evaluated. By applying this

method, it will be possible to determine whether PEP7 increases the number of heterooligomers
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based on FLT. Additionally, it would be prudent to assess results in stably transformed A. thaliana
plants, utilizing mutant lines like pep7 knockouts. This may present a more reliable approach than
the external depletion of endogenous PEP7. With our recent advances in super-resolution
techniques [144, 154], we will be able to investigate the dynamics of SIRK1 and QSK1 in response
to PEP7 in various genetic backgrounds. By utilizing dual-color methods along with advanced
algorithms to evaluate the formation of nanoscale clusters, it may be feasible to examine their
composition and how they are altered following the application of PEP7 with regards to size,

density, and additional characteristics.

3.3 Others

The primary drivers of research have consistently been the development of new techniques and

the integration of advanced, contemporary methods.

In this section, two publications are introduced. In the first, we developed a new method to eval-
uate tripartite protein interactions. Alongside the re-evaluation processes, I supported the au-
thors with mathematical and statistical analyses. In the second publication, we combined several
“wet lab” approaches with computational modeling and predicted a new component of the rapid
BRI1 response pathway. In particular, the use of computational modeling represents an approach

in plant science that has been so far underrepresented.

3.3.1 Three-Fluorophore FRET-FLIM is a New Method to Study and Assess Ternary Protein

Complexes in Living Plant Cells

The following chapter is based on (6) Gléckner et al., 2022: Three-Fluorophore FRET Enables

the Analysis of Ternary Protein Association in Living Plant Cells (see - 103 -)
Plants (Basel)

More information about my scientific contribution can be found in the respective section (see XV).

FRET-FLIM has emerged as a commonly utilized technique to investigate protein-protein
association and complex composition. Nevertheless, in plants, it is limited to pairs of proteins,
which does not accurately represent reality given that most processes necessitate the
involvement of more than two proteins [98]. Here, a new three-fluorophore FRET-FLIM approach
isintroduced that exemplary shows that BRI1, BAK1 and RLP44 form a trimeric complex, spatially
separated from other BAK1-containing complexes, such as FLS2-BAK1. All experiments
conducted for this proof-of-principle study were performed in transiently transformed epidermal

leaf cells of N. benthamiana.
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The selection of appropriate fluorophores is of great importance for successful FRET approaches.
Our screening procedure resulted in the choice of three monomeric fluorophores:
monomeric Turqoise 2 (mTRQ2), monomeric Venus (mVEN) and mRFP. Their monomeric
properties reduce false-positive results from unspecific aggregation. Moreover, the overlap in
their donor fluorescence emission and acceptor absorbance spectra made these fluorophores
ideal for our approach. Among them, mTRQ2 was chosen as the first donor due to its long,
monoexponential FLT [183]. As the first acceptor (and second donor), we chose mVEN. mRFP was
selected as the second acceptor.

To study the theoretical assumptions, Ry (i.e., Forster distances) and the distances corresponding
to 10 % FRET efficiency were calculated. This efficiency value was chosen because it is at the
lower detection limit for FRET. For a donor-acceptor ratio of 1:1, comparable values below 8.5 nm
for mTRQ2-mVEN, mVEN-mRFP and mTRQ2-mRFP were obtained for rio%. For large distances
between mTRQ2 and mRFP, no direct FRET is expected to be possible. However, the introduction
of the intermediate acceptor mVEN could increase the dynamic range between mTRQ2 and mRFP.
Since neither the geometry nor the exact positions of the attached fluorophores are known in mul-
timeric protein complexes, randomly placed positions were evaluated, which resulted in a dis-
tance of 11.1 nm. This is large enough to detect long-range associations with the proposed
three-fluorophore FRET approach.

For latter biological applications, it is important to consider the dimensions of the proteins, too.
Thus, further assumptions and calculations were carried out with the following fusions:
RLP44-mTRQ2, BRI1-mVEN and BAK1-mRFP. The information about the dimensions were based
on freely available structural data or models. The calculated ri¢¢ values from the approach above,
can span the distance of two kinase domains, which have diameters of about 4.8 nm. However,
RLP44-mTRQ2 and BAK1-mRFP are too far apart for direct FRET, when BRI1-mVEN is positioned
in between. In contrast, three-fluorophore FRET from RLP44-mTRQ2 via BRI1-mVEN to
BAK1-mRFP  can span  this distance. @~ The same is expected for a
RLP44-mTRQ2/BAK1-mVEN/BRI1-mRFP arrangement.

Especially intensity-based, spectral FRET approaches are highly influenced by several factors. To
address possible issues of cross-excitation and bleed-trough, simulations of emission spectra with
various intermolecular distances and different stoichiometric ratios were conducted. Interest-
ingly, a ratio of 1:2 between mTRQ2 and mVEN during the absence of FRET resulted in a peak of
fluorescence intensity that was even higher than the one observed between the fluorophores dur-
ing the occurrence of FRET. This shows that bleed-through and cross-excitation effects can have
a greater impact on the apparent mVEN signal than FRET itself, emphasizing the need for careful
calibrations of fusion protein amounts.

Before the final establishment of the triple-FRET approach, intensity-based, spectral FRET anal-
yses for dual protein-protein association were tested. To do so, RLP44-mTRQ2/BRI1-mVEN were
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used as a positive control and RLP44-mTRQ2/FLS2-mVEN were used as a pair where no associa-
tion was expected [184]. The possible issues caused by stoichiometric differences prompted us to
determine the levels for each experiment by combining spectral unmixing information with se-
quential excitation acquisitions for each spectrum separately. Both combinations showed a com-
parable donor-acceptor ratio (1:4). We observed that the peak intensity at approximately
525 nm (i.e.,, mVEN emission) was significantly higher in the RLP44-mTRQ2/BRI1-mVEN combi-
nation than in the RLP44-mTRQ2/FLS2-mVEN sample. In conclusion, FRET from RLP44-mTRQ2
to BRI1-mVEN was observed when compared with the RLP44-mTRQZ2/FLS2-mVEN control pair.
An equivalent approach, evaluating the emission at 610 nm (i.e., mRFP emission), was conducted

to confirm the energy transfer from mTRQ2-fusions to mRFP-fusions.

Finally, the three-fluorophore approach was performed based on the previous theoretical
considerations. Here, the distance between RLP44 and BAK1 might be altered by the presence of
BRI1, for example, when BRI1 is located between them. Thus, a non-fluorescent,
hemagglutinin (HA)-tagged version of BRI1 was employed to test for this. Its co-expression with
RLP44-mTRQ2 and BAK1-mRFP did not lead to any emission peak at 610 nm in the spectrum. In
contrast, replacing the non-fluorescent BRI1 with FLS2-mVEN, which is known not to interact
with RLP44, retained the intensity peak at around 610 nm. This indicates that BRI1-HA enlarges
the distance, as other reasons such as stoichiometric changes were excluded. Upon substituting
BRI1-HA with BRI1-mVEN, the emission peak around 610 nm reappeared. Simultaneously, the
RLP44-mTRQ2/BRI1-mVEN/BAK1-mRFP sample exhibited an energy transfer from mVEN to
mRFP. This was evident by the significant decrease in the mVEN emission peak at 525 nm
compared with the RLP44-mTRQ2/BRI1-mVEN sample. Importantly, this effect was absent in the
RLP44-mTRQ2/FLS2-mVEN/FLS2-mRFP control samples. The emission peak at approximately
610 nm with a coinciding reduction in emission at about 525 nm fulfills the criteria for

three-chromophore FRET from RLP44-mTRQ2 via BRI1-mVEN to BAK1-mRFP.

As highlighted, intensity-based FRET approaches are relatively time-consuming, require expertise
and are influenced by several factors, such as the stoichiometry of the proteins that necessitate
labor-intensive calibrations.

To overcome these limitations, FRET-FLIM has emerged as a powerful alternative. With this
method, the reduction of the donor FLT provides a direct measure for the presence of FRET. Sub-
sequently, we conducted FRET-FLIM experiments to test the usability with the chosen three fluor-
ophores. In this approach, changes in the FLT of mTRQZ2 were monitored. The co-expression of
RLP44-mTRQ2 with either BRI1-mVEN, BRI1-mRFP or BAK1-mRFP resulted in a significant de-
crease in the donor FLT, indicating that FRET occurs from mTRQZ2 to mVEN and mRFP. In contrast,

using FLS2 as an acceptor (i.e., as control; fused to mVEN or mRFP) did not result in a decrease.
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The presence of RLP44-mTRQ2, BRI1-mVEN and BAK1-mRFP simultaneously caused an en-
hanced decrease in the FLT of mTRQ2 compared to the aforementioned bipartite tests. Such an
enhanced reduction can only be explained by the existence of an additional FRET pathway that is
available when RLP44, BAK1 and BRI1 have formed a ternary complex. The absence of the effect
was observed when FLS2-mRFP replaced BAK1-mRFP. Importantly, in line with previous re-
ports [95], we confirmed that the amount of the fluorophore-tagged proteins (i.e., expression pro-

portions) does not affect the FLT.

In summary, we offer with this approach a new possibility to verify and assess ternary complexes.
While intensity-based FRET approaches are labor-intensive and vulnerable to false-positive re-
sults, the more elegant, fast, and robust way is to use FRET-FLIM, instead. We clearly showed that
although FLS2 interacts with BAK1, this interaction occurs at least 11.1 nm away from the
BRI1-BAK1-RLP44 complex. In the future, it will be interesting to combine these approaches with
other advanced techniques, such as sptPALM, to increase not only the spatial but also the temporal

resolution.

3.3.2 A Combination of Computational Modeling and Quantitative Physiology Reveals
Central Parameters for the Brassinosteroid-Regulated Rapid Cell Elongation

Response

The following chapter summarizes and discusses (7) Grofdeholz et al., 2022: Computational
modeling and quantitative physiology reveal central parameters for brassinosteroid-regulated
early cell physiological processes linked to elongation growth of the Arabidopsis root

(see-139-)
Elife
More information about my scientific contribution can be found in the respective section (see XV).

In this publication, we combined results from “wet lab” experiments with a computational mod-
eling approach. With this, we identified central parameters and new components for the brassi-
nosteroid-regulated rapid acidification response of the apoplast, which finally results in the elon-
gation growth of root cells. While the constitution of the signaling hub and the involved proteins
are qualitatively well described (see chapter 1.1.1), detailed quantitative data were lacking. With

our approach, we provided substantial insights into the quantitative understanding of the process.

Our experimental and computational concepts used cells from the root tip of A. thaliana, where
they undergo a phase of cell division in the meristematic zone (MZ), followed by a phase of growth
in the elongation zone (EZ). In a first step, Dr. Ruth Grofdeholz and other collaboration partners

from Bioquant Heidelberg generated a model employing ordinary differential equations.
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Our model considered four compartments, namely the cytosol, the cell wall, the vacuole and the
PM. Their sizes were set according to van Esse, et al. [185]. The model was generated with freely
available information, such as, for example, the specific capacitance of the PM [186]. Additionally,
all essential activities, such as the inhibitory effect of BIR3 or the basal activity of the proton
ATPase, were considered.

To refine the model, we decided to quantify the key components, namely BRI1, BAK1, BIR3 and
the proton ATPases in the PM of epidermal cells of the root tip. First, high-throughput single-cell
RNA-sequencing data [187] revealed that BRI1 and BIR3 transcripts accumulate evenly in all cell
types of the root and did not alter much in their amount during cell development along the root
axis. In contrast, the AHAZ2 transcript showed a strong increase in the cortex and epidermal cells
of the transition zone (TZ) and EZ. Based on this data, we then focused on protein quantifications.
BRI1-GFP and BAK1-GFP amounts were quantified before by confocal laser scanning microscopy
in the EZ [185]. In addition, all key components, namely BRI1, BIR3, BAK1 and AHA2, were
quantified in all respective root zones. The measured intensities were set in relation to the
BRI1-GFP intensity, for which absolute values for the receptor density were reported
by van Esse, et al. [185].

BRI1, BIR3 and BAK1 showed homogenous distributions along the root axis. In contrast, AHA2
had a notable gradient, with a relatively low amount in the MZ compared to the EZ. This indicates
a regulatory correlation between AHA2 accumulation and BR-regulated root growth along the
root axis, which is supported by findings that AHA2 physically interacts with BRI1 and BAK1 and
is phosphorylated within five minutes upon BR treatment in vivo [20, 27, 36, 188].

To test this hypothesis, we decided to characterize the functional role of AHA in the context of
BR-regulated signaling, both experimentally and with the computational model.

As a quantitative readout, we used the apoplastic pH by applying a non-PM-penetrating dye that
incorporates into the plant cell wall [189]. We conducted dose-response measurements and
time-course experiments. Our results in the EZ revealed a significant decrease in the apoplastic
pH already at a BL concentration of 0.1 nM that continued up to concentrations of 10 nM. Addi-
tionally, the time-course experiment showed rapid acidification within ten minutes after hormone
application, which was maintained for the entire time span. Both experimental results were re-
produced by our computational model.

With our model, we then analyzed the importance and impact of individual components on cell
wall acidification after five minutes of BL application. To do so, we calculated their scaled
sensitivities. Here, it was clearly visible that factors such as the initial concentrations of BRI1 and
AHAZ2, the degree of inhibition and the pump activity of the ATPases strongly control the early
BR responses. Similar calculations for the acidification taking place 60 min after BL application

revealed a greater significance of down-regulating elements, although the amount and activity of



Results and Discussion 40

the proton pumps remained important. The model’s predictions supported the hypothesis that
proton pumps are the key elements that control BR-regulated elongation growth.

In consequence, it was assumed that cells in the MZ have a higher starting pH and react less
strongly to BR stimulation due to reduced AHA2 expression levels evaluated before.

To test this, we adapted our model and parameters to reflect the behavior of the MZ. Indeed, a
higher starting pH and a reduced BR-sensitivity were predicted by the model. The data were con-
firmed by experimental pH measurements.

Finally, we assessed that this regulation via BL is triggered by BRI1. To do so, we used the bri1-301
mutant, which exhibits reduced BRI1-kinase activity [190]. Indeed, a less pronounced reduction

after the addition of BL was present, indicating that the described processes are initiated by BRI1.

The great value of computational modeling becomes obvious when it can be used to predict new
components. We calculated the membrane potential derived from our pH value changes in the
apoplastic cell space and compared it to data from Caesar, et al. [20]. Our model predicted much
stronger values than those measured. However, the incorporation of monovalent cation import,
such as potassium, into the model rectified this discrepancy. An extensive literature research tak-
ing several criteria into account, pointed to CNGC10 as a potential candidate for this cation import.
By integrating its molecular properties into the model, the discrepancy was resolved, and the
membrane potential was accurately predicted as experimentally measured.

We performed interaction studies to unravel whether CNGC10 interacts with the components of
the BRI1 signaling complex. The results obtained by FRET-FLIM and a mating-based split
ubiquitin assay suggested a spatial association or even physical interaction of CNGC10 with BAK1,
AHA?2 and BRI1, respectively. The direct involvement of CNGC10 in the fast BR response pathway
was analyzed by pH measurements using two independent Arabidopsis chgc10 loss-of-function
lines [191, 192]. In contrast to the corresponding wild type, cngc10-1 and cngc10-2 did not acidify
the apoplast upon BL application, suggesting that CNGC10 serves as the primary cation
channel (i.e., for potassium) that regulates membrane potential homeostasis during BL-induced

apoplastic acidification.

In summary, we have presented an elegant combination of experimental data and computational
modeling that objectively highlights the specific role of proton pump activity for apoplastic acidi-
fication and reveals a new component of the fast BR pathway, namely CNGC10. The amount and
activity of AHA2 appear to be the rate-limiting factor for the cells’ ability to elongate in response
to BL. It is suggested that the signaling components could potentially be arranged differentially in
pre-existing nanoclusters along the root axis, analogous to the BRI1-BAK1-RLP44 complex [31].
Based on our model, the proportion of associated AHA2 molecules should increase in BRI1 clus-
ters along the root axis, being low in the MZ and high in the TZ and the EZ. This hypothesis can be

verified with FRET-FLIM experiments using transgenic Arabidopsis seedlings in the future that not
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only consider the overall association but also the number of associating pixels that correlate with
the number of associating molecules [179].

Recent improvements in cloning technologies make it now possible to apply cell-, tissue- or
organ-specific knockouts via clustered regularly interspaced short palindromic repeats (CRISPR)
without effecting the expression on a global level [193]. The approach and its usefulness were
recently demonstrated using BRI1-CRISPR knockouts [194]. For our requirements, promoters
specifically active in the meristematic or early elongation zone are needed. By utilizing this
approach, it will be feasible to precisely regulate protein amounts (such as BRI1, AHA2 and
CNGC10) in the relevant areas crucial for the rapid BR response. The experimental output can
then be compared to the model’s predictions. Furthermore, developments in super-resolution
microscopy can link the presented results with spatiotemporal information, such as assessing
whether the absence of CNGC10 affects the mobility or nanoscale organization of BRI1.
Subsequently, these data can be used to improve and refine the model. With more data, an
extension of the model to ideally the entire root tip will be likely, taking anisotropic elongation

growth into account as well [195].
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OneFlowTraX: a user-friendly
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analysis of single-molecule
dynamics and

nanoscale organization

Leander Rohr?, Alexandra Ehinger’, Luiselotte Rausch®,
Nina Gloéckner Burmeister?, Alfred J. Meixner?,

Julien Gronnier®, Klaus Harter®, Birgit Kemmerling*
and Sven zur Oven-Krockhaus™**

Center for Plant Molecular Biology (ZMBP), University of Tubingen, Tubingen, Germany, ?Department
of Biomedicine, Aarhus University, Aarhus, Denmark, *Institute for Physical and Theoretical Chemnistry,
University of Tabingen, Tubingen, Germany

Super-resolution microscopy (SRM) approaches revolutionize cell biology by
providing insights into the nanoscale organization and dynamics of
macromolecular assemblies and single molecules in living cells. A major hurdle
limiting SRM democratization is post-acquisition data analysis which is often
complex and time-consuming. Here, we present OneFlowTraX, a user-friendly
and open-source software dedicated to the analysis of single-molecule
localization microscopy (SMLM) approaches such as single-particle tracking
photoactivated localization microscopy (sptPALM). Through an intuitive
graphical user interface, OneFlowTraX provides an automated all-in-one
solution for single-molecule localization, tracking, as well as mobility and
clustering analyses. OneFlowTraX allows the extraction of diffusion and
clustering parameters of milliens of molecules in a few minutes. Finally,
OneFlowTraX greatly simplifies data management following the FAIR (Findable,
Accessible, Interoperable, Reusable) principles. We provide a detailed step-by-
step manual and guidelines to assess the guality of single-molecule analyses.
Applying different fluorophores including mEos3.2, PA-GFP, and PATagRFP, we
exemplarily used OneFlowTraX to analyze the dynamics of plant plasma
membrane-localized proteins including an aquaporin, the brassinosteroid
receptor Brassinosteroid Insensitive 1 (BRI1) and the Receptor-Like Protein
44 (RLP44)

KEYWORDS

super-resolution microscopy, localization, single-particle tracking PALM,
photoconvertible/-activatable fluorophores, cluster analysis, plasma membrane,
BRI1, RLP44
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1 Introduction

All living cells regulate the dynamics and organization of
molecules at the nanoscale to control their biological processes.
Accordingly, appropriate methods are needed to elucidate the
underlying mechanisms and functions at the molecular level. In
recent years, there has been a signiﬁcant focus on the plasma
membrane (PM) due to its crucial role in important functions
such as homeostasis and mass transport, and its primary role as a
mediator of signals into and out of the cell. However, only a few
techniques allow the in vivo analysis of molecules with high
spatiotemporal resolution. Suitable microscopy techniques include
fluorescence recovery after bleaching (FRAP) (Peters et al., 1974;
Axelrod et al,, 1976), fluorescence correlation spectroscopy (FCS)
(Magde et al., 1972), and single-particle tracking (spt) (Manzo and
Garcia-Parajo, 2015) of labeled molecules, the latter being mainly
driven by the advent of super-resolution technologies such as
photoactivated localization microscopy (PALM) (Betzig et al.,
2006; Hess et al., 2006; Manley et al., 2008).

Imaging of single molecules in living cells is usually performed
under total internal reflection (TIRF) illumination, which provides
greatly enhanced contrast for a thin layer of the biological sample due
to its small penetration depth of around 150 nm beyond the coverslip.
However, due to the relatively thick cell wall of plant cells, their
compartments, such as the PM, are not in the optimal range for TIRF.
Therefore, alternative illumination methods such as highly inclined
thin illumination (HiLo) (Tokunaga et al, 2008), also known as
variable angle epifluorescence microscopy (VAEM) (Konopka and
Bednarek, 2008), are widely used for plants. Moreover, due to the
limited permeability of the cell wall, plant cell biologists cannot use
organic dyes common in the animal or human field (Lelek et al,
2021) for live cell imaging but must rely on a limited selection of
genetically encoded fluorophores fused to the gene of interest (Hosy
et al., 2015; McKenna et al., 2019; Jolivet et al., 2023).

These technical difficulties have contributed to the fact that
dynamic analysis of proteins in plant cells at very high resolution
has only recently taken off. The improvement of technical
possibilities in microscopy and other methods, such as single-
molecule tracking and cluster analysis, now offers data on
dynamic parameters, including diffusion coefficients and
nanoscale organization, especially for membrane proteins
(Gronnier et al., 2017; Perraki et al., 2018; McKenna et al., 2019;
Platre et al.,, 2019; Smokvarska et al.,, 2020; Platre et al., 2022;
Smokvarska et al., 2023; Pain et al., 2024),

Despite the progress made in recent years, the analysis of single-
molecule localization microscopy (SMLM) data remains a
complicated, multistep process. First, the positions of the
individual labeled membrane proteins in each image must be
determined with high precision (localization), followed by the
assignment of localizations across multiple images to trajectories
(tracking). The mobilities or proportions of mobile/immobile
proteins are then calculated from the analysis of these trajectories.
Subsequently, a map of all observed single molecules localizations
can be reconstituted to analyze the nanoscale organization of
molecules (e.g., cluster analysis). Each of these steps has been

Frontiers in Plant Science
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implemented over the years with dedicated analysis software
(Chenouard et al., 2014; Sage et al., 2019). Localization depends
on physical camera parameters and localization algorithms that
must incorporate noise statistics for the low photon counts typical
of single-molecule microscopy. Tracking can be performed with a
variety of algorithms, and the chosen parameters have a large
impact on the data evaluation, representation and thus their
interpretation. Mobility analysis is initially performed using mean
square displacement (MSD) plots (Qian et al, 1991). Still, this
method is not always applicable and is highly sensitive to the
parameters used. Combining sptPALM data with cluster analysis
is a relatively recent development; several methods have advantages
and disadvantages, leading to different data evaluation,
representation and interpretation. This procedural complexity
and challenges prevent broader application of SMLM techniques
such as sptPALM especially in plant cell biology.

Although practical guides have been published recently (Bayle
et al,, 2021), there is still a lack of software packages that guide the
user through all analyses without excessive computational
knowledge. The available software is usually limited to or
specializes in only one of the above sub-steps, with compatibility
problems between the different solutions.

In this work we present a comprehensive, all-in-one open-
source, time-saving software package, named OneFlowTraX,
guiding the scientist through the steps of SMLM-based
localization, tracking, mobility- and cluster analyses of molecules
in living cells, which we apply to plant cells. Moreover, the storage
of the SMLM data and metadata follow FAIR (Findable, Accessible,
Interoperable and Reusable) principles (Wilkinson et al., 2016) for
scientific data management and stewardship. We explored three
genetically encoded fluorophores (mEos3.2, PA-GFP and
PATagRFP) of different photophysical characteristics, suitable for
sptPALM studies in living plant cells, exemplified by the temporal
and spatial analysis of four different plant plasma membrane
proteins. The PA-GFP and PATagRFP pair will also enable dual-
color sptPALM applications in the future.

2 Method
2.1 Design and properties of OneFlowTraX

2.1.1 Purpose and workflow

OneFlowTraX runs as an executable program or as an
application in MATLAB (Mathworks). The user is guided
through several steps, including the localization of single
molecules, the reconstruction of single-molecule trajectories, the
calculation of mobility parameters, and cluster analyses based on
molecule or trajectory positions. The easily scriptable and
customizable code is available on GitHub (https://github.com/
svenzok/OneFlowTraX), accompanied by a user guide that
answers all analysis-specific questions. For each main analysis
step (localization, tracking, mobility and cluster analysis),
extensive literature research was conducted to select the most
suitable method or algorithm for OneFlowTraX. Published codes
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were partially adapted to meet the requirements of OneFlowTraX;
alternatively, new software code was written to provide a robust and
efficient all-in-one analysis pipeline for state-of-the-art single-
molecule imaging analyses. This eliminates the need for the user
to convert analysis data from one specialized software solution to
another, which both saves time and reduces the complexity of these
consecutive analysis steps. Some combinations, such as the
generation and use of track data for cluster analysis (see below),
are particularly important for the evaluation of single-molecule
tracking experiments and were not previously available in an
integrated software pipeline. The individual steps are discussed in
more detail in the following sections.

2.1.2 Localization

The sptPALM raw data (Figure 1A) usually consists of time series
images that are saved as TIFF image stacks. Typical formats in our
experiments are 100x100 to 400x400 pixels (corresponding to 10x10 to
40x40 pm) with 2 000 to 10 000 images taken at a frame rate between 20
and 50 Hz These parameters can vary depending on the specific
experiment but are mainly governed by the optimal magnification of
the imaging system for single-molecule detection, the choice of the frame
rate that achieves sufficient contrast, the size of the imaged PM region of
interest, and the photophysical characteristics of the chosen fluorophore.

In the first step, the fluorophore-tagged molecules are localized
in each image with high precision using algorithms developed for
super-resolution microscopy. Bright pixels indicate possible

10.3389/fpls.2024.1358935

detected single molecules, and larger sections around these pixels
are fitted with a two-dimensional Gaussian (Figure 1A). This results
not only in the position but also the PSF size, the number of
photons and the subsequently calculated localization accuracy,
which are stored for each localized single molecule (Figure 1B).
For this purpose, we adapted the core of the SMAP software (Ries,
2020). Its algorithm for determining single-molecule positions uses
a robust maximum likelihood estimation (MLE) of Gaussian point
spread function (PSF) models, which was shown to be very accurate
(Sage et al, 2019). Furthermore, it can make use of a graphic
processing unit (GPU) that massively accelerates image processing
speed. In addition, the fitter can also account for the pixel-specific
noise of commonly used complementary metal-oxide
semiconductor (CMOS) cameras. In OneFlowTraX, this process
can be started for a list of files using default parameters (Figure 1C).
An auxiliary window can be opened to check the performance of the
algorithm on selected single images and adjust the parameters (see
the user guide that is provided with the software for detailed
information) if necessary. At the end of the localization process,
three histograms show (i) the PSF sizes, (ii) photons and (iii)
localization accuracy for all detected and fitted molecules. These
histograms can be used to check the quality of the raw data and
exclude outliers from further analysis, for example, localizations
with unusually large PSFs due to poor focusing or aggregation
artifacts. After review, the molecule positions can be used to define
single-molecule trajectories.
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2.1.3 Tracking

The generally low localization density in sptPALM data allows
for a simple but very fast tracking algorithm. A trajectory is formed
from all those molecule positions that do not exceed a maximum
distance from each other in successive images (Figure 2A). In
addition, short sequences are bridged in which a molecule was
temporarily undetectable (gap closing), which is typical of the
blinking behavior of fluorophores observed in single-molecule
microscopy. The corresponding code for this algorithm was
adapted from a MATLAB program published by Jean-Yves
Tinevez (Tinevez, 2011). The underlying Linear Assignment
Problem (LAP) tracker (Jagaman et al.

widely used software TrackMate (

2008) is also part of the
2017). After
performing the tracking in OneFlowTraX, the resulting
trajectories can be visualized (Figure

z et al,

'B, upper right), and colored

according to their duration, displacement, mobility and other
characteristics. In case of obvious connection errors (see the user
guide for examples), the tracking can be repeated with adjusted
track-building parameters.

2.1.4 Mobility analysis
The mean square displacement (MSD) analysis is currently the
most widely used method for extracting diffusion coefficients and

motion patterns for this type of data (Manzo and Garcia-Parajo,
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2015). Therefore, the distances a molecule has traveled in certain
time intervals is assessed to calculate mobility metrics like the
diffusion coefficient (Figure 2A). A more detailed description of
this method was described previously (Saxton and Jacobson, 1997).
Only selected tracks with a certain minimum length (typically eight
or more localized positions) are used for further analyses, removing
short track artifacts that may originate from background signals.
The mean MSD over all tracks is calculated and the diffusion
coefficient is estimated via a linear fit (Figure 2B, lower left plot)
that commonly only includes the first few points of an MSD curve,
While this averaged analysis gives a first impression of protein
mobility, a more detailed analysis is possible by estimating
individual diffusion coefficients for the MSD curves of each track.
Their distribution can then be plotted as a histogram (Figure 2B,
lower right plot), revealing the potential existence of nonuniform
mobility distributions that would remain hidden in the mean MSD
plot. Due to the small number of data points for individual tracks, a
goodness-of-fit threshold value (the adjusted R?) can be specified
for the linear fit to reject inconclusive results. In addition to storing
the peak log(D) value for each file examined, the relative proportion
of multiple populations can also be estimated. Performing the MSD
analysis adds new options to the tracking images, such as coloring
tracks based on their mobility or splitting them visually into mobile
and immobile tracks (for more details refer to the user guide).

tracks visualization

| <300 o of g |10 150 109 f e

wa  os [ 1 s 3 2 TR 1
g e (5} log D
P eme

o vz

[Jtwo Poguianons,

okt B fem'e) e i of mean clculatod O ) T posk o)
AzmE0 amen

mean square displa

ts and more

04 frontiersin.org



Appendix

Rohr et a

2.1.5 Cluster analysis

While mobility analysis provides information about the
dynamics of membrane proteins, their spatial nanoscale
organization can also be obtained by cluster analysis based on the
single-molecule data using OneFlowTraX, which implements
several current state-of-the-art methods. Our analysis pipeline
includes Voronoi tessellation (Levet et al,, 2015; Andror t

6), density-based spatial clustering of applications with noise
(DBSCAN) (Ester « ¢
nanoscale spatiotemporal indexing clustering (NASTIC) (Wallis
et al.,, 2023) (Figure

can also be found in the user guide.

) and the recently introduced
\). A detailed description of these methods

When applying the different clustering methods, the user can
base the analysis in OneFlowTraX (Figure 3B) on two different data
sets: (i) all localized fluorophore positions in the sample or (ii) the
centroids of the assembled tracks. Option (i) disregards the
assignment of localizations to individual membrane proteins,
which can result in varying numbers of cluster points for each
protein, while option (ii) assigns each detected membrane protein
to one cluster point, at the expense of a smaller set of points (also
compare
data quantity, but option (ii) should be generally preferred for its
more consistent assignment. Only the NASTIC method is based

3A). This choice largely depends on the available

solely on the protein tracks themselves, since their spatial overlap is
used for cluster analysis. OneFlowTraX implements all the above
algorithms, so the users can follow their preferences or compare
different algorithms. This use of calculated track data for cluster
analysis in a single pipeline has, to our knowledge, not been

available before. It can therefore greatly benefit the data analysis

of single particle tracking experiments, not only in terms of
processing speed, but also by providing control and knowledge of
upstream analysis step parameters that could influence the cluster
analysis results. Finally, all applied analyses are visualized and can

be color-coded with different settings and exported.

2.1.6 Batch processing

The batch analysis, outlined schematically in Figure 4A,
automatically processes the raw sptPALM data selected by the user
and then stores all analysis results in a consistent format. It allows the
evaluation of big datasets, including all the above analysis steps, in a
very short time (about seven seconds per file with approximately 30
000 localizations each). A summary of all parameters used for the
individual steps in the analysis of the membrane protein of interest is
listed in an intuitive selection structure (Figure 4B). If necessary,
parameters can still be changed here, and the subsequent batch
analysis is performed based on these parameters collectively for all
analysis steps (localization, tracking, mobility and cluster analysis).
The parameter list is also attached to the collected results so that all
steps and settings can be traced back according to the FAIR principle.

2.2 Fluorophores for in planta
sptPALM analysis

In plant cells, the rather impenetrable cell wall largely precludes
dye- or quantum dot based single molecule tracking approaches, so
that sptPALM with genetically encoded fluorescent proteins (FPs)
must be used, which are fused translationally to the protein of
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FIGURE 4

Workflow and batch processing. (A) Schematic overview of the workflow steps in the GUI of the software and the batch analysis. The GUI is
intended to find a suitable set of parameters for all analysis steps, supported by the visualization of intermediate results. The collected parameters
can then be used in the batch analysis, which quickly performs all analysis steps for each input file and saves all relevant data in cne comprehensive
results file. The measured fitting times per file were achieved using an AMD Ryzen 5 4500 CPU and a GTX 960 consumer graphics card. (B) GUI of
OneFlowTraX for the batch analysis. All user-specified parameters from all previous tabs are stored in a systematic overview window (20) that can be
opened from any tab. Input files for batch processing are also added here and are shown as tables {21) for inspection and the assignment of noise

files and masks. The entire file list can then be automatically process

beginning with the localization procedure and may include tracking, mobility

and cluster analysis as chosen by the user, summarized in (22). All parameters and results are stored in a spreadsheet file, a section of which is

shown as the inset (23)

interest. Conversely, FPs exhibit comparatively low photostability
and brightness. Moreover, sptPALM analyses of proteins require
photoactivatable or -convertible FP variants, where the density of
visible fluorophores per image is controlled by an additional
activation laser, further limiting the pool of applicable FPs.
Genetic constructs encoding photoconvertible mEos2 fusions
have been useful for sptPALM-based analyses of membrane
proteins in plant cells (Hosy et al, 2015; Gronnier et al, 2017;
Platre et al., 2019; Smokvarska et al., 2020; Platre et al., 2022;
Smokvarska et al., 2023). However, it was shown previously that
mkEos2 tends to form oligomers and aggregates in animal cells,
especially when fused to membrane proteins (Zhang et al., 2012).
We therefore recommend to prefer the improved version mEos3.2
that is monomeric and also works in plants (Jolivet et al., 2023). As
with mEos2, the native green form of mEos3.2 can be converted toa
red form using light of ~400 nm wavelength, allowing to adjust the
density of the visible fluorophores in the red imaging channel.
However, as mEos3.2 occupies both the green and red parts of the
spectrum, it is not compatible to combine it with other FPs for
potential dual-color applications. Based on their photophysical
characteristics (Supplementary Table 1), we propose the use of
photoactivatable (PA-) GFP (Patterson and Lippincott-Schwartz,
2002) and PATagRFP (Subach et al., 2010) as additional
fluorophores for sptPALM applications in plant cells. Both PA
FPs are non-fluorescent in their respective native forms and can be
converted to their spectrally distinct fluorescent forms with light of
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~400 nm, enabling simultaneous imaging of differently labeled
proteins in two color channels. The three fluorophore coding
sequences were codon-optimized for their use in plant cells
(Supplementary Table 2).

3 Results

3.1 PM proteins used for proof-of-principle
sptPALM analyses

In order to demonstrate the applicability of OneFlowTraX for
sptPALM analyses with focus on plant cells, well-described A.
thaliana membrane proteins were used, namely BRI1, RLP44,
LTi6a and the aquaporin PIP2;1. LTi6a-mEos2 and PIP2;1-mFEos2
A. thaliana transgenic lines (Hosy et al., 2015) are under the control
of the PIP2;1 promoter (pPIP2;1). BRI1 and RLP44 were expressed
as mEos3.2, PA-GFP and PATagRFP fusions under the control of
the respective native promoter (pBRI1, pRLP44).

The aquaporin PIP2;1 is a large six transmembrane domains-
containing, tetrameric water and hydrogen peroxide permeable pore
(Dynowski et al,, 2008), whereas LTi6a is a small two- transmembrane-
domains-containing intrinsic PM protein of yet unclear function (Kim
etal, 2021). BRI initiates well-understood signaling pathways in plant
cells. Upon binding of BR to BRI1's extracellular domain, its interaction
with the co-receptor BRI1-ASSOCIATED KINASE 1 (BAK1) is
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enhanced. This leads to a re-arrangement of proteins within the
complex, eventually resulting in auto- and transphosphorylation of
their kinase domains and its full signaling activity (Gou and Li, 2020;
Wolf, 2020). The outcomes of BR activation of the BRII/BAKI
complex are on the one hand the differential regulation of BR-
responsive genes via a nucleo-cytoplasmic signaling cascade (Mora-
Garcia et al,, 2004; Yin et al,, 2005; Vert and Chory, 2006; Zhu et al,,
2017) and on the other hand a rapid acidification of the apoplast via the
activation of PM-resident P-type proton pumps (Caesar et al, 2011;
Witthoft et al., 2011; Grosseholz et al., 2022)

RLP44 is proposed to be a cell wall integrity sensor that controls
cell wall homeostasis by interplay with BRI1 and BAK1 (Wolf et al,
2012, 2014). In fact, we were recently able to demonstrate the existence
of a ternary RLP44/BRI1/BAKI complex in the PM of living plant cells
using a spectral Forster resonance energy transfer (FRET) and FRET-
Fluorescence-lifetime imaging microscopy (FLIM) approach
(Glockner et al, 2022). Additionally, RLP44 has been linked to
phytosulfokine signaling. The corresponding receptor Phytosulfokine
Receptor 1 (PSKR1) is also proposed to form a complex with RLP44
and BAK1 (Holzwart et al.,, 2018; Gomez et al., 2021).

3.2 OneFlowTraX analysis of BRI1 and
RLP44 dynamics and nano-structured
organization in the Nicotiana benthamiana
transient expression system and transgenic
Arabidopsis seedlings

For initial assessment, mEos3.2, PA-GFP and PATagRFP-tagged
BRI1 fusion proteins were transiently expressed in Nicotiana
benthamiana (N. benthamiana) epidermal leaf cells. Such transient
expression setups provide a fast and convenient way to test the
functionality of protein fusions with photoswitchable/
photoconvertible fluorophores (Gronnier et al., 2017; Perraki et al.,
2018). For the transgenic approach in A, thaliana, the mEos3.2, PA-
GFP and PATagRFP-tagged fusions of RLP44 were chosen.

The density of the single fusion proteins after photoconversion
or -activation was optimal (Figure 5A) for a comprehensive
evaluation of sptPALM data (Bayle et al,, 2021).

Using OneFlowTraX (for detailed parameters see
Supplementary Table 3), the data were processed, and single-
molecule trajectories were generated (Figure 5B). After MSD
analysis, the diffusion coefficients were calculated (Figure 5C).

Although the three fluorophores are sptPALM-optimized
versions of different precursors from various marine organisms,
the BRI fusion proteins showed comparable diffusion coefficients
in N. benthamiana epidermal leaf cells (Figure 5C, left panel). The
same was observed for the RLP44 fusion proteins in transgenic
Arabidopsis epidermal hypocotyl cells (Figure 5C, right panel). This
demonstrates that all three fluorophores can be reliably used for
sptPALM studies in different plant cell systems. The best signal-to-
noise ratio was obtained with mEos3.2, due to its excellent
photophysical properties (Supplementary Table 1). On the other
hand, PA-GFP and PATagRFP can be combined - due to their non-
overlapping spectra - for dual-color sptPALM experiments,
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Moreover, as shown in Figure 5D, OneFlowTraX allows the use
of sptPALM single-molecule track data to show that the BRI1-
mEos3.2 and RLP44-mEos3.2 fusion proteins are partially
organized in clusters.

3.3 OneFlowTraX application examples to
detect changes in protein mobility

To validate the usefulness of OneFlowTraX, we first analyzed
the dynamics of LTi6a-mEos2 and PIP2;1-mEes2 (Hosy et al.,
2015) in the PM of epidermal root tip and epidermal hypocotyl
cells of transgenic A. thaliana seedlings. In accordance with their
previous results, we observed that LTi6a exhibited a significantly
higher mobility than PIP2;1 in the PM of root epidermal cells
(Figure 6A, left). We found that this difference was even more
pronounced in the PM of epidermal hypocotyl cells (Figure 6A,
right). Moreover, the mobility of LTi6a was significantly higher in
the PM of epidermal hypocotyl cells than in epidermal cells of the
root. In contrast, we observed no difference for PIP2;1 (Figure 6A).

We then conducted OneFlowTraX analysis of the RLP44-
mEos3.2 dynamics in transgenic A. thaliana seedlings grown
either in white light or darkness in order to determine whether
the developmental state (photomorphogenic versus
skotomorphogenic) influences the fusion protein’s dynamics.
Firstly, as shown in Figure 6B, RLP44-mEos3.2 moved
significantly faster in the PM of cells of the upper part of dark-
grown hypocotyls compared to the lower part. The diffusion
coefficient of RLP44-mEos3.2 in the PM of hypocotyl cells of
light-grown seedlings, where a differentiation of different cell
types along the axis is hardly possible, was similar to the diffusion
coefficients gained from the lower part of the etiolated hypocotyl.
These in planta generated results show that positional and
developmental differences in the RLP44-mEos3.2 dynamics can
be detected by sptPALM-based OneFlowTraX analysis.

The effect of other environmental factors on protein mobility
can also be evaluated by OneFlowTraX. Here we chose the hyper-
osmotic stress response of plant cells after addition of sorbitol, a
non-toxic, widely used, non-metabolic osmolyte already applied for
sptPALM (Hosy et al., 2015). Sorbitol induces a cell volume loss
(plasmolysis) when used at a concentration of 300 mM. Under
milder hyper-osmotic conditions (100 mM), the cells experience a
reduction in turgor without major changes in their volume
(Martiniere et al, 2019). Thus, the increasing concentration of
sorbitol from 100 to 300 mM induces a progressive separation of the
PM from the cell wall which enhanced the dynamics of almost all
intrinsic PM proteins (Hosy et al,, 2015). Based on this knowledge,
treatments with 100 mM and 300 mM sorbitol or mock treatment
(all applied for 20 min) were performed with light-grown and dark-
grown seedlings expressing RLP44-mEos3.2. Then, the sptPALM
data were measured in epidermal hypocotyl cells of light-grown
seedlings and epidermal cells of the upper hypocotyl part of dark-
grown seedlings and analyzed using OneFlowTraX. Whereas the
concentration of 100 mM sorbitol did not significantly affect the
diffusion coefficient of RLP44-mEo0s3.2 compared to the mock
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treatment (0 mM), 300 mM sorbitol significantly increased the
protein mobility in all measured cells (Figure 6C).

These examples represent “blueprints” for the analyses of
sptPALM data in plant research and demonstrate the applicability
of OneFlowTraX, as it was used to perform all evaluation steps,

including localization, tracking, protein mobility and cluster analysis.

4 Discussion

4.1 OneFlowTraX is an all-in-one software
package for SMLM data processing
and analysis

With OneFlowTraX, we provide a unique, user-friendly open-

source software package that guides users through the steps of

Frontiers in

lant Science 08

mEos3.2 PA-GFP PATagRFP

localization, tracking, analysis of mobility and nanoscale
organization of single molecules based on SMLM data.
OneFlowTraX facilitates the previously very time-consuming and
cumbersome post-acquisition processing of SMLM data. Although
OneFlowTraX is tailored for use by cell biologists, who want to
perform sptPALM analyses in the PM of plant cells, it also offers the
possibility of post-acquisition data processing for other non-PM
bound processes in any prokaryotic and eukaryotic cells. For
instance, the software could be used to analyze the spatial
organization of chromosomes into topologically associating
domains (Wang et al., 2016).

In plants, due to the cell wall, only regions close to the
microscope slide can be analyzed such as the PM and PM-
associated molecules. OneFlowTraX provides a default set of
analysis parameters that are well suited for plant PM molecules

located in a 2D environment. However, as described in the provided
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OneFlowTraX analysis of sptPALM data reveals organ- and position-specific as well as environmentally caused differences in the dynamics of the
indicated FP fusion proteins in epidermal cells of A. thaliana. (A) Diffusion coefficients of pPIP2;1 expressed LTi6a-mEos2 and PIP2;1-mEos2 in
epidermal root and hypocotyl cells of light-grown A. thaliana seedlings. For statistical evaluation, the data were checked for normal distribution and
unegual variances and then analyzed applying the Kruskal-Wallis test followed by the Steel-Dwass post-hoc test, with n > 37 for each fusion protein
derived from at least six plants, measured on at least four different days. Whiskers show the data range excluding outliers, while the boxes represent
the 25-75 percentile. For detailed statistics see Supplementary Table 3. (B) Diffusion coefficients of pRLP44 expressed RLP44-mEos3 .2 in epidermal
hypocotyl cells of light-grown and dark-grown A. thaliana seedlings. The locations of the recorded measurements are indicated by arrows in the
corresponding seedling sketches. For dark-grown seedlings, the center of the distance from the apical hook to the seed was used as the reference
point. Based on this, the centers to the apical hook and to the seed were used as selected regions, named ‘upper’ and lower’, respectively. Statistical
evaluation was performed as described in (A) with n > 14, from at least three plants. For detailed statistics see Supplementary Table 3. (C) Diffusion
coefficients of pRLP44 expressed RLP44-mEos3.2 recorded from epidermal hypocotyl cells of light-grown or dark-grown A. thaliana seedlings after
20 min treatment with sorbitol solution of 100 mM or 300 mM or after mock-treatment (0 mM). For the recording of the data in the dark-grown
seedlings the upper part of the hypocotyl cells was chosen (see B). Statistical evaluation was performed as described in (A), with n > 13, from three
different plants. For detailed statistics see Supplementary Table 3

manual, all settings can be adjusted by the user to their specific
experimental requirements for the SMLM analysis of any process of
interest independent of the organism.

The primary objective of OneFlowTraX is to integrate
established algorithms from the community into a pipeline and to
optimize data flow. We have successfully combined approaches
from specialized software that, for example, either focuses on single-
molecule localization or tracking. Our integrated solution also
enables the utilization of track data for cluster analyses, which is
particularly important in single-molecule tracking experiments.
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OneFlowTraX includes comprehensive batch analysis, with
detailed parameter and data output for all analysis paths, a
feature that was previously missing from many analysis tools.
This not only saves the user time, but also maintains the
consistency of the single-molecule data with the calculated results,
making it easier to apply the FAIR principle. The detailed but
clearly structured parameter organization also provides a method to
evaluate the reliability of the analyses: running multiple batch
analyses with different parameters will show the impact of
individual parameters in the overall analysis process on the results.
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OneFlowTraX was programmed in MATLAB, a software
language that is easy to work with and widely used in academia.
The code has been designed in a clear and concise manner, with
comments provided to aid in the insertion of changes or extensions.
This could also make OneFlowTraX of interest to scientists working
with animal or human cells.

4.2 PATagRFP, PA-GFP and mEos3.2 are
suitable FPs for sptPALM analyses in living
plant cells

Especially plant scientists rely on genetically encoded
photoactivatable or photoconvertible FPs fused to the protein of
interest as the cell wall is impenetrable for dyes applied from the
outside. With mEos3.2, PA-GFP and PATagRFP, three different
FPs are now available that do not tend to aggregate, deliver
satisfactory signal-to-noise ratios during imaging and are
therefore applicable for sptPALM applications both in a transient
transformation system (N. benthamiana) and in stably transformed
A. thaliana plants. We expect that these fluorophores will also work
in other plant species. Of particular interest is the combination of
PA-GFP and PATagRFP, which will enable dual-color sptPALM in
the future for simultaneous recording and spatiotemporal analysis
of two different fusion proteins. Because of its superior
photophysical properties, we recommend the use of mEos3.2 for
single FP fusion protein analyses. Especially when analyzing the
mobility of PM proteins in living plant cells, the sptPALM
technology shows its superiority in terms of spatiotemporal
resolution compared with other methods such as FRAP and FCS
(Bayle et al,, 2021).

4.3 OneFlowTraX allows the rapid in vivo
analysis of PM proteins in transiently and
stably transformed plant cells

We used two functionally well-studied PM proteins, namely
BRI1 and RLP44, for our proof-of-principle experiments regarding
the usability of the three FPs and the applicability of OneFlowTraX.
Both proteins were evaluated in either transiently transformed
N. benthamiana epidermal leaf cells or the epidermis of the
hypocotyl of stable transgenic A. thaliana seedlings. The
accumulation of the BRI1 and RLP44 fusion proteins was driven
by the respective endogenous promoters. In our experience, strong
over-accumulation of the fusion proteins driven by constitutively
active promoters can sometimes lead to overcrowded sptPALM
movies in both plant systems, even before photoconversion.
Analysis of these movies results in misconnected tracks that affect
the entire OneFlowTraX analysis causing inadequate results in
subsequent steps. If it is not possible to control the visible
fluorophore density with 405 nm illumination, we therefore
suggest using weaker promoters when possible.

While OneFlowTraX further demonstrated its utility through
the replication of LTi6a-mFEos2 and PIP2;1-mEos2 sptPALM-
derived findings in the roots of light-grown A. thaliana seedlings
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(Hosy et al., 2015), we were additionally able to observe that the PM
dynamics of both mEos2 fusions differ between epidermal cells of
the root and hypocotyl. This suggests that the organ context of a
tissue has an influence on PM protein dynamics in plant cells.
Although our root measurements for PIP2;1 (0.0032 um?®/s) and
LTi6b (0.0139 pum®/s) do not exactly match the data reported
previously (Hosy et al, 2015) (0.0047 pm?/s and 0.077 pm?/s,
respectively), we confirmed the high mobility of LTi6a in contrast
to the confined behavior of PIP2;1.

During our OneFlowTraX analysis of the RLP44-mEos3.2
dynamics in epidermal cells of light-grown Arabidopsis
hypocotyls, we observed high data variability. This led to the
hypothesis that cell-specific effects depending on the cell’s
position in the organ, i.e., on its physiological state, interfere with
the membrane dynamics of the fusion protein to be investigated.
This hypothesis was substantiated by the technically easier access to
the potential positional effects in the dynamics of RLP44-mEos3.2
in epidermal cells along the hypocotyl axis of dark-grown seedlings:
The diffusion coefficient of RLP44-mEos3.2 is significantly higher in
the epidermal cells of the upper part than in those of the lower part
of the dark-grown hypocotyl. Furthermore, the diffusion coefficient
in the lower part is similar to that found in the epidermal cells of
light-grown hypocotyls. We suspect that the observed discrepancies
mentioned above can be explained by presumably different
measurement locations within the root as well as external factors
such as temperature. Another group (Martiniere et al., 2019) also
observed variations, while maintaining the general characteristics of
PIP2;1 and, in their case, LTiéb. OneFlowTraX can easily capture
these differences in dynamics, allowing SMLM in different cells and
tissues that may vary in their membrane properties.

As shown previously (Hosy et al., 2015; Martiniére et al., 2019),
the treatment of A. thaliana root cells with increasing concentration
of the osmolyte sorbitol increases the diffusion coefficient of
membrane proteins such as the aquaporin PIP2;1. Using
OneFlowTraX, we could substantiate these findings for the
RLP44-mEos3.2 fusion and demonstrated potential effects of the
differentiation states of the analyzed tissue. This shows that
reproducible and robust SMLM data analysis is provided
by OneFlowTraX.

In addition to the analysis of protein dynamics, OneFlowTraX
also offers different algorithms (Voronoi tessellation, DBSCAN,
NASTIC) for the analysis of the nanoscale organization of a given
membrane protein. For sptPALM data, we recommend the
NASTIC algorithm as it is specifically designed to work with
track data. Because of the sensitivity to parameter changes, care
must be taken when regarding the results of the nanoscale
evaluation output by all of these algorithms as absolute values.
However, relative comparisons of the nanoscale organization for a
given membrane protein are possible if there are no changes in the
parameter settings between the experiments,

In summary, SMLM data acquisition such as that from
sptPALM becomes more easily accessible and faster analyzable
with OneFlowTraX. The fluorophores mEos3.2, PA-GFP and
PATagRFP have proven to be suitable for SMLM in planta and
allow analysis of membrane proteins in transient expression
systems as well as in stable transformed plants. The respective FP
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fusions are suitable for the analysis of protein dynamics in
epidermal cells of different organs and at different developmental
or physiological stages as well as in response to environmental
factors. Therefore, OneFlowTraX will greatly facilitate the
comprehensive investigation of the dynamics and nanoscale
organization of single molecules in the future.

5 Materials and methods
5.1 Plasmid construction

All expression clones were constructed using GoldenGate
assembly with BBI0 as the vector (Binder et al., 2014). Promoter
sequences were obtained with the help of the Integrated Genome
Browser (Freese et al,, 2016). Level I modules were generated by
PCR amplification of the desired sequences and then blunt-end
cloned into pJET1.2 (Thermo Fisher Scientific). Fluorophores were
designed as C-terminal fusions (D-E module) using either a glycine/
serine or a glycine/alanine-rich linker. The coding sequences of
BRI1 and RLP44 were constructed as B-D modules, eliminating the
need for a B-C dummy module. A full list of used constructs can be
found in Supplementary Table 5. The correctness of Level I
constructs was confirmed by Sanger sequencing. Cut-ligations for
the Level II generation were performed with 40 cycles, without
using bovine serum albumin as described before (Binder et al,
2014). Reactions were transformed into TOP10 cells (Thermo
Fisher Scientific), and colony correctness was verified via
restriction enzyme analysis and partial Sanger sequencing.

5.2 Plant material and growth conditions

The transgenic A. thaliana lines generated for this study were all
in the Columbia (Col-0) background. The respective stable lines
were created using the Floral dip method (Zhang et al., 2006). For
the reproduction of LTi6a and PIP2;1 results, seeds of the
corresponding lines were provided by Dr. Doan-Trung Luu.
Transgenic seeds were propagated either based on the presence of
the pFAST marker by binocular visual inspection or by selection of
survivors on % Murashige and Skoog (MS) plates containing 1% (w/
v) sucrose and 0.8% (w/v) phytoagar supplemented with 25 pM
hygromycin. For sptPALM measurements, seeds were sterilized
with a solution of 70% ethanol (v/v) and 0.05% Triton X-100 for
30 minutes followed by a 10-minute treatment with absolute
ethanol. Seeds were sown on % MS plates (+1% sucrose and 0.8%
phytoagar) and stratified at 4°C for at least 24 hours. For
measurements of dark-grown seedlings, seeds were exposed to
light from the growth chamber for two hours before being
wrapped in aluminum foil until the day of measurement. Light-
grown seedlings were cultivated in growth chambers at 20°C under
long-day conditions (16 hours light/8 hours dark). The duration of
growth is indicated in the respective figures. The N. benthamiana
plants used in this study were cultivated under controlled
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greenhouse conditions. Proteins were transiently expressed using
the AGL1 Agrobacterium tumefaciens strain (Lifeasible), as
previously described (Hecker et al, 2015; Ladwig et al, 2015),
without the washing step with sterile water. The plants were
infiltrated with the respective construct at an OD600 of 0.1, in a
ratio of 1:1 with the silencing inhibitor p19. After watering, the
plants were kept in ambient conditions and were imaged three days
after infiltration.

5.3 Sample preparation and
movie acquisition

All sptPALM measurements with transiently transformed
N. benthamiana were performed three days after infiltration.
A small leaf area was cut out, excluding veins, and placed between
two coverslips (Epredia 24x50 mm #1 or equivalent) with a drop of
water. This “coverslip sandwich” was then placed on the specimen
stage, lightly weighted down by a brass ring to help flatten the uneven
cell layers, especially in N. benthamiana. Seven-day-old A. thaliana
seedlings were used to acquire data from stable Arabidopsis lines.
Depending on the experiment, either light-grown or dark-grown
plants were used. For sorbitol (obtained by Roth) treatments,
seedlings were pre-incubated with the appropriate concentration in
12-well plates for five minutes (Hosy et al., 2015). Afterwards, the
seedlings were transferred to the coverslip and imaged in the
respective incubation solution as mounting medium for up to 20
minutes. Similar to the handling of N. benthamiana leaf discs, the
seedlings were placed between coverslips and brass rings.

The custom-built microscope platform for sptPALM
acquisition is described in detail in Supplementary Materials and
Methods. Briefly, lasers of different wavelengths and their intensities
are controlled by an acousto-optic transmission filter. A laterally
translatable lens in the excitation beam path allows to adjust the
VAEM illumination of the sample utilizing a high NA objective.
The emitted light from the sample is separated from the excitation
light by a multi-band beam splitter and is detected by an sSCMOS
camera. Depending on the fluorophore fusion, the following filters
were inserted into the emission beam path: (i) mFEos3.2: 568 LP
Edge Basic Longpass Filter, 584/40 ET Bandpass; (ii) PA-GFP: 488
LP Edge Basic Longpass Filter, 525/50 BrightLine HC; (iii)
PATagRFP: 568 LP Edge Basic Longpass Filter, 600/52 BrightLine
HC (all AHF analysentechnik AG). The excitation power arriving at
the sample was measured (PM100D with $120C, Thorlabs) in
epifluorescence mode after the objective to keep it constant for
the respective experiment sets. If necessary, photoconversion or
photoactivation was performed using 405 nm excitation at varying
low intensities (for detailed acquisition parameters see
Supplementary Table 4), The magnification of the optical system
was adjusted so that the length of one camera pixel corresponds to
100 nm in the sample plane. Viable regions of interest were
screened in a larger area of 51.2 x 51.2 pm by adjusting the focal
plane and the VAEM angle with a frame rate of 10 Hz, while
recording was performed with 12.8 x 12.8 pm and frame rates

frontiersin.org



Appendix

-14 -

Rohr et al

between 20 and 50 Hz, recording between 2 500 and 5 000 frames
per movie (see Supplementary Table 4). For each measurement day,
noise files (a series of dark images) were recorded with the
corresponding frame rates.

5.4 Raw data processing and analysis
with OneFlowTraX

Subsets of each experimental data set were loaded into
OneFlowTraX to inspect the quality of the data and to find
appropriate parameters for each analysis step as described above.
On the Batch Analysis tab, all sptPALM raw data files that share the
same parameter set were processed together (see Supplementary
Table 4 for a detailed list of applied analysis parameters). Samples
that showed significantly low numbers of localizations or tracks
compared to others in the same batch were discarded.
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ABSTRACT

Super-resolution microscopy technigues have revolutionized cell biology by providing insights into the
dynamics of single molecules and nanoscale organization within living cells. However, the application
of dynamic live-cell methods in plants has been limited by the lack of suitable fluorophores for
simultaneous visualization of multiple proteins. To address this challenge, we implemented a two-
color sptPALM approach using codon-optimized photoactivatable fluorescent proteins PA-GFP and
PATagRFP. Recently, we showed their individual usability in single-color experiments in Nicotiana
benthamiana and Arabidopsis thaliana cells. Here, we now demonstrate the suitability of these
fluorophores and their combined use for dual-color sptPALM for the simultaneous observation of two

different protein fusions in the same plant cell.

MAIN

Imaging technigues such as super-resolution microscopy (SRM) provide insights into the dynamics of
single molecules and the nanoscale organization of molecular assemblies in living cells and therefore
have revolutionized cell biology in recent years (Schermelleh et al., 2019). While live-cell single-
particle tracking photoactivated localization microscopy (sptPALM) measurements in the mammalian
field were already performed by Manley et al. (2008), the first application in plants was introduced by

Hosy et al. (2015). Studies in plants are restricted to a limited number of genetically encoded
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fluorophores (FPs) fused to the gene of interest. Externally added organic dyes that are regularly
applied for animal cells are not viable for plant cells as the plant cell wall prevents their entry (Hosy et
al.,, 2015; McKenna et al.,, 2019; Lelek et al., 2021; Jolivet et al., 2023). This drawback made it
impossible to simultaneously visualize and track two distinct proteins within the same plant cell as
spectrally compatible genetically encoded photoswitchable or activatable FPs for sptPALM were
missing. Nevertheless, the simultaneous spatiotemporal observation of two (or more) differentially
labelled proteins is of great interest to understand the dynamics of proteins within membrane
nanodomains and the nanoscale (re-)organization of, e.g., receptor complexes upon ligand
perception. For single-color approaches in plants, mEos and its variants proved to be effective (Rohr
etal., 2023). However, mEos-derived FPs are unsuitable for dual-color measurements as its native and

photoconverted form occupy both the green and red part of the spectrum (Wiedenmann et al., 2004).

To identify suitable FP pairs for a dual-color approach, extensive literature research and pilot tests
were performed to find candidates with appropriate spectral properties, sufficient brightness, an
adequate maturation time, photostability and low inherent blinking activity (Shcherbakova et al.,
2014). Eventually, codon-optimized PA-GFP and PATagRFP (Supplementary Material and Methods;
Supplementary Table 1) proved suitable to express corresponding fusion proteins separately in
transiently transformed Nicotiana benthamiana (N.benthamiana) cells as well as in stably
transformed Arabidopsis thaliana (A. thaliana) plants. We recorded single-molecule tracks of these
fusions in live cell-imaging, analyzed their mobility, and found that both chromophores are functional
for single-color sptPALM in plant cells (Rohr et al., 2023). Their combined (dual-color) use now enables
the simultaneous spatiotemporal observation of two different protein fusions within the same plant

cell.

For the proof of concept of dual-color sptPALM, we selected the plasma membrane-integral receptor-
like protein 44 (RLP44) (Wolf et al., 2014). As shown previously, PA-GFP-, PATagRFP- and mEos3.2-
tagged versions of RLP44 show comparable diffusion coefficients when expressed individually under
the control of the native RLP44 promoter in independent transgenic Arabidopsis lines (Rohr et al.,
2023). The transgenic Arabidopsis line used in this work, expressing RLP44-PA-GFP and
RLP44-PATagRFP simultaneously, was obtained by crossing the previously characterized individual
lines (Supplementary Table 2).

Measurements were performed in epidermal hypocotyl cells of seven-day-old seedlings grown in light
on % Murashige and Skoog (MS) media supplemented with 1 % sucrose. The imaging procedure was
carried out according to Rohr et al. (2023), with the following minor adjustments:

The specimen's signal was separated into two channels (green and red) with the help of a dichroic

beam splitter and redirected to a 768 x 384 px section of one single sCMOS (scientific complementary
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metal-oxide-semiconductor) camera. Following this, the files were preprocessed, and sample areas
for each channel were extracted for subsequent analysis steps (Figure 1A, B, left panel;
Supplementary Figure 1).

Using the recently released OneFlowTraX software package (Rohr et al., 2023), we generated super-
resolved trajectories of the corresponding fusion proteins, which were obtained evaluating sptPALM
movies with over 1,500 frames each, recorded at a rate of 20 Hz. To exclude potential tracking
artifacts, data were filtered according to previously reported procedures (Hosy et al., 2015; Bayle et
al., 2021; Rohr et al., 2023), i.e., setting the maximum linking distance (here: 200 nm), which is the
upper distance limit between two fluorophore positions in two consecutive frames to be assigned to
the same track and the maximum gap closing (here: 4) that defines the maximum allowed number of
successive frames without detected localizations. Applying those, tracks showed a similar
heterogeneous spatial pattern within the plasma membrane for both fusion proteins (Figure 1A,
B, right panel). Similar localization patterns are commonly observed for numerous proteins (Jaillais
and Ott, 2020) and were previously also shown for RLP44-mEos3.2 fusions (Rohr et al., 2023). To
calculate the mean square displacement (MSD), which is currently the most widely used method to
extract diffusion coefficients and motion patterns for sptPALM data (Manzo and Garcia-Parajo, 2015),
selected tracks with a minimum length of eight localized positions were considered for further
analyses. This removes short tracks that cannot be reliably statistically analyzed, as well as track
artifacts that originate from short-lived autofluorescent molecules in the background. Following the
calculation of the tracks, the diffusion coefficient (D) was estimated via a linear fit using points two to
four of the MSD curve, as outlined in (Rohr et al., 2023).

As shown in Figure 1 C, the decadic logarithm of the diffusion coefficients for simultaneously recorded
RLP44-PA-GFP and RLP44-PATagRFP fusions proteins displayed a bell-shaped distribution, suggesting
singular RLP44 populations. To obtain the absolute value of D (in um?/s) for each cell, the track data
distributions were fitted with normal distributions, and the peak value was extracted, as previously
described (Figure 1 D; (Hosy et al., 2015; Rohr et al., 2023)). The mean D (t standard deviation) was
0.0203 + 0.00617 um?/s for RLP44-PA-GFP and 0.0205 +0.00587 um?/s for RLP44-PATagRFP.
Statistical analyses revealed no significant difference between the two fusion proteins (Mann-
Whitney-U-Test, p = 0.8282). Thus, the selected FPs are an excellent choice for dual-color sptPALM as
they do not affect the behavior of the proteins and could be interchanged without altering their
diffusion behavior. They offer high image contrast during data acquisition for detection and
localization, and their photostability allows for the recording of long tracks suitable for statistical
analysis. Additionally, their spectral separability makes them well suited for dual-color microscopy

setups.
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The successful implementation of live-cell dual-color sptPALM in plants, utilizing the two codon-
optimized FPs PA-GFP and PATagRFP, opens up new possibilities for studying two proteins
simultaneously in living plant cells. This will widen the understanding of the dynamics of molecules

within the plant plasma membrane.
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FIGURE LEGENDS

Figure 1: Dual-colour sptPALM of RLP44 fused to PA-GFP or PATagRFP in living A. thaliana hypocotyl
cells

(A,B) Single frame of an sptPALM movie (left; scale bar = 5 um) showing RLP44-PA-GFP (A) and RLP44-
PATagRFP (B) fusion proteins that are expressed under control of their native promoter, visible as
diffraction-limited spots at the plasma membrane. Trajectories of individual molecules over time
(right; scale bar = 500 nm) were generated by OneFlowTrax (Rohr et al., 2023). (C) Distribution of D
represented as logio(D) for RLP44-PA-GFP (green) and RLP44-PATagRFP (magenta) including n=99 cells
from six plants for each fusion protein. (D) Peak D values of individual cells with RLP44-PA-GFP in green
and RLP44-PATagRFP in magenta, obtained by normal fits of distributions for individual cells. For
statistical analysis, data were tested for normal distribution, and a consecutive Mann-Whitney-U-Test
revealed no significant differences between the groups. Whiskers show the data range excluding

outliers, while the boxes represent the 25-75 percentiles.
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FIGURES
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Figure 1 | Dual-colour sptPALM of RLP44 fused to PA-GFP or PATagRFP in living A. thaliana hypocotyl cells

(A,B) Single frame of an sptPALM movie (left; scale bar = 5 um) showing RLP44-PA-GFP (A) and RLP44-PATagRFP (B) fusion
proteins that are expressed under control of their native promoter, visible as diffraction-limited spots at the plasma
membrane. Trajectories of individual molecules over time (right; scale bar = 500 nm) were generated by OneFlowTrax (Rohr
etal., 2023). (C) Distribution of D represented as logio(D) for RLP44-PA-GFP (green) and RLP44-PATagRFP (magenta) including
n=99 cells from six plants for each fusion protein. (D) Peak D values of individual cells with RLP44 PA GFP in green and RLP44
PATagRFP in magenta, obtained by normal fits of distributions for individual cells. For statistical analysis, data were tested
for normal distribution, and a consecutive Mann-Whitney-U-Test revealed no significant differences between the groups.
Whiskers show the data range excluding outliers, while the boxes represent the 25-75 percentiles.
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PLASMID CONSTRUCTION

All expression clones were constructed using GoldenGate assembly with BB10 as the vector (Binder et
al., 2014). The promoter sequence of RLP44 was obtained with the help of the Integrated Genome
Browser (Freese et al., 2016). Level | modules were generated by PCR amplification of the desired
sequences and then blunt-end cloned into pJET1.2 (Thermo Fisher Scientific) or ready-to-use obtained
by others, such as the pFAST module from Dr. Andrea Gust and the hygromycin resistance module
(Binder et al., 2014). Fluorophores were designed as C-terminal fusions (D-E module) using a
glycine/alanine-rich linker. The coding sequence of RLP44 was constructed as B-D module, eliminating
the need for a B-C dummy module. The further procedure was performed as described in Rohr et al.

(2023). A full list of used constructs can be found in Supplementary Table 2.

PLANT MATERIAL AND GROWTH CONDITIONS

The transgenic A. thaliana lines generated for this study were all in the Columbia (Col-0) background.
The respective stable lines expressing one individual fusion protein were created using the Floral dip
method according to Zhang et al. (2006) and were already described in Rohr et al. {2023). The plant
line utilized in this study was generated through the crossing of RLP44-PA-GFP-pFAST as the maternal
parent and RLP44-PATagRFP-Hygromycin, which provided the pollen. The seeds resulting from the

crossings were propagated via the presence of the pFAST marker by binocular visual inspection and
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by selection of survivors on % Murashige and Skoog (MS) plates containing 1 % (w/v) sucrose and 0.8 %
(w/v) phytoagar supplemented with 25 pM hygromycin. For the presented experiments, a line
homozygous for both transgenes was used. For sptPALM measurements, seeds were sterilized with a
solution of 70 % ethanol (v/v) and 0.05 % Triton X 100 for 30 minutes followed by a 10-minute
treatment with absolute ethanol. Seeds were sown on % MS plates (+1 % sucrose and 0.8 % phytoagar)
and stratified at 4 °C for at least 24 hours. The light-grown seedlings were cultivated for seven days in

growth chambers at 20 °C under long-day conditions (16 hours light / 8 hours dark).

SAMPLE PREPARATION AND MOVIE ACQUISITION

For a sptPALM measurement, a seven-dayold seedling was placed between two coverslips
(Epredia 24x50 mm #1 or equivalent) with a drop of water. This “coverslip sandwich” was then placed
on the specimen stage, lightly weighted down by a brass ring.

For the sptPALM acquisition, a custom-built microscope platform was used that is described in detail
in Rohr et al. (2023), with the following customization to enable dual-colour imaging: a dichroic beam
splitter (Laser Beamsplitter H 560 LPXR superflat, AHF analysentechnik AG) was introduced into the
emission beam path to separate the signal from PA-GFP and PATagRFP. The filtered (488 LP Edge Basic
Longpass Filter and 525/50 BrightLine HC for PA-GFP; 568 LP Edge Basic Longpass Filter and 600/52
BrightLine HC for PATagRFP; all AHF analysentechnik AG) emission signals were then focused onto an
sCMOS camera chip with the aid of individual lenses and a D-shaped mirror, which introduced a lateral
offset between both colour channels. The further procedure was performed according to the protocol
described by Rohr et al. (2023) with minor adjustments. The recording was performed with a section
of 76.8 x 38.4 um and a frame rate of 20 Hz, recording 1 500 frames per movie. The output power of
the 488 nm laser was adjusted to 1 200 uW. For each measurement day, noise files (a series of dark

images) were recorded with the corresponding frame rates.

RAW DATA PROCESSING AND ANALYSIS WITH ONEFLOWTRAX

Recorded TIFF files were pre-processed by a custom-built MATLAB application to store the PA-GFP
and PATagRFP channel as separate files, which were then loaded into OneFlowTraX to inspect the
quality of the data and to confirm the applicability of previous used parameters for each analysis step
(Rohr et al., 2023). If necessary, regions of interest (ROls; also referred to as masks) were defined. We
observed that the same parameters used before for one-color approaches are applicable for
dual-color experiments, as well (Rohr et al., 2023). The final analysis was then performed by using the

“Batch analysis” option of OneFlowTraX.
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Supplementary Table 1 | Nucleotide sequences of the codon-optimized fluorophores PA-GFP and PATagRFP

Shown are the codon optimized nucleotide sequences of the fluorophores PA-GFP and PATagRFP and the respective

position. Genes were synthesized by Invitrogen’s GeneArt services (Thermo Fisher Scientific)

PA-GFP

1 ATG GTG AGC AAG GGC GAA GAG TTG TTC ACT GGT GTT GTT CCT ATC CTC GTT
52 GAG CTT GAC GGT GAT GTG AAC GGG CAT AAG TTC TCC GTT TCT GGT GAA GGT
103 GAG GGT GAT GCT ACT TAC GGA AAG CTC ACC CTC AAG TTC ATC TGT ACC ACT
154 GGA AAG CTC CCT GTG CCT TGG CCT ACT CTC GTT ACC ACT TTC TCT TAC GGG
205 GTG CAA TGC TTC AGC AGA TAC CCT GAT CAT ATG AAG CAG CAC GAC TTC TTC
256 AAG AGC GCT ATG CCT GAG GGA TAC GTG CARA GAG AGA ACC ATT TTC TTC AAG
307 GAC GAC GGG AAC TAC AAG ACC AGA GCT GAG GTT AAG TTC GAA GGT GAC ACC
358 CTC GTG AAC AGG ATC GAG CTT AAG GGC ATC GAC TTC AAA GAG GAC GGA AAC
409 ATC CTC GGG CAC AAG TTG GAG TAC AAC TAC AAC AGC CAC AAC GTG TAC ATC
460 ATG GCC GAC AAG CAG AAG AAC GGC ATC AAG GCC AAC TTC AAG ATC AGG CAC
511 AAC ATC GAG GAT GGC TCT GTT CAG CTC GCT GAT CAT TAC CAG CAG AAC ACC
562 CCT ATT GGA GAT GGA CCT GTT CTT CTC CCT GAC AAC CAC TAC CTT AGC CAC
613 CAG AGC ARG TTG AGC AAG GAC CCT AAT GAG AAG AGG GAC CAC ATG GTG CTC
664 TTG GAG TTT GIT ACT GCT GCT GGA ATC ACC CTC GGA ATG GAC GAG CTT TAC
715 BAG TGA

PATagRFP

1 ATG GAA CTC ATC AAA GARA AAC ATG CAC ATG AAG CTC TAC ATG GAA GGG ACC
52 GTG AAC AAC CAC CAT TTC AAG TGC ACA AGC GAA GGT GAG GGA AAG CCT TAC
103 GAG GGA ACT CAG ACC ATG AGA ATC AAG GTG GTG GAA GGT GGA CCT CTT CCT
154 TTC GCC TTC GAT ATT CTC GCC ACC TCC TTC ATG TAC GGG TCC TCT ACT TTC
205 ATC AAC CAC ACT CAG GGA ATC CCG GAC TTC TGG ARAG CAAR TCT TTT CCA GAG
256 GGA TTC ACC TGG GAG AGA GTG ACT ACT TAC GAG GAT GGT GGT GTG CTC ACT
307 GCT ACT CAG GAT ACT TCT CTT CAG GAC GGC TGC CTC ATC TAC AAC GTG AAG
358 ATC AGA GGT GTG AAC TTC CCG TCT AAC GGA CCG GTG ATG AAG ARA AAG ACT
409 CTC GGA TGG GAG CCG TCT ACC GAG AAA CTT AAG CCT GCT GAT GGT GGA CTT
460 GAG GGA AGA GTT GAC ATG GCT CTT AAG CTC GTT GGA GGT GGA CAT CTC ATC
511 TGC AAC TTC AAG ACC ACC TAC AGG TCT AAG AAG CCG GCC AAG AAC CTT AAG
562 ATG CCT GGG GTT TAC TAC GTG GAC AGG CGT CTT GAG ATT ATC AAA GAG GCC
613 GAC ARA GAG ACT TAC TGG GAG CAG CAT GAA GTG GCT GTG GCT AGG TAT TCT
664 GAC CTT CCA TCT AAG CTC GGG CAC AAG CTC AAT TGA
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Supplementary Table 2 | List of constructs and used plant lines
All used constructs (top) and plant lines (bottom) are listed with our internal numbering, their name, their purpose and

source.

Internal # | Name Purpose Source
4390 pJET1.2_pRLP44 LI A-B Module this study
4401 pJET1.2_cRLP44 LI B-D Module this study
4437 pJET1.2_(GA)PA-GFP LI D-E Module (with Gly/Ala Linker) this study
4438 pJET1.2_(GA)PATagRFP LI D-E Module (with Gly/Ala Linker) this study
4398 pUCS57_nosTerm LI E-F Module (Binder et
al., 2014)
4400 pGEM-T_pFAST LI F-G Module this study
4503 pUC57_Hygromycin LI F-G Module (Binder et
al., 2014)
4479 BB10 -- pRLP44:cRLP44-(GA)PA-GFP- | LII; Expression in A. thaliana this study
nosTerm-pFast -- BB10
4494 BB10 -- pRLP44:cRLP44- LIl; Expression in A. thaliana this study
(GA)PATagRFP-nosTerm-Hygromycin
-- BB10
AtLR185 pRLP44:cRLP44-(GA)PA-GFP- Crossing with AtLR226 this study
nosTerm-pFast (in Col-0)
AtLR226 pRLP44:cRLP44-(GA)PATagRFP- Crossing with AtLR185 this study
nosTerm-Hygromycin (in Col-0)
AtLR371 ' pRLP44:cRLP44-(GA)PA-GFP x in planta sptPALM this study

J pRLP44:cRLP44-(GA)PATagRFP
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PA-GFP channel :

PATagRFP:ehannel

Movie Acquisition

vy
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Pre-Processing

Individual Analysis ()

Supplementary Figure 1 | Acquisition and analysis workflow for dual-color sptPALM

(A) Representative image of one frame during movie acquisition. Shown is the full projection of the sSCMOS camera, with the
PA-GFP channel on the left and the PATagRFP channel on the right. For the simplification of the separation the white dashed
line was inserted for this visualization (scale bar = 10 um). (B) Pre-processing of the recorded movies. Shown are the distinct
channels (PA-GFP left and PATagRFP right) from the representative movie from (A) after it was split by an in-house Matlab
application at the position of the white dashed line from (A). Dashed magenta lines define the region of interest (ROI) that
can be generated by OneFlowTrax (Rohr et al., 2023) and that represents one cell in this depiction, enabling the analysis of
one specific cell exclusively, without signals from outside. The white dashed square defines the area that is illustrated in main
text Figure 1 A and B, left panel (scale bar = 5 pm). (C) Exemplary visualizations of the individual analysis of distinct channels.
Show are screenshots of the “Tracking” option from OneFlowTraX (Rohr et al., 2023) that enables the generation of tracks
and subsequently MSD analysis. Distinct channels are analysed separately and results are combined afterwards.
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Abstract

Traditional models such as the fluid mosaic model or the lipid raft hypothesis have shaped our
understanding of plasma membrane (PM) organization. However, recent discoveries have extended
these paradigms by pointing to the existence of micro- and nanodomains. Here, we investigated the
role of the cytoskeleton in general and whether the picket fence model, established in animal cells, is
transferable to the plant cell system. By using single-particle tracking photoactivated localization
microscopy (sptPALM) in combination with genetically encoded enzymatic tools for the targeted
disruption of the cytoskeleton, we studied the dynamics and nanoscale organization of a selection of
PM receptor-like kinases (RLKs) and receptor-like proteins (RLPs). Our findings show that the
disintegration of actin filaments leads to decreased diffusion, more restrictive motion patterns, and
enlarged clusters, whereas the disintegration of microtubules results in increased diffusion, more
unconstrained diffusive behavior, and decreased cluster sizes of the tested RLKs and RLPs. These
results underscore the potential unique regulatory functions of cytoskeleton components in plants
and suggest an altered mechanism compared to the picket fence model of the animal cell system. Our
qualitative data can serve as the foundation for further investigations aimed at developing a

comprehensive and refined model of protein dynamics and organization in plant cells.
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Introduction

The plasma membrane (PM), together with the cell wall, functions as the first selective barrier
between the cell and the environment (Gronnier et al., 2018; Jaillais and Ott, 2020). Singer and
Nicolson (1972) emphasized the fundamental significance of biological membranes and their
organization in general and proposed the widely known fluid mosaic model. Their assumption was
that proteins can laterally diffuse within the membrane without major restrictions. However, this
would result in uniformly distributed membrane-embedded proteins such as receptors, independent
of the entire PM proteome, which is unequivocally not the case. One significant expansion of the
model was the introduction of the “lipid raft” hypothesis, which suggests that lipid rafts, containing
high levels of cholesterol and sphingolipids, serve as platforms with a high molecular order of proteins
and lipids. These platforms facilitate, for instance, selective interactions between signaling proteins
and effector molecules (Simons and lkonen, 1997). The hypothesis found support in results from the
mammalian field, which indicated a binary characteristic of membranes that are partitioned into
detergent-resistant and detergent-sensitive fractions (Brown and Rose, 1992; Yu et al., 1973). Similar
research was later conducted in plants, delivering comparable results (Borner et al., 2005; Laloi et al.,
2007; Lefebvre et al., 2007; Mongrand et al., 2004; Morel et al., 2006). These studies showed that the
detergent-resistant membrane protein profile is distinct from that of the whole PM. However, the
isolation of detergent-resistant fractions and the detergents used may cause changes in the PM itself.
Moreover, results derived from the application of newer methods, such as fluorescent microscopy
techniques, raised the question of whether detergent-resistant membrane areas indeed define
functional membrane rafts (Kusumi et al., 2005; Raffaele et al., 2009; Tanner et al., 2011). Although
the existence of “lipid rafts” in plants, now referred to as “micro- or nanodomains”, is undoubtedly
accepted, their dynamics, organization and regulation still require further research.

Besides the plant-specific family of remorin proteins serving as scaffolding factors (Jarsch and Ott,
2011; Raffaele et al., 2009), the asymmetric localization and order of lipids within the PM (Gronnier et
al., 2018), as well as the cell wall-PM continuum (Martiniere et al., 2012), the cytoskeleton is believed
to play a vital regulatory role in the organization of plant PMs (Jaillais and Ott, 2020). This hypothesis
is based on the so-called picket fence model from the mammalian field (Kusumi et al., 2012). In this
model, the cortical cytoskeleton, composed of actin filaments in mammalian cells, defines membrane
domains by acting as a fence that restricts the lateral diffusion of lipids and proteins within these
domains. The model postulates additional pickets, which are represented by transmembrane proteins
that are anchored either by the cytoskeleton in the cytosol or the extracellular matrix. However, it is
important to note that the model, as being based on animal cells, does not include specific properties

of plants, such as the existence of cortical microtubules that could act as an additional fence (Jaillais
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and Ott, 2020). McKenna et al. (2019) demonstrated an impact of actin and microtubules on the
diffusion of some but not all proteins in the PM. Moreover, additional studies revealed a change in or
loss of nanodomain organization of proteins after cytoskeleton disruption, again for some but not for
all tested proteins (Blcherl et al., 2017; Danek et al., 2020; Jarsch et al., 2014; Konrad et al., 2014; Lv
et al., 2017; Raffaele et al., 2008; Szymanski et al., 2015). Chemicals such as latrunculin or oryzalin
were used in these studies to disintegrate either the actin or the microtubule cytoskeleton. However,
these chemicals are difficult to fine-tune in terms of their tissue-specific activity and concentration. In
contrast, we utilized recently developed genetically encoded, enzymatic tools that mimic the function
of those chemicals. Specifically, we employed the Salmonella enterica effector SpvB for actin
cytoskeleton disintegration (Harterink et al, 2017; Vilches Barro et al., 2019) and a
phosphatase-inactive variant of the atypical tubulin kinase PROPYZAMIDE-HYPERSENSITIVE

1 (PHS1AP) for microtubule cytoskeleton disintegration (Fujita et al., 2013; Vilches Barro et al., 2019).

To address the question of how the cytoskeleton may interfere with the dynamics and organization of
plant PM proteins, we focused on a group of proteins associated with signaling mechanisms, namely
the receptor-like kinases (RLKs) BRASSINOSTEROID INSENSITIVE 1 (BRI1), PHYTOSULFOKIN
RECEPTOR 1 (PSKR1), FLAGELLIN-SENSITIVE 2 (FLS2) and BRI1-ASSOCIATED RECEPTOR KINASE (BAK1),
along with the RECEPTOR-LIKE PROTEIN 44 (RLP44). RLP44 is proposed to be a cell wall integrity sensor
that controls cell wall homeostasis through an interplay with BRI1 and its co-receptor BAK1. The three
proteins form a ternary receptor complex in the PM of plant cells (Glockner et al., 2022). Additionally,
RLP44 has been associated with phytosulfokine signaling, as it forms a complex with the corresponding
PSKR1 receptor and its co-receptor BAK1 (Garnelo Gomez et al., 2021; Holzwart et al., 2018). FLS2 was
chosen as a protein that is not connected to RLP44. Although FLS2 interacts with BAK1, it has been
demonstrated that this interaction takes place at a minimum distance of 11.1 nm from the

BRI1-BAK1-RLP44 complexes (Glackner et al., 2022).

We used SpvB and PHS1AP to analyze the cytoskeleton influence on the dynamic properties of the
four above-mentioned PM receptors using single-particle tracking with photoactivated localization
microscopy (sptPALM) in a transient Nicotiana benthamiana system. To gain insight into the
underlying mechanisms, we focused our investigation on three key parameters: (i) The diffusion
coefficients, (ii) the organization of the respective receptors into nanoscale-like protein clusters, and
(iii) the classification of molecular movement into transient movement types. It is worth mentioning
that the three parameters are not inherently linked, for example, a reduced diffusion coefficient does
not necessarily result in larger nanoscale protein clusters and/or immobile movement patterns.

Consequently, their separate evaluation can give insights into different regulatory mechanisms.
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We were able to show a clear link between manipulated microtubule formation, reflected by an
increase in the diffusion coefficient for most of the tested proteins. Conversely, disintegration of actin
filaments predominantly led to reduced diffusion coefficients. We furthermore demonstrated that
destroyed microtubules predominantly led to decreased cluster sizes of the analyzed proteins clusters,
while actin destruction resulted in increased cluster sizes.

Additionally, the classification of the protein tracks into the motion types (i) free diffusion, (ii) confined
diffusion, (iii) immobility and (iv) directed diffusion revealed another influence of the cytoskeleton.
Our data show that proteins spend more time in free diffusion states in the absence of microtubules.

Conversely, disintegration of actin filaments resulted in an overall more confined behavior.

The opposing effects on diffusion, cluster sizes and motion patterns demonstrate the potentially
unique regulatory functions of cytoskeletal components in plants and suggest that the picket fence
model is not directly transferable to plant systems. However, our research may provide a basis for

further investigation to translate these findings into an extended or revised functional model.

Results

Genetically encoded, enzymatic tools for cytoskeleton disruption are functional

Initially, SpvB and PHS1AP (Vilches Barro et al., 2019) were modified for our needs to be applied in
sptPALM experiments. To avoid potential compatibility problems with the used sptPALM
fluorophores, we decided to generate versions of the genetically encoded enzymatic tools without
fluorescent tags but instead with a hemagglutinin (HA) tag. In addition, the expression of SpvB and
PHS1AP was designed to be under the control of constitutive promoters (Figure 1C and F). The
modified protein tools were tested for their ability to destroy the integrity of the cytoskeleton by
co-expressing them with corresponding marker proteins in N. benthamiana. To label actin filaments,
we used actin-binding domain 2 (ABD2) of Arabidopsis fimbrin 1 fused to GFP at the C-and
N- terminus (Wang et al., 2008). To test the state of the microtubules, we applied the MICROTUBULE-
ASSOCIATED PROTEIN 65-8 (MAP65-8) fused to RFP, which is known to bind cortical
microtubules (Smertenko et al., 2008). Epidermal cells of N. benthamiana leaves were investigated
under the confocal microscope three days post infiltration (dpi) with the constructs-containing
Agrobacteria. The clear actin filament and microtubule cytoskeleton disassembly was observed in the
presence of the corresponding genetically encoded, enzymatic tool (Figure 1B and E), proving their

applicability as disintegration tools in epidermal N. benthamiana leaf cells.
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Disintegration of actin filaments predominantly leads to reduced protein mobility in
the PM

To determine the influence of the actin cytoskeleton on the dynamics and the nanoscale organization
of RLP44, BRI1, PSKR1, FLS2 and BAK1, we first expressed corresponding mEos3.2-tagged versions
under the control of their native promoter in the absence or presence of HA-SpvB in N. benthamiana
epidermal leaf cells. Subsequently, we used sptPALM and used the recently introduced OneFlowTraX
software package for the analysis of protein dynamics and complex organization (Rohr et al., 2024).
Independent of the co-expression with HA-SpvB, some general findings are worth mentioning: While
the mEos3.2 fusions of RLP44, BRI1, PSKR1 and FLS2 showed one population of mobility each,
BAK1-mEo0s3.2 presents a more confined and a more mobile variety (Figure 2A). The diffusion
coefficients of RLP44-mEos3.2, BRI1-mEos3.2, PSKR1-mEos3.2 and FLS2-mEos3.2, as well as the one
of the slower population of BAK1-mEos3.2, were comparable with other confined receptor proteins
such as the PM intrinsic protein (PIP) 2;1 (D = 0,0047 um?/s) reported before (Bayle et al., 2021; Hosy
et al., 2015). In contrast, the more mobile variety of BAK1-mEos3.2 showed a diffusion coefficient
about ten times higher than the other proteins (Figure 2B).

In the presence of HA-SpvB, we observed a significant reduction of the diffusion coefficient for
RLP44-mEos3.2, PSKR1-mEos3.2, BRI1-mEos3.2 and the mobile population of BAK1-Eos3.2. In
contrast, actin disruption did not affect FLS2-mEos3.2 dynamics. Moreover, the less mobile population
of BAK1-mEos3.2 tended to have an even more reduced mobility. Additionally, the bimodal mobility
distribution of BAK1-mEos3.2 shifted overall when the actin cytoskeleton was destroyed with
HA-SpvB, increasing the fraction of the more restricted variant of BAK1-mEo0s3.2 compared to control

cells.

Disintegration of the microtubule cytoskeleton predominantly leads to enhanced
protein mobility in the PM

While microtubules arise from centrosomes in animal cells, plants possess cortical
microtubules (Farquharson, 2009). Their presence needs to be considered when a putative effect of
the “membrane skeleton” on protein dynamics is investigated. Therefore, the identical set of RLK
fusion proteins used for the actin approach (see above) were co-expressed with PHS1AP-HA, which
specifically causes depolymerization of cortical microtubules (Fujita et al., 2013). While the
mEos3.2-fusions of RLP44, BRI1, PSKR1 and FLS2 displayed one population for the diffusion coefficient,
BAK1-mEo0s3.2 again showed two populations of different mobility, independent of the absence or
presence of PHS1AP-HA (Figure 3A). In contrast to the data obtained after the destruction of actin

filaments, the manipulation of cortical microtubules caused an increased diffusion of RLP44-mEos3.2
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and PSKR1-mEos3.2. However, the mobility of BRI1-mEos3.2 and FLS2-mEos3.2 remained nearly
unaffected in the presence of PHS1AP-HA (although a trend of increased diffusion was present
for BRI1-mEos3.2). For BAK1-mEos3.2 a significant increase in the mobility was solely observed for the
less mobile population (Figure 3B). Additionally, in the absence of polymerized microtubules, there
was a slight shift in the BAK1 distribution between the two populations: More BAK1-mEos3.2 was
present in the faster fraction and less in the slower one compared to the measurements where

PHS1AP-HA was not present.

The nanoscale organization of most PM proteins is changed by cytoskeleton
disintegration

By manipulating the cytoskeleton structures, it is of great interest to know whether the nanoscale
organization of protein clusters, commonly referred to as nanodomains, is affected as well (Jaillais and
Ott, 2020; McKenna et al., 2019). To determine the cluster properties on the basis of spt data, several
algorithms are available, such as Voronoi tessellation (Andronov et al., 2016; Levet et al., 2015),
density-based spatial clustering of applications with noise (DBSCAN) (Ester et al., 1996) and the
recently introduced nanoscale spatiotemporal indexing clustering (NASTIC) (Wallis et al., 2023). For
our studies, we decided to apply the NASTIC algorithm since its approach is the least influenced by
user-defined parameters and exclusively deals with track data as a whole (Rohr et al., 2024; Wallis et
al., 2023). However, it is, like all the other algorithms, partly influenced by the set parameters and the
raw data quality. Thus, we want to emphasize that only the relative changes in the nanoscale
organization of clusters should be considered rather than absolute values.

Applying the NASTIC algorithm (see Material and Methods) to our tracking data in the absence or
presence of actin-disintegrating SpvB, a predominantly decreased cluster diameter was observed for
all tested PM proteins, with the exception of RLP44-mEos3.2 and FLS2-mEos3.2 (Figure 4A). In
contrast, improper polymerization of cortical microtubules predominantly led to enlarged cluster
diameters for all tested protein fusions, except for FLS2-mEos3.2, where the cluster size remained
unaffected (Figure 4B).

In summary, the destruction of the actin filaments predominantly led to reduced mobility and smaller
clusters, while the disintegration of the microtubule cytoskeleton resulted in higher mobility and

enlarged clusters of most of the tested PM proteins.
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Classification of motion behavior reveals changes upon the disintegration of
cytoskeleton components

In typical sptPALM experiments, the so-called short-range diffusion coefficient is extracted from
molecular trajectories to obtain a value that is as independent as possible of directional motion,
obstacles and boundaries (Saxton, 1997). Consequently, transient interactions of a diffusing protein
with structural elements such as the cytoskeleton are not necessarily detectable by the diffusion
coefficient alone. However, the long-term temporal evolution of these trajectories can be used to
classify the type of movement (e.g., confined, directed, or free movement). For this purpose, several
freely available software solutions and algorithms can be used (Das et al., 2009; Helmuth et al., 2007;
Persson et al., 2013; Wagner et al., 2017).

Vega et al. (2018)introduced an efficient transient mobility analysis framework called
"divide and conquer moment scaling spectrum" (DC-MSS), which was used to analyze the
spatiotemporal organization of cell surface receptors and proved to be a suitable tool to analyze our
data as well.

We focused on four major motion types of proteins, which are commonly used for studying biological
systems. Proteins can (i) diffuse freely, for example in large unilamellar vesicles and in membrane
blebs (Jagaman and Grinstein, 2012; Kusumi et al., 2005), (ii) or become confined within structural
corrals (Fujiwara et al., 2016). Furthermore, they can get (iii) anchored or immobilized when they bind
to static components (Komura et al., 2016) or (iv) exhibit directed motion, for example, by transport
processes via cytoskeleton components (Serge et al.,, 2003). Importantly, a protein may switch
between different motion types during its lifespan. This was also suggested previously for plant PM
proteins, such as PIP2,1 (Li et al., 2011).

In our analysis pipeline, the motion type classification was based on the same track data that were
used before to evaluate the diffusion coefficients and cluster sizes. Individual tracks were classified
with DC-MSS, and motion types were assigned either to entire tracks or track segments if the protein
changed its motion type during the recording time. This allowed for an overall analysis of the relative
time proteins spent in the following states: immobility, confined diffusion, free diffusion, and directed
diffusion (Figure 5). A negligible number of tracks or track segments could not be classified (< 0.5 %)

and were therefore excluded from the calculations.

Under control conditions, RLP44-mEos3.2 mostly exhibited confined (49 %) and free behavior (37 %).
In the presence of SpvB, i.e., in the absence of actin filaments, there was a decrease in the free
diffusive behavior (- 11%) while immobile and confined movement increased (+5% and
+ 6 %, respectively). A comparable effect was observable for PSKR1-mEos3.2: Confined behavior

represented the majority (50 %) under control conditions, and the disintegration of actin filaments by
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SpvB led to a shift in the motion patterns: The free diffusive motions decreased (- 18 %) while
immobility and confined movement increased (+ 12 % and + 6 % respectively). These observations
hold true for BRI1-mEo0s3.2 as well, although with less pronounced shifts as compared to
RLP44 mEos3.2 and PSKR1-mEos3.2. In contrast, the consequences of actin disintegration on
FLS2-mEos3.2 were contrary to those of the mEos3.2-fusions of BRI1, PSKR1 and RLP44. Here, a
decrease in the immobile proportion (- 11 %) and an increase in the free diffusive behavior (+ 9 %)
were detectable. Finally, BAK1-mEos3.2 exhibited a minor effect in response to actin filament
disintegration, with shifts smaller than 2 %, suggesting a less eminent role of actin filaments on the
motion behavior of BAK1 (Figure 5A and B).

As shown for the analysis of the diffusion coefficient and the cluster sizes, the disintegration of actin
filaments and microtubules had contrary effects. This was also the case when evaluating the motion

patterns.

In the presence of intact microtubules, RLP44-mEos3.2 mostly exhibited free diffusive or confined
behavior (approx. 44 % each). However, with disintegrated microtubules, RLP44-mEos3.2 spent more
time in a free diffusive state (+ 12 %) while confined and immobile behavior was less present (- 8 %
and - 4 %, respectively). A comparable trend was observable for PSKR1-mEos3.2, where, under control
conditions, confined motions represented the majority with 50 % followed by free diffusion (27 %).
Again, with the co-expression of PHS1AP, there was in an increase in free diffusive behavior (+ 8 %),
while immobile (- 5 %) and confined states (- 3 %) decreased. The relative changes for FLS2-mEos3.2
showed a decrease of immobility (- 5 %) in the absence of microtubules, a slight increase in the free
diffusive proportion (+ 3 %) and a negligible effect on the confined behavior (+ 2 %). Compared to the
strength of the shifts that RLP44-, PSKR1- and FLS2-mEos3.2 showed, BRI1's changes were less
pronounced, indicating a minor role of microtubules on the motion behavior of BRI1. This holds true
as well for BAK1-mEos3.2, which exhibits shifts in the motion patterns below 1% for all mobility
classes (Figure 5C and D). All studied protein did not display substantial directed diffusive behavior,
which suggests that the cytoskeleton components may not play a major role in transport

processes (Figure 5).

In summary, we evaluated three parameters that gave insights into the organizational function of the
cytoskeleton on PM proteins. Interestingly, diffusion coefficients, cluster sizes and motion classes
were influenced in an opposite manner by the disintegration of actin filaments and microtubules.
While the disintegration of actin filaments resulted predominantly in decreased diffusion but bigger
clusters, the absence of microtubules increased the diffusion and led to smaller clusters. Concerning
the motion classes, actin disruption predominantly caused a shift to more immobility and confined

movement, while free diffusive behavior was reduced. Contrarily, the disintegration of microtubules
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resulted in increased free diffusive behavior, while immobility and the time proteins spent in confined
states decreased. For BRI1 and BAK1, a less pronounced effect of the cytoskeleton on the motion
behavior can be assumed, as the shifts between control conditions and the absence of actin filaments

or microtubules were relatively low compared to the other PM proteins.

Discussion

The PM plays a vital role for cell properties and a variety of biological processes. Its organization and
associated functions have been the subject of several theories and considerations (Simons and lkanen,
1997; Singer and Nicolson, 1972). Among them, the picket fence hypothesis is one of the most recent
models that was initially studied in animal cells. Mainly due to the dynamic nature of the
submembrane actin meshwork, no tractable experimental maodel for the mechanistic investigation of
the fence or picket model is available. However, recently it was shown that actin rings in neurons
compartmentalize the PM, acting as fences and confining membrane proteins (Rentsch et al., 2024).
The direct transfer of the picket fence model from animal to plant cell biology is challenging since
plant-specific properties need to be considered, such as the presence of cortical
microtubules (Farquharson, 2009). Nevertheless, the model has also been tested and discussed as
important for the dynamics and organization of plant PM protein dynamics and organization in several
research articles and reviews (Jaillais and Ott, 2020; Martiniere et al., 2012; McKenna et al., 2019).
By applying genetically encoded enzymatic tools, we investigated the influence of the actin and
microtubule cytoskeleton disintegration on the dynamics (i.e., via the diffusion coefficient and motion
classification) and nanoscale organization of selected plant PM integral protein fusions, namely
RLP44-mEos3.2, BRI1-mEos3.2, PSKR1-mEos3.2, FLS2-mEos3.2 and BAK1-mEos3.2, in the tobacco
epidermal leaf cell system (Fujita et al., 2013; Harterink et al., 2017; Vilches Barro et al., 2019).

After the disintegration of the actin cytoskeleton by SpvB, we observed a decreased diffusion
coefficient for all proteins, except for FLS2-mEos3.2. Furthermore, we exclusively detected two
protein populations with different mobilities for BAK1-mEos3.2. The presence of such subpopulations
usually indicates diverse molecular states of the protein. For instance, the subpopulation with lower
mobility could be bound to cellular structures or other molecules, while the second one moves more
freely. This may subsequently provide information about the biological roles of the protein (Hansen
et al., 2018). Here, we speculate that the slow subpopulation of BAK1-mEos3.2 may be involved in
signaling processes in restricted nanodomains, while the faster subpopulation is freely available for
possible other interaction partners. Interestingly, the two subpopulations responded differently to

actin filament disintegration via SpvB. Whereas no significant change was observed for the
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slower-moving BAK1-mEos3.2 population, the faster one showed a decreased diffusion comparable
to the one of the other analyzed fusion proteins.

Furthermore, we observed that in the presence of intact actin filaments, the overall mobility
distribution of BAK1 mEos3.2 features a higher fraction of the more mobile variant. The destruction
of actin increases the relative amount of slower BAK1-mEos3.2, resulting in comparably equal
amounts for both populations. Evidently, the functional meaning of these changes requires future
experiments.

We additionally observed an increase in the cluster sizes for all tested proteins, except for
RLP44-mEos3.2, after SpvB-mediated actin filament disintegration. This observation is in line with the
picket fence model. In addition, the results can be integrated into a broader context: Recently, it was
shown that the chemical destruction of actin leads to an increase in salicylic acid (SA) levels and the
activation of SA-responsive genes in A. thaliana (Kalachova et al., 2019; Leontovycova et al., 2019;
Matouskova et al., 2014). Moreover, the external application of SA constrained the diffusion of the
PM auxin efflux carrier PIN-FORMED 2 (PIN2), followed by its condensation into PIN2 hyperclusters; a
process mediated by remorins (Ke et al., 2021). We observed the same phenomenon for our fusion
proteins: reduced diffusion with enlarged clusters. Whether these changes in the dynamics and
nanoscale organization are related to SA requires further study.

However, so far, none of the available studies have shown a decrease in PM protein diffusion as a
direct consequence of actin cytoskeleton disintegration (Hosy et al., 2015; McKenna et al., 2019).

For BRI1 and RLP44, no experiments have been published yet that tested the influence of the actin
cytoskeleton on their dynamics. Interestingly, according to Lanza et al. (2012), brassinosteroid
application madifies the actin cytoskeleton in an auxin-like manner by unbundling actin filaments. This
implicates a contribution of BR signaling to the reorganization of the actin cytoskeleton. Moreover, a
link between BR signaling and the actin cytoskeleton is further substantiated by the observation that
the root-waving phenotype of the Arabidopsis act2-5 mutant copies that of wildtype Arabidopsis
seedlings treated with brassinolide (Lanza et al., 2012).

In contrast, the application of flg22, being the ligand of FLS2, increased the formation of actin
filaments within three hours. This process is proposed to be the result of a well-orchestrated signaling
cascade that (i) triggers the local high-order assembly of remorins that (i) recruit formins, components
comparable to mammalian integrins, which finally (iii) results in increased actin polymerization (Ma et
al., 2021; Ma et al., 2022; Ma et al., 2023)

A long-standing paradigm that was still recently under debate was the direct involvement of actin
during clathrin-mediated endocytosis. For example, it has been reported that FLS2 internalization

depends on actin directly (Beck et al., 2012). However, Narasimhan et al. (2020) showed that actin is
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neither involved in membrane bending and scission nor in the initiation of endocytic processes.
Rather, it is only required to transport endocytic vesicles after vesicle scission. Although this
perspective seems to be acknowledged in the scientific community now (Kraus et al., 2024), current
publications still refer to the old paradigm (Lu et al., 2023), stifling the debate. Whether the changed
mobility and nanoscale organization of our tested proteins are a result of disturbed transport after
vesicle scission due to actin filament disintegration requires further investigation.

In contrast to our results, McKenna et al. (2019) reported that the mobility of FLS2-GFP in epidermal
hypocotyl cells of A. thaliana is enhanced after latrunculin treatment. However, we used SpvB, a
bacterial effector from Salmonella enterica, as an actin disintegration tool. Although both latrunculin
and SpvB are thought to specifically address actin, their modes of action differ: While SpvB acts almost
exclusively on G actin by ADP-ribosylation (Hochmann et al., 2006), more recent publications indicate
that latrunculin functions via direct binding to G actin (Spector et al., 1999) and can also affect
F actin (Fujiwara et al., 2018). In addition, tool-specific, pleiotropic effects on cell physiology cannot
be excluded. Both different modes of action and tool-specific site effects may have an impact on FLS2
dynamics. Another aspect that should be considered is that our experimental setup investigates
proteins from A. thaliana in the heterologous cell environment of N. benthamiana. Therefore, the
transfer of our results to cells of transgenic A. thaliana plants is not possible on a one-to-one basis,
because the physiological, cellular and biochemical contexts of the N. benthamiana and A. thaliana
cells are certainly not identical.

Besides studying the dynamics of the tested proteins via the diffusion coefficient, we analyzed their
motion classes, too. We observed that all proteins show predominantly confined behavior under
control conditions as well as in situations where the actin filaments were disintegrated. However,
there was a substantial shift in the proportions of the motion classes for some but not all fusion
proteins. In the absence of actin filaments, RLP44-mEos3.2 showed increased immobility and confined
behavior, while free motion was reduced. The same holds true for PSKR1-mEos3.2 and BRI1-mEos3.2,
although the effect on BRI1-mE0s3.2 was less pronounced. In contrast, FLS2-mEos3.2 showed less
immobile behavior but increased free motion in the absence of actin filaments. BAK1-mEos3.2 was
nearly unaffected in its diffusive behavior when actin was disrupted.

In consideration of the combined results of the actin disintegration within the framework of the picket
fence model, a direct transfer from the animal to the plant cell system does not appear to be possible
without the inclusion of further aspects.

Due to the lack of actin filaments, an increase in the diffusion coefficient accompanied by enlarged
nano-sized cluster structures and less confined and/or immabile behavior is expected (Fujiwara et al.,

2002; Fujiwara et al., 2016; Jagaman and Grinstein, 2012). However, our data prompt for a more
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sophisticated mechanism, as exclusively FLS2’s increase in cluster sizes and motion behavior in the
absence of actin fits into the picket fence model. As actin is involved in a variety of processes, such as
cell growth, cell division, cytokinesis, and various intracellular trafficking events (Szymanski and
Staiger, 2018), pleiotropic effects cannot be excluded that are not linked to the role of actin in
membrane organization. Additionally, in the absence of actin, a compensatory cytoskeletal interaction
could take place through increased microtubule associations that would trap the proteins in confined
corrals. Thus, a combined disruption of actin and microtubules will be of special interest in the future.
So far, in the presented study, we focused on individual manipulations.

Through the disintegration of microtubules via PHS1AP (Fujita et al., 2013; Vilches Barro et al., 2019),
we observed a contrary effect compared to that of the actin cytoskeleton disturbance: With the
exception of BRI1-mEos3.2 and FLS2-mEos3.2, a significant increase in the diffusion coefficient was
observed for the tested fusion proteins. Furthermore, reduced cluster sizes were observed for all
tested receptors, again apart from FLS2-mEos3.2. Interestingly, for BAK1-mEos3.2, the significantly
changed diffusion coefficient was this time observable for the slower subpopulation, while the faster
one remained unaffected. This suggests a stronger connection between microtubules and the slower
subpopulation of BAK1 than for the faster subpopulation.

Additionally, we analyzed the motion patterns of the fusion proteins. In the absence of microtubules,
RLP44-mEos3.2, PSKR1-mEos3.2 and FLS2-mEos3.2 showed more free diffusive behavior, while BRI1-
mEos3.2 and BAK1-mEos3.2 were barely affected.

In particular, the increased diffusion coefficients after microtubule destruction as well as the shift to
more mobile motion patterns in combination with decreased immobility and confined motion are in
good agreement with the picket fence model.

However, considering that the absence of physical barriers in the form of microtubules enables a less
restricted motion of the fusion proteins, the decrease in cluster sizes after microtubule disintegration
is difficult to interpret. Again, this change in nanoscale organization might be an indirect pleiotropic
effect, as microtubules participate in a variety of processes in plant cells, such as the guidance of the
cellulose synthase complexes to the PM (Paredez et al., 2006) or the maintenance of pavement cell
morphogenesis (Belteton et al., 2018). Thus, alterations in the microtubule cytoskeleton organization
may change the properties at the cell wall-PM interface that interfere with the dimension of the PM
protein clusters.

Additionally, McKenna et al. (2019) showed that FLS2-GFP exhibits an enhanced diffusion coefficient
after the disintegration of microtubules by oryzalin. In general, these observations are confirmed by

our data, although in our case, the increase was less pronounced.
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In summary, we studied three parameters that changed upon the disintegration of actin filaments and
microtubules. Interestingly, the manipulated cytoskeleton components influenced the studied
proteins in a contrary manner and resulted in distinct trends for diffusion coefficients, cluster sizes
and motion patterns. While some aspects of either the actin or microtubule disruption match the
picket fence model, others do not. Consequently, the model cannot be directly transferred from the
animal field to the plant cell system. We conclude that this might be caused by the regulatory and
functional responsibility of two cortical components, namely actin and microtubules, instead of
cortical actin exclusively in animal cells. To further unravel a potential compensatory effect, the
depletion of both structures will be a main task in the future. Additionally, studies in A. thaliana with
inducible manipulations of the cytoskeleton will enable more background-free observation in the
native organism.

We also started integrating our experimental data into a computational model generated by Smoldyn,
a particle-based spatial simulation software (Andrews, 2009). Although modeling approaches have the
potential to advance plant science to a great extent, the biggest challenge is still its underutilization in
plant biology and thus the lack of comparative approaches (Dale et al., 2021). Recently, we predicted
a new component of the fast brassinosteroid signaling pathway by computational modeling and
emphasized its strengths in combination with wetlab experiments (Grosseholz et al., 2022). Based on
our experience, we believe that the modeling of spatiotemporal dynamics may also reveal so-far

hidden aspects in its regulation by the cytoskeleton.

Material and Methods

Plasmid construction

The genetically encoded enzymatic tools for the cytoskeleton manipulation, namely SpvB and PHS1AP,
were provided by Prof. Alexis Maizel (COS Heidelberg) (Vilches Barro et al., 2019). For the generation
of the expression constructs, the desired plasmid DNA was first amplified by PCR and then either a
BP reaction into pDONR207 (for SpvB) or a blunt-end cloning reaction into pJET1.2 (Thermo Fisher
Scientific) (for PHS1AP) was performed. Subsequently, an LR reaction was performed according to the
manufacturer’s manual for SpvB into pEG201 (Earley et al., 2006) and cut-ligations with the needed
Level | constructs into BB10 (Binder et al., 2014) were executed for PHS1AP. While SpvB cloning
resulted in an N-terminally HA-tagged version under the control of the 355 promoter, PHS1AP is
controlled by a 2x 355w promoter and C-terminally HA-tagged (Figure 1C and F). The BRI1-mEos3.2
and RLP44-mEos3.2 constructs are described in Rohr et al. (2024) and the construction of

PSKR1-mEos3.2 was performed according to their protocol. BAK1-mEos3.2 and FLS2-mEos3.2 were
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provided by Dr. Birgit Kemmerling (ZMBP, Tubingen). The cytoskeleton markers GFP-ABD2-GFP and

MAP65-8-RFP were kindly provided by Dr. Pantelis Livanos (FAU Erlangen).

Plant material and growth conditions

All experiments conducted in this study were performed in transiently transformed N. benthamiana
plants, cultivated under controlled greenhouse conditions. The desired proteins were transiently
expressed using the AGL1 Agrobacterium tumefaciens strain (Lifeasible), as previously
described (Hecker et al., 2015; Ladwig et al., 2015), without the washing step with sterile water. The
plants were infiltrated with the respective constructs at an OD600 of 0.1 in a ratio of 1:1 or 1:1:1 with
the silencing inhibitor p19. After watering, the plants were kept in ambient conditions and were

imaged three days after infiltration.

Confocal imaging

To confirm the functionality of the genetically encoded enzymatic tools for the cytoskeleton
manipulation, the constructs were co-expressed with corresponding markers, namely
GFP-ABD2-GFP (for actin) and MAP65-8-RFP (for microtubules). Subsequently, their localization inside
epidermal leaf cells of N. benthamiana was investigated using confocal laser scanning microscopy on
a SP8 laser scanning microscope (Leica Microsystems GmbH) with HyD detectors and a HC PL APOCS2
63 x/1.20 WATER objective three days post infiltration. For detection of the GFP signal, a 488 nm argon
laser was used. The detection range was set to 500 nm — 550 nm. The images in Figure 1 are maximum
projections that covered a z range of ~ 15 um obtained with a step size of 1 um. The resulting images
were processed with the help of the Leica Application Suite X (Version 3.3.0.16x). The detection of the
RFP signal was performed as described above, using a detection range from 600 nm — 650 nm and a

561 nm diode pumped solid state laser.

Sample preparation and movie acquisition for sptPALM measurements

All sptPALM measurements with transiently transformed N. benthamiana were performed three days
post infiltration. For the acquisition, a small leaf area was cut out, excluding veins, and was placed
between two coverslips (Epredia 24x50 mm #1 or equivalent) with a drop of water. The
“coverslip sandwich” was then placed on the specimen stage, lightly weighted down by a brass ring to
help flatten uneven cell layers. The composition of the custom-built microscope platform is described
in detail in Rohr et al. (2024). For our purposes, the following filters for mEos3.2 were inserted into
the emission beam path: 568 LP Edge Basic Longpass Filter, 584/40 ET Bandpass. The excitation power
arriving at the sample was quantified (PM100D with 5120C, Thorlabs) in epifluorescence mode after

the objective to maintain consistency across experimental sets. Photoconversion of mEos3.2 was
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executed by applying moderate low intensities using 405 nm excitation. The signal of the red version
of mEos3.2 was then obtained by excitation at 561 nm with 1800 pW. The magnification of the optical
system was adjusted so that the length of one camera pixel corresponds to 100 nm in the sample
plane. To identify feasible regions, larger areas of 51.2 x 51.2 um were utilized by adjusting the focal
plane and the VAEM angle with a frame rate of 10 Hz. In contrast, the recording was conducted in
smaller regions of 12.8 x 12.8 um and frame rates of 20 Hz by streaming between 2,500 and 5,000
frames per movie. A series of dark images were recorded at the same frame rate as the corresponding

movies to correct for noise in data processing.

Raw data processing and analysis of sptPALM movies

The experimental data sets were imported into OneFlowTraX (Rohr et al., 2024) to assess their quality.
Samples exhibiting obvious outliers during the quality assessment were excluded from further
analysis. The remaining files were analyzed using the “Batch Analysis” function of OneFlowTraX,
according to the settings introduced by Rohr et al. (2024) for localization, tracking, and mobility
analysis. The diffusion coefficients were calculated for all samples except BAK1 by fitting the data
distribution with a Gaussian function and subsequently extracting the average diffusion coefficient
from its peak center. For BAK1, two populations were clearly visible, necessitating the use of a
two-component Gaussian mixture model to estimate their respective diffusion coefficients and
relative fractions. The nanoscale organization of protein clusters was investigated using the NASTIC
algorithm from Wallis et al. (2023) (also available in OneFlowTraX) with the following parameters:
radius factor: 1.2 and at least three tracks per cluster. For the comparisons between the different
cytoskeleton disintegration scenarios, the cluster diameter (nm) was used. This is calculated by
treating the localizations in a cluster as a point cloud that is fitted by a two-dimensional Gaussian
function. Its full width at half maximum (FWHM) values for x and y are then averaged to provide one
value that is defined as the cluster’s diameter. The subsequent analysis steps were processed with
custom-built R applications. Clusters with diameters greater than 2,500 nm were excluded from
further analysis. Given that cluster data are log-normally distributed, specific statistical tests were
employed to identify significant differences (Zhou et al., 1997). The respective figure (Figure 4) report

the corrected, transformed mean as recommended by the aforementioned study.
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Motion classification with DC-MSS

The motion classification of individual (sub-)trajectories was conducted using the “divide-and-conquer
moment scaling spectrum” (DC-MSS) algorithm (Vega et al., 2018). In short, trajectories that consist
of at least 20 localizations are initially divided into segments of potentially disparate motion classes
based on the extent of molecular movement. Subsequently, a movement scaling spectrum analysis is
employed for the classification of these segments, utilizing threshold values to minimize the
probability of misclassification among adjacent motion types. Intermediate refining steps are

incorporated to enhance the confidence of both the trajectory segmentation and their classification.
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Figure legends

Figure 1 | Overview of genetically encoded, enzymatic tools for cytoskeleton disintegration.

(A) Exemplary confocal microscopy image of epidermal leaf cells of Nicotiana benthamiana (N. benthamiana) expressing the
actin marker GFP-ABD2-GFP with the GFP channel on the left and the corresponding transmission light channel on the right.
Intact actin filaments are clearly visible. Scale bar = 10 um (B) Exemplary image of the co-expression of the disruption tool
HA-SpvB and the actin marker GFP-ABD2-GFP in the GFP channel (left) and the corresponding transmission light channel
(right). The co-expression with the disruption tool leads to removal of F-actin cables in all cells as shown before (Vilches Barro
et al., 2019). Scale bar = 10 um. (C) Schematic plasmid structure of the genetically encoded SpvB tool: By Gateway®
technology SpvB was inserted into the pEG201 backbone (Earley et al., 2006) which contains a 35S promoter and an
N-terminal HA-tag. (D) Exemplary confocal microscopy image of epidermal leaf cells of N. benthamiana expressing the
microtubules marker MAP65-8-RFP with the RFP channel on the left and the corresponding transmission light channel on
the right. Intact microtubules are observable. Scale bar = 10 um. (E) Exemplary image of the co-expression of the disruption
tool PHS1AP-HA and the microtubules marker MAP65-8-RFP in the RFP channel {left) and the corresponding transmission
light channel (right). The co-expression with the disruption tool leads to the destabilization of cortical microtubules.
Scale bar = 10 pm. (F) Schematic plasmid structure of the genetically encoded PHS1AP tool: The plasmid was generated by
GoldenGate cloning (Binder et al., 2014) using Level | modules which were subsequently assembled in the Level Il backbone
of BB10. PHS1AP is under the control of a 2x 355w promoter module and fused C-terminally to an HA-tag. For the generation
of higher order assemblies, BB10 contains Bpi | recognition sites.

Figure 2 | Disintegration of actin filaments primarily results in reduced protein dynamics in the plasma membrane.

(A) Distribution of diffusion coefficients (D) represented as log(D) and plotted against their occurrence [%)] over all quantified
cells for RLP44-, BRI1-, PSKR1-, FLS2- and BAK1-mEos3.2. For each protein fusion, two distributions are shown: (i) In black,
values obtained from epidermal N. benthamiana leaf cells expressing the respective fusion alone (- SpvB) and (ii) in blue
values from the co-expression of the respective protein fusions with the genetically encoded, enzymatic tool SpvB (+ SpvB).
For RLP44-, BRI1- and PSKR1-mEos3.2 a slight shift to lower log(D) values is observable, when SpvB is co-expressed. The effect
is barely visible for FLS2-mEo0s3.2 and BAK1-mEos3.2. All measurements were performed three days post infiltration. Please
note that all protein fusions show a bell-shape distribution (i.e., one mobility population), except for BAK1-mEos3.2 that
presents a slower and a faster variety (two Gaussian fit). When co-expressed with SpvB, the slow fraction of BAK1-mEos3.2
is increased. (B) Representation of the peak D values of RLP44-, BRI1-, PSKR1-, FLS2- and BAK1-mEos3.2. with same color
code as in (A). The peak values of individual cells (illustrated as single dots or triangles; n = 17) were obtained by normal fits
of distributions comparable to (A) expect of BAK1-mEo0s3.2 where a two-component Gaussian mixture model was applied
(see Material and Methods). The separation of the BAK1 fractions was done according to this model with the peaks of the
first maxima representing the slow fraction and the peaks of the second maxima the fast fraction, respectively. In the absence
of intact actin filaments (blue; +SpvB) the diffusion coefficient is significantly decreased for the RLP44-, BRI1- and
PSKR1-mEos3.2 fusions, while the reduction for FLS2-mEos3.2 is not significant. For BAK1-mEos3.2, only a decrease in the
fast fraction is observable. For statistical evaluation, the data were checked for normal distribution and unequal variances
and then analyzed according to the results of the test by applying either a Mann-Whitney U test or a One-way ANOVA.
Whiskers show the data range excluding outliers, while the boxes represent the 25-75 percentile. p <0.001 (***);
p £0.01 (**); p £0.05 (*); p > 0.05 (n.s.). All statistical analyses were performed with custom-made R scripts.
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Figure 3 | Disintegration of microtubule filaments primarily results in increased protein dynamics in the plasma
membrane.

(A) Distribution of diffusion coefficients (D) represented as log(D) and plotted against their occurrence [%] over all quantified
cells for RLP44-, BRI1-, PSKR1-, FLS2- and BAK1-mEos3.2. For each protein fusion, two distributions are shown: (i) In black,
values obtained from epidermal N. benthamiana leaf cells expressing the respective fusion alone (- PHS14P) and (ii) in blue
values from the co-expression of the respective protein fusions with the genetically encoded, enzymatic tool PHS1AP
(+ PHS1AP). RLP44, PSKR1, and BAK1-mEo0s3.2 show a slight shift to higher log(D) values when co-expressed with PHS1AP.
The effect is barely visible for the other protein fusions. Measurement conditions are as described in Figure 2. Again, all
protein fusions show a bell-shape distribution (i.e., one mobility population), except for BAK1-mEos3.2 that presents a slower
and a faster variety (two Gaussian fit). When co-expressed with PHS1AP, the fast fraction of BAK1-mEos3.2 is increased.
(B) Representation of the peak D values of RLP44-, BRI1-, PSKR1-, FLS2- and BAK1-mEo0s3.2. with same color code as in (A)
and obtained by n = 25 cells. The evaluation was performed as described for Figure 2. In the absence of intact microtubules
(blue; + PHS1AP) the diffusion coefficient is significantly increased for the RLP44- and PSKR1-mEos3.2 fusions as well as for
the slow fraction of BAK1-mEos3.2, without a significant effect on the fast variety. Although BRI1- and FLS2-mEos3.2, as well
as the fast variety of BAK1-mEos3.2, show no significant effect, a trend of increasing diffusion coefficients after microtubule
disintegration is observable. Statistical analyses were conducted as in Figure 2, with the same box representation.
p £0.001 (***); p£0.01 (**); p<0.05 (*); p>0.05 (n.s.).

Figure 4 | Actin and microtubules disintegration lead to opposing effects on nanocluster sizes.

(A) Representation of corrected, transformed means of nanocluster diameter sizes (nm) of the tested protein fusions based
on the track trajectories, also used for Figure 2 and Figure 3. The sizes were either determined for the protein fusions
expressed alone (- SpvB, black) or together with the genetically encoded disruption tool for actin, SpvB (+ SpvB, blue). The
analyses were performed by applying the NASTIC algorithm (Wallis et al., 2023) available in OneFlowTraX (Rohr et al., 2024)
with a radius factor of 1.3 and at least three tracks per cluster. The corrected, transformed means are based on the
log-normal distribution of all determined clusters among all evaluated cells (n as in Figure 2 and Figure 3), not considering
clusters larger than 2,500 nm in diameter (2 1630). Except for RLP44-mEos3.2, all other tested fusions proteins show
significantly increased cluster sizes upon the disintegration of actin filaments. Statistical analyses were performed according
to Zhou et al. (1997). (B) Representation of corrected, transformed means of nanocluster diameter sizes (nm) as in (A) but
here either with intact microtubules (i.e., expressed alone; - PHS1AP, black) or upon microtubules disintegration (+ PHS1AP,
blue). Parameters and filtering as in (A) with > 4356 evaluated cluster. Except for FLS2-mEos3.2, all other tested fusions
proteins show significantly decreased cluster sizes upon the disintegration of microtubules filaments. Statistical analyses
were performed as in (A). p < 0.001 (***); p £0.01 (**); p £ 0.05 (*); p > 0.05 (n.s.).

Figure 5 | Classification of segment motion patterns depending on the cytoskeleton integrity.

(A) Proportion of motion behavior (in percent) depending on the status of the actin cytoskeleton (either intact (- SpvB) or
disintegrated (+ SpvB)), namely, directed (magenta), free (grey), confined (yellow) and immobile (blue). All studied proteins
reveal primarily confined behavior, independent of the actin integrity. Immobility and free diffusive behavior are present in
varying amounts amongst the proteins. Directed movement is barely present. The classification was performed according to
Vega et al. (2018). (B) Relative shifts in the motion patterns in the absence of actin filaments with the same color code as
in (A). RLP44-, BRI1- and PSKR1-mEos3.2 show a clear decrease in free diffusive behavior, while immobility and confined
behavior (not for BRI1-mEos3.2) increases. However, FLS2-mEos3.2 shows a contrary effect by a decrease in immobility and
an increase in free diffusive behavior. BAK1-mEos3.2 is nearly unaffected by the manipulation of the actin cytoskeleton.
(C) Proportion of motion behavior (in percent) depending on the status of the microtubule cytoskeleton (either intact
(- PHS1AP) or disintegrated (+ PH51AP) with same behavior classes and color code as in (A) and (B). Again, all studied proteins
reveal primarily confined behavior, independent of the microtubule disintegration except for RLP44-mEos3.2 (+ PHS1AP)
that shows mostly free diffusive behavior. Immobility and free diffusive behavior are present again with varying amounts
amongst the proteins, with distinct differences between RLP44-mEos3.2 (+ PHS1AP) and the other fusion proteins under
manipulated conditions. Again, directed movement is barely present. (D) Relative shifts in the motion patterns in the absence
of the microtubule cytoskeleton with the same color code as before. RLP44- and PSKR1-mEos3.2 show comparable effects
with increased free diffusive behavior as well as with decreased confined movement and immobility. BRI1-mEos3.2 exhibits
only minor changes while FLS2-mEos3.2 shows a slight increase in free and confined motion, while immobility is decreased,
too. BAK1 is barely affected.
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993  Figures
994

995
996 Figure 1 | Overview of genetically encoded, enzymatic tools for cytoskeleton disintegration.

997 (A) Exemplary confocal microscopy image of epidermal leaf cells of Nicotiana benthamiana (N. benthamiana) expressing the
998 actin marker GFP-ABD2-GFP with the GFP channel on the left and the corresponding transmission light channel on the right.
999 Intact actin filaments are clearly visible. Scale bar = 10 um (B) Exemplary image of the co-expression of the disruption tool
1000 HA-SpvB and the actin marker GFP-ABD2-GFP in the GFP channel (left) and the corresponding transmission light channel
1001 (right). The co-expression with the disruption tool leads to removal of F-actin cables in all cells as shown before (Vilches Barro
1002 et al,, 2019). Scale bar = 10 um. (€) Schematic plasmid structure of the genetically encoded SpvB tool: By Gateway®
1003 technology SpvB was inserted into the pEG201 backbone (Earley et al., 2006) which contains a 35S promoter and an
1004 N-terminal HA-tag. (D) Exemplary confocal microscopy image of epidermal leaf cells of N. benthamiana expressing the
1005 microtubules marker MAP65-8-RFP with the RFP channel on the left and the corresponding transmission light channel on

1006 the right. Intact microtubules are observable. Scale bar = 10 um. (E) Exemplary image of the co-expression of the disruption
1007 tool PHS1AP-HA and the microtubules marker MAP65-8-RFP in the RFP channel (left) and the corresponding transmission
1008 light channel (right). The co-expression with the disruption tool leads to the destabilization of cortical microtubules.

1009 Scale bar = 10 pm. (F) Schematic plasmid structure of the genetically encoded PHS1AP tool: The plasmid was generated by
1010 GoldenGate cloning (Binder et al., 2014) using Level | modules which were subsequently assembled in the Level Il backbone
1011 of BB10. PHS1AP is under the control of a 2x 355w promoter module and fused C-terminally to an HA-tag. For the generation
1012 of higher order assemblies, BB10 contains Bpi | recognition sites.

1013
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Figure 2 | Disintegration of actin filaments primarily results in reduced protein dynamics in the plasma membrane.

(A) Distribution of diffusion coefficients (D) represented as log(D) and plotted against their occurrence [%] over all quantified
cells for RLP44-, BRI1-, PSKR1-, FLS2- and BAK1-mEo0s3.2. For each protein fusion, two distributions are shown: (i) In black,
values obtained from epidermal N. benthamiana leaf cells expressing the respective fusion alone (- SpvB) and (ii) in blue
values from the co-expression of the respective protein fusions with the genetically encoded, enzymatic tool SpvB (+ SpvB).
For RLP44-, BRI1- and PSKR1-mEos3.2 a slight shift to lower log(D) values is observable, when SpvB is co-expressed. The effect
is barely visible for FLS2-mEo0s3.2 and BAK1-mEos3.2. All measurements were performed three days post infiltration. Please
note that all protein fusions show a bell-shape distribution (i.e., one mobility population), except for BAK1-mEos3.2 that
presents a slower and a faster variety (two Gaussian fit). When co-expressed with SpvB, the slow fraction of BAK1-mEos3.2
is increased. (B) Representation of the peak D values of RLP44-, BRI1-, PSKR1-, FLS2- and BAK1-mEos3.2. with same color
code as in (A). The peak values of individual cells (illustrated as single dots or triangles; n = 17) were obtained by normal fits
of distributions comparable to (A) expect of BAK1-mEo0s3.2 where a two-component Gaussian mixture model was applied
(see Material and Methods). The separation of the BAK1 fractions was done according to this model with the peaks of the
first maxima representing the slow fraction and the peaks of the second maxima the fast fraction, respectively. In the absence
of intact actin filaments (blue; +SpvB) the diffusion coefficient is significantly decreased for the RLP44-, BRI1- and
PSKR1-mEos3.2 fusions, while the reduction for FLS2-mEos3.2 is not significant. For BAK1-mEos3.2, only a decrease in the
fast fraction is observable. For statistical evaluation, the data were checked for normal distribution and unequal variances
and then analyzed according to the results of the test by applying either a Mann-Whitney U test or a One-way ANOVA.
Whiskers show the data range excluding outliers, while the boxes represent the 25-75 percentile. p <0.001 (***);
p<0.01 (**); p<0.05 (*); p>0.05 (n.s.). All statistical analyses were performed with custom-made R scripts.
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Figure 3 | Disintegration of microtubule filaments primarily results in increased protein dynamics in the plasma
membrane.

(A) Distribution of diffusion coefficients (D) represented as log(D) and plotted against their occurrence [%] over all guantified
cells for RLP44-, BRI1-, PSKR1-, FLS2- and BAK1-mEos3.2. For each protein fusion, two distributions are shown: (i) In black,
values obtained from epidermal N. benthamiana leaf cells expressing the respective fusion alone (- PHS1AP) and (ii) in blue
values from the co-expression of the respective protein fusions with the genetically encoded, enzymatic tool PHS1AP
(+ PHS1AP). RLP44, PSKR1, and BAK1-mEos3.2 show a slight shift to higher log(D) values when co-expressed with PHS1AP.
The effect is barely visible for the other protein fusions. Measurement conditions are as described in Figure 2. Again, all
protein fusions show a bell-shape distribution (i.e., one mobility population), except for BAK1-mEos3.2 that presents a slower
and a faster variety (two Gaussian fit). When co-expressed with PHS1AP, the fast fraction of BAK1-mE0s3.2 is increased.
(B) Representation of the peak D values of RLP44-, BRI1-, PSKR1-, FLS2- and BAK1-mEos3.2. with same color code as in (A)
and obtained by n = 25 cells. The evaluation was performed as described for Figure 2. In the absence of intact microtubules
(blue; + PHS1AP) the diffusion coefficient is significantly increased for the RLP44- and PSKR1-mEos3.2 fusions as well as for
the slow fraction of BAK1-mEos3.2, without a significant effect on the fast variety. Although BRI1- and FLS2-mEos3.2, as well
as the fast variety of BAK1-mEos3.2, show no significant effect, a trend of increasing diffusion coefficients after microtubule
disintegration is observable. Statistical analyses were conducted as in Figure 2, with the same box representation.
p £0.001 (***); p£0.01 (**); p£0.05 (*); p > 0.05 (n.s.).
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Figure 4 | Actin and microtubules disintegration lead to opposing effects on nanocluster sizes.

(A) Representation of corrected, transformed means of nanocluster diameter sizes (nm) of the tested protein fusions based
on the track trajectories, also used for Figure 2 and Figure 3. The sizes were either determined for the protein fusions
expressed alone (- SpvB, black) or together with the genetically encoded disruption tool for actin, SpvB (+ SpvB, blue). The
analyses were performed by applying the NASTIC algorithm (Wallis et al., 2023) available in OneFlowTraX (Rohr et al., 2024)
with a radius factor of 1.3 and at least three tracks per cluster. The corrected, transformed means are based on the
log-normal distribution of all determined clusters among all evaluated cells (n as in Figure 2 and Figure 3), not considering
clusters larger than 2,500 nm in diameter (= 1630). Except for RLP44-mEos3.2, all other tested fusions proteins show
significantly increased cluster sizes upon the disintegration of actin filaments. Statistical analyses were performed according
to Zhou et al. (1997). (B) Representation of corrected, transformed means of nanocluster diameter sizes (nm) as in (A) but
here either with intact microtubules (i.e., expressed alone; - PHS1AP, black) or upon microtubules disintegration (+ PHS1AP,
blue). Parameters and filtering as in (A) with 2 4356 evaluated cluster. Except for FLS2-mEos3.2, all other tested fusions
proteins show significantly decreased cluster sizes upon the disintegration of microtubules filaments. Statistical analyses
were performed as in (A). p £ 0.001 (***); p<0.01 (**); p<0.05 (*); p > 0.05 (n.5.).
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1078

1079 Figure 5 | Classification of segment motion patterns depending on the cytoskeleton integrity.

1080 (A) Proportion of motion behavior (in percent) depending on the status of the actin cytoskeleton (either intact (- SpvB) or
1081 disintegrated (+ SpvB)), namely, directed (magenta), free (grey), confined (yellow) and immobile (blue). All studied proteins
1082 reveal primarily confined behavior, independent of the actin integrity. Immaobility and free diffusive behavior are present in
1083 varying amounts amongst the proteins. Directed movement is barely present. The classification was performed according to
1084 Vega et al. (2018). (B) Relative shifts in the motion patterns in the absence of actin filaments with the same color code as
1085 in (A). RLP44-, BRI1- and PSKR1-mEos3.2 show a clear decrease in free diffusive behavior, while immobility and confined
1086 behavior (not for BRI1-mEos3.2) increases. However, FLS2-mEo0s3.2 shows a contrary effect by a decrease in immobility and
1087 an increase in free diffusive behavior. BAK1-mEos3.2 is nearly unaffected by the manipulation of the actin cytoskeleton.
1088 (C) Proportion of motion behavior (in percent) depending on the status of the microtubule cytoskeleton (either intact
1089 (- PHS1AP) or disintegrated (+ PHS1AP) with same behavior classes and color code as in (A) and (B). Again, all studied proteins
1090 reveal primarily confined behavior, independent of the microtubule disintegration except for RLP44-mEos3.2 (+ PHS1AP)
1091 that shows mostly free diffusive behavior. Immobility and free diffusive behavior are present again with varying amounts
1092 amongst the proteins, with distinct differences between RLP44-mEos3.2 (+ PHS1AP) and the other fusion proteins under
1093 manipulated conditions. Again, directed movement is barely present. (D) Relative shifts in the motion patterns in the absence
1094 of the microtubule cytoskeleton with the same color code as before. RLP44- and PSKR1-mEos3.2 show comparable effects
1095 with increased free diffusive behavior as well as with decreased confined movement and immobility. BRI1-mEos3.2 exhibits
1096 only minor changes while FLS2-mEos3.2 shows a slight increase in free and confined motion, while immobility is decreased,
1097 too. BAK1 is barely affected.
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ARTICLE INFO ABSTRACT

Keywords: Plants must rapidly adapt to changes in nutrient conditions. Especially adaptations to changing nitrogen envi-
Dynamic protein complexes ronments are very complex involving also major adjustments on the protein level. Here, we used a size-exclusion

Network path analysis

‘ B chromatography-coupled to mass spectrometry approach to study the dynamics of protein-protein interactions
Nitrate starvation

induced by transition from full nutrition to nitrogen starvation. Comparison of interaction networks established
for each nutrient condition revealed a large overlap of proteins which were part of the protein-protein interaction
network, but that same set of proteins underwent different interactions at each treatment. Network topology
parameter betweenness centrality (BC) was found to best reflect the relevance of individual proteins in the in-
formation flow within each network. Changes in BC for individual proteins may therefore indicate their
involvement in the cellular adjustments to the new condition. Based on this analysis, a set of proteins was
identified showing high nitrogen-dependent changes in their BC values: The receptor kinase AT5G49770, co-
receptor QSK1, and proton-ATPase AHA2, Mutants of those proteins showed a nitrate-dependent root growth
phenotype. Individual interactions within the reconstructed network were tested using FRET-FLIM technology.
Taken together, we present a systematic strategy comparing dynamic changes in protein-protein interaction
networks based on their network parameters to identify regulatory nodes.

Significance: Protein-protein interactions are known to be important in cellular signaling events, but the dynamic
changes in interaction networks induced by external stimuli are still rarely studied. We systematically analyzed
how changes in the nutrient environment induced a rewiring of protein-protein interactions in roots. We
observed small changes in overall protein abundances, but instead a rewiring of pairwise protein-protein in-
teractions. Betweenness centrality was found to be the optimal network topology parameter to identify protein
candidates with high relevance to the information flow in the (dynamic) network. Predicted interactions of those
relevant nodes were confirmed in FLIM/FRET experiments and in phenotypic analysis. The network approach
described here may be a useful application in dynamic network analysis more generally.

1. Introduction across the cellular barrier, undergo condition-dependent protein-protein
interactions with regulatory proteins such as kinases and phosphatases.

The dynamic assembly and disassembly of protein-protein in- Well studied examples are the ion channel SLAH3, which was described
teractions upon external and internal signals is a well-conceived to interact with an activating kinase CPK21 upen stimulation with the
concept. However, it is much more difficult to gain experimental evi- phytohormone abscisic acid, but in absence of the hormone forms an
dence. Over the past decades the dynamic nature of individual protein- interaction with a phosphatase [1]. Also the plasma membrane ATPase
protein interactions has been elucidated. Especially transporters in the AHAZ2 is known to interact with different kinases under different con-
plasma membrane, which are involved in the flow of nutrients and ions ditions to be phosphorylated at activating or inhibiting phosphorylation
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sites [2]. AHAZ2 is one of the most abundant proteins within the plasma
membrane of roots and essential in control of the membrane potential
and a proton gradient for nutrient uptake. Activating interactions
include the interaction with receptor kinase PSKR1, which activates the
proton pump in presence of the hormone phytosulfokine [3]. By
contrast, interaction of AHA2 with FERONIA results in phosphorylation
at an inhibitory serine and inactivation of the pump [4].

Two of the most prominent and widely used techniques for the sys-
tematic and targeted identification of protein interaction partners are
the yeast-two-hybrid system and the affinity purification of proteins.
Both methods [5,6] are now widely used in large-scale biology. How-
ever, the dynamic nature of protein-protein interactions in planta cannot
be addressed using heterologous expression systems of the two-hybrid
systems. Thus, researchers identify interaction partners to selected
target proteins by affinity purification combined with quantitative mass
spectrometry. By this method, for example, conditional interaction
partners to receptor kinase SIRK1 were identified [7], or conditional
interactors of cell cycle components were characterized [8]. The inter-
actome of aquaporins was recently studied by enrichment of protein
complexes from plants grown at different stresses, propoesing new
candidate proteins for regulation of the water channels [9]. However,
the system-wide, in planta study of the dynamic nature of protein-protein
interaction has not been widely addressed so far.

Dynamic re-arrangements of protein-protein interactions are espe-
cially to be expected when plants are exposed to a change in nutrient
conditions, for example nitrogen. Nitrogen, as a component of protein,
nucleic acids and thousands of metabolites, is an essential macronutrient
for plants and is mainly taken up in the form of nitrate. The cellular
responses to nitrate starvation or to the resupply of nitrate to starved
plants was in the past especially well studied at the gene transcriptional
level [10,11]. At the protein level, the change of phosphorylation status
was quantified in nitrate starvation-resupply experiments [12], and in
response to nitrate starvation [13]. However, global insights into dy-
namic changes at the level of protein-protein interactions are still
missing. Therefore, in this work, we apply a recently published size-
exclusion-chromatography coupled to mass spectrometry (SEC-MS)
approach [14] to compare the protein-protein interaction network of
plants grown under full nutrition and plants exposed to nitrogen star-
vation. We here aim to (i) define a workflow of comparing interaction
networks and (ii) develop measures to identify key proteins involved in
regulation of nitrogen starvation response.

2, Materials and methods

Plant growth conditions — All experiments were done using Arabidopsis
thaliana (Col-0). Plant seedlings were grown in a hydroponic system
[15]. Plants under full nutrition were grown in liquid half-strength
Murashige and Skoog (4 MS) growth medium with 0.5% sucrose for
three weeks before harvesting the full nutrition sample. Plants for ni-
trogen starvation were firstly grown in half-strength Murashige and
Skoog growth medium supplemented with 2 mM KNOj; for 14 days, and
then transferred to 1 mM KNOj for 7 days. After three weeks of growth
on nitrate supplemented medium, plants were then transferred to
nitrogen-free half-strength MS-medium for two days before harvesting
the N-starvation sample. For the nitrogen resupply condition, plants
were firstly starved for nitrogen as described. Then after two days of
starvation, nitrate was resupplied to a final concentration of 2 mM KNO3
directly into the nitrogen-free growth medium for 15 min prior to har-
vest. In all conditions, the growth medium was supplemented with 0.5%
sucrose.

Experimental design and statistical rationale — Two data sets were
analyzed, acquired under full nutrition or nitrate starvation. Each data
set consisted of two biological replicates of size exclusion chromatog-
raphy followed by mass spectrometry analysis of the acquired fractions
as described [14]. Only those proteins consistently identified in both
replicates were considered for comparisons between conditions. A third
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experimental condition, in which nitrate was resupplied to nitrate
starved plants was included with one biological replicate. Statistical
comparisons were carried out by pairwise t-tests (two sample compari-
sons) or ONEWAY ANOVA (multiple sample comparisons). We used the
MaxQuant / Perseus data analysis platform for quantitative analysis in
all proteomics experiments.

Microsomal protein enrichment - A total of 1 to 1.5 g of roots (fresh
weight) was homogenized in 10 ml ice-cold extraction buffer (330 mM
sucrose, 100 mM KCl, 1.5 mM EDTA, 50 mM Tris-MES, fresh 5 mM DTT,
and 1 mM phenylmethylsulfonylfluoride, pH 7.5) [16] in the presence of
0.5% v/v proteinase inhibitor mixture (Sigma-Aldrich, Germany) and
phosphatase inhibitors (50 mM NaF, 1 mM Na3V04, 1 mM benzamidin,
4 pM proteinase inhibitor leupeptin). The homogenate was centrifuged
for 15 min at 7500 xg at 4 °C. The pellet was discarded, and the su-
pernatant was centrifuged for 75 min at 48,000 xg at 4 “C. Microsomal
pellets were stored at —80 °C until further processing. The microsomal
pellet was resuspended in 100 pl of membrane buffer (137 mM NacCl, 2.7
mM KCL, 10 mM Na2HPO4, 1.8 mM KH2PO4; pH = 7.4, 0.1% n-
Dodecylmaltodise) or UTU (6 M urea, 2 M thiourea, pH 8) supplemented
with 0.1% n-Dodecyl p-D-maltoside (DDM). Insolubilized membrane
fragments were pelleted before further processing of solubilized mem-
brane proteins.

For isolating membrane proteins in their native form, it is important
to isolate membranes as intact vesicles. Sonication, French-Press or
similar methods for plant-protein-purification use brute force to disrupt
the cell wall and membranes to gain access to soluble proteins. This
often results in a poor yield of membrane proteins as they are dependent
of their membrane environment. This problem was avoided by using a
Glass/PTFE Potter Elvehjem Tissue Grinder. Through careful grinding of
the plant material, small membrane-vesicles form up which can be pu-
rified by differential centrifugation as described [17,18]. The use of
DDM in solubilization of the membrane pellet was essential for the
experiment as it was shown that DDM enhances stability and preserves
activity of membrane-proteins during purification [19,20].

Size-exclusion chromatography followed by mass spectrometry — Protein-
protein interactions were defined using a SEC-MS approach as described
[14]. A total amount of 1 mg microsomal extract was run on an Enrich
SEC650 (BioRad) column using 1 column volume of phosphate buffered
saline (PBS). Eluting protein fractions were collected in 50 dynamic
fractions. The volume of earlier fractions was 25 pL and 50 pL for later
fractions to maximize functional chromatographic resolution and to
correct for higher protein content in earlier fractions [14]. Equal protein
amount from each fraction was digested by LysC/trypsin and desalted
over C18 as described [7].

LC-MS/MS analysis of peptides — Peptides mixtures were analyzed by
nanoflow Easy-nLC (Thermo Scientific) and Orbitrap hybrid mass
spectrometer (Q-exactive, Thermo Scientific). Peptides were eluted from
a75pm x 50 cm analytical Cyg column (PepMan, Thermo Scientific) on
a linear gradient running from 4% to 64% acetonitrile over 135 min.
Proteins were identified based on the information-dependent acquisition
of fragmentation spectra of multiple charged peptides. Up to twelve
data-dependent MS/MS spectra were acquired in the linear ion trap for
each full-scan spectrum acquired at 70,000 full-width half-maximum
(FWHM) resolution.

Protein identification and label-free quantitation — MaxQuant version
1.5.3.8 [21] was used for raw file peak extraction and protein identifi-
cation against the Arabidopsis proteome (TAIR10, 35,386 entries).
Protein quantification was performed in MaxQuant using the label free
quantification (LFQ) algorithm [22]. The following parameters were
applied: trypsin as cleaving enzyme; minimum peptide length of seven
amino acids; maximal two missed cleavages; carbamidomethylation of
cysteine as a fixed modification; N-terminal protein acetylation, oxida-
tion of methionine as variable modifications. Peptide mass tolerance
(4.5 ppm) and MS/MS tolerance (20 ppm) were used according to the
standard settings in MaxQuant. Further settings were: “label-free
quantification” marked, multiplicity set to 1; “match between runs”
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marked with time window 2 min; peptide and protein false discovery
rates (FDR) set to 0.01; common contaminants (trypsin, keratin, etc.)
excluded. Label-free protein quantitation [22] was applies using the
software Perseus and based on the “proteingroups.txt™ output table of
MaxQuant. The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE [23] partner re-
pository with the dataset identifier PXD009511 for the full-nutrition
data set, PXD015841 for the nitrate starvation and resupply data. Pro-
tein identification information is listed in Supporting Table S6.

Definition of protein-protein interactions — Interacting protein pairs
were defined as described [14]. Briefly, proteins exhibiting an earlier-
than expected retention pattern of at least six fractions during SEC-
chromatography were defined as nodes in the protein-protein interac-
tion network. Interaction partners to those node proteins were defined
by pair-wise correlation of elution profiles among the node proteins.
Thus, the edges in the protein-protein interaction networks were defined
by pairwise comparison of elution profiles and the requirements for co-
elution same fraction. We used publicly available databases STRING
[24] and MIND [25] of confirmed protein-protein interactions to define
optimal filtering criteria and cutoff scores. High confidence interactions
were defined as those the interaction pairs which eluted with less than
one fraction difference and stricter correlation score cutoff [14].

Protein abundance quantitation -LFQ-values [22] across multiple
samples were used to compare protein abundance between different
experiments. We normalize the data as follows: Firstly, within each
replicate the relative abundance (relLFQ, Eq. [11]) for each protein was
obtained by dividing the summarized protein LFQ-values by the total
LFQ-sum of that replicate.

LFQpnein sum
LFQperiment sum

Secondly, relative protein abundances were weighted against the
respective protein mass in Dalton. This was done to compensate for
differing identification probabilities due to different protein sizes (Eq.
[2D.

rellF Qppein = [¢9]

1elLEQpein

L B 2
Molecular Weight [Dalton] @

Abundance eighed =

Thirdly, proteins were sorted according to their weighted abun-
dances (AW ) and proteins were divided into 100 dynamic abundance
categories (ACyro) for each experiment to account for different numbers
of proteins identified in different replicates. Category size depended on
the total number of proteins in each replicate. By binning all proteins
into a fixed number of abundance categories enabled the observation of
protein abundance changes across experiments.

Network topology analysis — Networks were constructed with Cyto-
scape 3.7.1 and evaluated with the Cytoscape network analyzer tool
regarding node parameters degree, betweenness centrality, closeness
centrality, stress. [ntroduced in 1950 [26], Closeness Centrality (CC, Eq.
[3]) can be used to describe the efficiency of a node for distributing
information to other members of the network. It is defined as the
reciprocal of the average shortest path length () for a node i to all other
nodes j, where n is the total number of nodes:

Celi) = @

Since CC scales with the total number of nodes, it was normalized by
using the average length of the shortest paths instead of their sum (Eq.
[41):

1

n
average ( 36 )
i#

While a high CC is a good indicator for a node that has broad access

CC(i)'= (4)
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to all other nodes, it cannot be used to describe the potential influence
on the flow of information. For that purpose, Stress Centrality can be
used. Itis defined as the number of shortest paths passing through a node
i (Eq. [5]). By this definition, a node gains importance if it is facilitating
the flow of information between other nodes. This parameter can only be
defined for networks without multiple edges like protein-interaction
networks.

SC(i) = ¥ ouli) (5)
A

Betweenness Centrality (BC) [27] also assigns importance to nodes
that are in the path of other nodes, by describing each node’s power over
the flow of information. It builds on the definition of Stress Centrality
and is defined as the sum of all shortest paths (¢) between nodes j and t
passing through node i (;{i)) divided by all possible shortest paths a;
(Eq. [6D).

2e(b ®

a.“l

BC(i) =
JFIF
BC also scales linearly with network size. To account for scaling, the
BC values can be normalized by dividing through the maximum value of
a given network. For an undirected network with the size n, the division
is further multiplied by the factor 2 (Eq. [7]):

aili)
2 o

. sdig
BC(i) = 7@ =2 (7)

A high BC value is usually assigned to nodes that connect different
network communities. In this way, BC offers more unique and sensitive
information about local network topology than focusing on degree based
metrics alone.

A metric to describe modular organization is the clustering coeffi-
cient [28]. For undirected networks, it is defined as the number of
connected pairs between all neighbors of a node i, where e, is the
number of connected pairs and k, is the number of neighbors (Eq. [8]).

2e
(ka(ky = 1))

Random networks — Random networks were generated containing the
same numbers of nodes and edges as respective protein-protein inter-
action networks. Edges were randomly assigned between the nodes.

Root growth assay — Primary root length and lateral root density of
wildtype and mutant plants were assessed by growth of seedlings on
vertical plates of MES-buffered % MS-Agar (0.25 gl ™! MES, 0.39 gl ™! N-
Free MS, 0.5% Sucrose, 8 gl'l agar, supplemented with KNO; when
needed). All plates were supplemented with 30 mM sucrose. After
sterilization (incubation in 2% Sodium-Hypochlorite solution for 12 min
and subsequent washing), the seeds (5 seeds per plate) were spread on 'z
MS-agar plates and incubated for 2 days at 6 “C for vernalization. After
vernalization, the seeds were germinated for 4 days at room temperature
after which they were transferred to the treatment plates (5 mM KNOs,
0.3 mM KNOs, 0 mM KNO3). Each plate was scanned with a desktop
office scanner (600dpi) at the start of the treatment phase and after 5
days of growth. Images were evaluated with the ImageJ software
v.1.52a (imagej.nih.gov/ij).

Pull-downs of GFP-tagged SIRK1 and QSK1 — Root microsomal proteins
(150 pg) isolated as described above was incubated with 25 pl of anti-
GFP agarose beads (Chromotek, Germany) for two hours on a rotating
wheel at 4 °C [29]. After incubation, the beads were collected by
centrifugation and washed two times with 500 pl wash buffer (10 mM
Tris/HCI pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.01% IGEPAL). For
protein-protein interaction assays, the proteins were eluted from the
beads with 100 pl UTU (6 M urea, 2 M thiourea), pH 8, before in-solution
tryptic digestion.

FLIM/FRET - For FRET-FLIM analysis, the coding sequences of BAK1

Cln) = ®)
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and AHA?2 as well as of QSK1 and At5g49770 were expressed as C-ter-
minal fluorophore fusions in 2inl vectors, namely pFRETcg-2in1-CC
[30]. To obtain GFP-donor only controls, a coding sequence of genta-
mycin fused to mCherry was used. The binary vectors and p19 as gene
silencing suppressor were transformed into Agrobacterium tumefaciens
strain GV3101 and infiltrated into Nicotiana benthamiana leaves. The
measurements were performed two to three days after infiltration using
a SP8 laser scanning microscope (Leica Microsystems) with LAS AF and
SymPhoTime software as described [31]. Before performing the FRET-
FLIM measurement, the presence of the fluorophores was detected by
using the 488 or 561 nm lasers for GFP or mCherry excitation, respec-
tively. The fluorescence lifetime in nanoseconds of either the donor only
expressing cells or the cells expressing the indicated combinations was
measured with a pulsed laser as an excitation light source of 470 nm and
a repetition rate of 40 MHz (PicoQuant Sepia Multichannel Picosecond
Diode Laser, PicoQuant Timeharp 300 TCSPC Module and Picosecond
Event Timer). The acquisition was performed until 500 photons in the
brightest pixel were reached. To obtain the GFP fluorescence lifetime,
data processing was performed with SymPhoTime software and bi-
exponential curve fitting as well as correction for the instrument
response function. A total range of 23 ns was evaluated. Statistical
analysis was carried out with JMP 14. To test for homogeneity of vari-
ance, a Brown-Forsythe test was applied. As the variances are unequal, a
Kruskal-Wallis test followed by Dunn’s post-hoc test were performed.

Public resources — Functional classification of proteins was done based
on MAPMAN [32]. Information about subcellular location was derived
from SUBA3 [33]. Detailed protein function was manually updated with
the support of TAIR [34].

Data visualization — Functional classification of proteins was done
based on MAPMAN [32]. Information about subcellular location was
derived from SUBA3 [33]. Detailed protein function was manually
updated with the support of TAIR [34]. Other statistical analyses were
carried out with Sigma Plot (version 11.0) and Excel (Microsoft, 2013).
Over-representation analysis was done via Fisher's exact test, p values
were adjusted using Bonferroni correction. Networks were visualized
using Cytoscape [35].

3. Results
3.1. Protein abundance dynamics

Different growth conditions can not only induce dynamics in protein-
protein interactions, but can affect overall protein abundance. To
address this, we used normalized LFQ-values to describe protein abun-
dance changes. The normalized LFQ values were weighted by protein
molecular weight, allowing abundance ranking of all proteins (weighted
abundance, AWy ). To be able to compare the different data sets and
replicates which contained different total numbers of proteins, we
defined 100 dynamic abundance categories (ACyrg) within each repli-
cate. Each abundance category contained different numbers of proteins,
but reflected the same relative abundance within the sample. For
example: category 1 contained the 1% most abundant proteins, and this
category contained 35 proteins in the full nutrition data set, and 22
proteins in the nitrogen starvation data set. To compare relative protein
abundance changes between the two conditions, the change in ACyzq for
each protein was taken as a readout.

Most proteins identified in two biological replicates of the same
nutrient condition showed an abundance category variation of up to 10
categories, and over 80% of the proteins showed between replicate
variations of less than 20 categories, independently of the nutrient
condition (Fig. 1A). Based on this observation, we only considered those
proteins that showed a change of less than 20 abundance categories
between replicates for further comparison between conditions. In gen-
eral, ribosomal proteins were among the most abundant proteins iden-
tified under both nutrient conditions (Supporting Table 1). The most
abundant 10% of proteins were furthermore highly enriched for
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Fig. 1. Protein abundance in replicates. (A) Abundance variation within two
biological replicates of each treatment, full nutrition and nitrogen starvation.
Abundance variations of more than to 20% were considered “noise”. (B)
Changes in abundance category upon nitrogen starvation. Black bars represent
the full data set, gray bars represent the data set corrected for those proteins
with more than 20% variation between replicates (“noise™). (C) Changes in
abundance category upon nitrogen starvation at different levels of variation
between replicates (“noise”).

transporters (p < 2.3%10 7, Fisher Exact Test), particularly aquaporins,
and the plasma membrane H'-ATPases. The least abundant 10% of
proteins were enriched for signaling proteins (4.4*10°7, Fisher Exact
Test), transporters, among them nitrate and ammonium transporters
(8.74*10°®, Fisher Exact Test), and proteins involved in cell organiza-
tion (2.53*10 3, Fisher Exact Test). Fig. 1:

In general, nitrogen starvation resulted in a decrease in protein
abundance compared to full nutrition (Fig. 1B). Based on the MAPMAN
[32] annotation categories (="bins™), nitrogen starvation led to an
increased abundance category for proteins of the “protein” bin (neo-
genesis, degradation and modification), and “RNA”-bins, while “stress”-,
“signaling™- and “transport™- associated bins decreased in abundance
categories. Excluding those proteins with change in abundance
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categories between biological replicates of greater than 20 emphasized
the skewed pattern of protein abundance changes under nitrogen star-
vation (Fig. 1B). Proteins with strongest change in abundance category
(more than 30 abundance categories) upon nitrogen starvation were
some transporters, and many other receptor kinases, among them
FERONIA (FER, AT3G51550). Despite the tendency for reduced protein
abundances under nitrate starvation, the abundance category of the
majority of proteins remained unaltered. However, filtering the data set
from proteins with abundance category changes of more than 20 cate-
gories between replicates (“noise”) reduced the total number of proteins
with observed abundance change from 473 to 297 shared candidate
proteins.

If the stringency of the “noise”-filter was increased (Fig. 1C), it
became obvious that proteins with highly consistent abundance cate-
gories between replicates (i.e. change of less than 5 categories between
replicates), were also those proteins that remained stable in their
abundance category upon nitrogen starvation (Fig. 1C). Among this
group we found many constituents of the ribosomes, essential proton-
transporting ATPases (AHA2, AAC1/2), porins (e.g. PIP2B, VDAC3),
and members of the mitochondrial electron transport chain (e.g. ATP
Synthase, Cytochrome C Oxidase).

3.2. Protein-protein interaction networks under full nutrition and nitrogen
starvation

Under full nutrition, 3520 proteins were identified in both replicates,
and under nitrogen starvation 2280 proteins were found in both repli-
cates (Fig. 2). Indeed, there was even a very high overlap of identified
proteins in the two nutrient conditions. 90% of the proteins identified in
the nitrogen starvation data set were also identified under full nutrition.
After application of quality filter criteria and the quantitation workflow
described previously [14], 965 and 677 proteins were proposed as nodes
of the protein-protein interaction network under full nutrition and ni-
trogen starvation, respectively. Fig. 2:

These nodes were those proteins, which based on their elution
properties in the SEC-MS experiments, displayed higher than expected
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apparent mass and thus were considered to undergo an interaction. We
show a high reproducibility of retention time shifts of individual pro-
teins in the two biological replicates (Supporting Fig. S1 A,B) for full
nutrition condition [14], as well as for nitrogen starvation condition.
Since the definition of nodes in the interaction network was based on
higher than expected retention times, the reproducible retention time
shifts indicate robust detection of interaction nodes. Correlation analysis
[14] revealed 1752 high confidence protein-protein interactions at full
nutrition and 1375 interactions under nitrogen starvation. However, the
overlap of identified high confidence interactions was rather low (7 to
9%) between the two nutrient conditions, while we found an overlap of
identified interactions between biological replicates of up to 25% [14].
Rather, each condition showed a high number of exclusive interactions,
the majority of which were not found in the other condition (Fig. 2).
Thus, the same proteins (nodes) seemed to undergo different interaction
(edges) in each of the nutritional environments. Overlapping high-
confidence interactions were few, but well-characterized. These high-
confidence interactions might therefore be an indicator for well-
characterized very stable interactions, which were unaffected by the
treatment (Supporting Table 2). Those known and stable interactions
mainly related to larger protein complexes, such as ribosomes, or protein
complexes of the mitochondrial respiration chain. Specifically, the in-
teractions not affected by the nutrient conditions included constituents
of the mitochondrial ATP synthase, chaperonin complexes, ion trans-
porters (mitochondrial ADP/ATP carrier AAC2, AT5G13490 and
Vorrace Depenpent Anion CHannel 2, VDAC2, AT5G67500) and redox
systems (Cytochrome Cl1 and FRO1, AT1G01590). Since these in-
teractions were detected independently of the treatment, they are likely
to have been previously found in other experiments (i.e. confirmed by
previous publications), By contrast, examples for novel (i.e. yet uncon-
firmed) high confidence interactions were among several LRR-receptor
kinases and their substrates. Among these were co-receptor QIAN
SHOU KINASE, QSK1 with CHITIN ELICITOR RECEPTOR KINASE 1
(CERK1, AT3G21630) or ABC-Transporter PEN3, AT1G59870. Since
interactions of these proteins were found only under specific conditions,
it is unlikely these interactions were described previously (i.e. they were

Full nutrition N-starvation
Overlap
2276
Proteins identified [ 1478 [ 2042 1234]
3520 h
. ) . 677
Protein-Protein Interaction [ 3
Nodes 483 [ 473 l 204]
965 -
15263
Protein-Protein Interaction 3423 3068 ~ v
Edges (Correlations) [ I ]
26491 b
. 1375
HighConfidence interactions [ 1617 I 135 l 1239 ]
1752 b
343

HighConfidence_confirmed [ 272

[ 59

331

Fig. 2. Overlap of proteins identified and those considered as nodes of protein-protein interaction networks, as well as an overview of their edges in full nutrition and

nitrogen starvation.
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classified as unconfirmed). We conclude that high-confidence repro-
ducible protein-protein interactions tend to depict those stable protein-
protein interactions of larger protein complexes, while dynamic and
conditional protein-protein interactions showed a tendency to affect the
cellular signaling in pairwise interactions and smaller complexes. The

>

20+

154

104

104

15 -

Conditional change [log,(Nstarv / FN)]
o
Qﬁ
|

-20 T T

Journal of Proteomics 235 (2021) 104114

detection of stable and reproducible protein-protein interactions can be
seen as an indication that the cell is able to maintain basic functions,
such as protein synthesis, photosynthesis and respiration, or ion ho-
meostasis also under unfavorable conditions of nitrogen starvation. Our
results indicate that dynamic interaction rewiring upon nitrogen

Nutrient induced change in network topology
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Fig. 3. Network dynamics full nutrition and nitrogen starvation. (A) Violin plots of nitrogen starvation-induced changes of network parameters. Each parameter is

displayed as log; ratio of the parameter in the nitrogen-starvation network to

the parameter in the full nutrition network. For display of abundances, abundance

categories (ACirg) were inverse, since higher ACgq indicates lower abundance. All network parameters beside Degree and Stress are normalized. Selected network
parameters are displayed for individual proteins: (B) Betweenness Centrality, (C) Closeness Centrality, (D) Stresslevel, (E) Degree. Each parameters is displayed for
the full nutrition network (green) and the nitrogen starvation network (purple). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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starvation seemed to more frequently affect interactions of proteins with
signaling functions (MAPMAN [32] annotation category ‘bin” 30) with
proteins of cell organization (bin 31), within proteins of signaling
functions (bin 30), within transporters (bin 34) and within protein of
functions in protein modification, biosynthesis and degradation (bin 29)
(Supporting Table S2). As expected, degree distribution of reconstructed
protein-protein interaction networks under full nutrition as well as
under nitrogen starvation followed a truncated power law [36] (Sup-
porting Fig. S1C). Proteins of these stable complexes of respiratory chain
and ribosomes were the proteins with highest degree in the protein-
protein interaction network. (Supplementary Fig. S1)

3.3. Network dynamics induced by nitrogen starvation

As indicated above, the nodes of the protein-protein interaction
network were defined based on their shifted retention behavior in the
size-exclusion chromatography, and edges of the interaction network
were derived from (i) pairwise correlations of elution profiles acquired
by mass spectrometry and (ii) the requirement of being identified within
a narrow window of neighboring elution fractions [37]. Application of
this workflow to the full nutrition and nitrogen starvation data set
resulted in a protein-protein interaction network in which nodes
represent the proteins found with larger apparent size and edges indi-
cate interactions present either at full nutrient supply (Supporting
Fig. S2A, green edges) or at nitrogen starvation (Supporting Fig. S2A,
purple edges). The network contains two large interaction domains, one
dominated by plasma membrane proteins and the other dominated by
proteins of cytosolic location. Interactions between proteins of the
mitochondrial respiratory chain grouped more distantly from the
plasma membrane and cytosolic proteins as revealed by the Mcode al-
gorithm [38].

Examples for proteins with highly dynamic interaction partners are
co-receptor SERK3/BAK1 (AT4G33430) (Supporting Fig. $2B), which
was found to interact with receptor kinase FER under full nutrition, but
under nitrogen starvation switched to an interaction preference with
BAK1-INTERACTING RECEPTOR KiNasE 2 (BIR2, AT3G28450), ImMpARED Oomy-
cete Suscerrsiiry 1 (I0S1, AT1G51800) and AT5G49760. (Supplemen-
tary Fig. S2)

To obtain a more unbiased view of the dynamic processes induced by
nitrogen starvation, we specifically compared network topology pa-
rameters. Degree describes the number of interactions of each node.
Average Shortest Path describes the average number of steps along the
shortest paths for all possible pairs of each node. Closeness Centrality is a
measure of centrality of a node within a network and Betweenness
Centrality describes the frequency at which a given node occurs among
all the possible shortest paths. Stresslevel describes the number of
shortest paths leading through a given node. Comparing the nitrogen
starvation network with the full nutrition network, it became apparent
that nitrogen starvation induced large overall changes in Degree and
Stresslevel, indicating a change in overall network size (Fig. 3A).
Stresslevel and Betweenness Centrality were the two paramters with
largest scatter in the magnitudes of changes induced by nitrogen star-
vation (Fig. 3A). This indicates that nitrogen starvation induced changes
in the utilization of distinct paths during information flow through the
network. Among the proteins with strongest increase in Betweenness
Centrality in response to nitrogen starvation were protein kinase
AT5G49770, a peptidase AT3G55600, respiratory burst oxidase RbohD
(AT5G47910), aquaporin PIP2;2 (AT2G37170), and plasma membrane
ATPase AHA2 (AT4G30190) (Fig. 3B). Proteins with a strong decrease in
Betweenness Centrality upon nitrogen starvation were calcium ATPase
ACA10 (AT4G29900), a synaptogamin SYTA (AT2G20990), ammonium
transporter AMT1;3 (AT3G24300), GTP binding protein Roor Hamr
Dericient (RHD3, AT3G13870), and receptor kinase MDIS1-INTERACTING
Recepror Like Kivase 2 (MIK2, AT4G08850) (Supporting Table 3). As
already indicated above, Closeness Centrality was unaffected by the
nutrient condition (Fig. 3C). Stresslevel was correlated with
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Betweenness Centrality, thus proteins with a strong change in
Betweenness Centrality also displayed an equally strong increase or
decrease in Stresslevel (Fig. 3D). A strong decrease in degree was
particularly observed for proteins which showed a decreased Between-
ness Centrality upon nitrogen starvation, particularly ammonium
transporter AMT1;3, Synaprocamin A (SYTA), and calcium ATPase
ACA10 (Fig. 3E). Fig. 3:

To test the hypothesis of dynamic adjustments in cellular networks
by interaction rewiring and altered path utilization, we analyzed the
protein-protein interaction network of nitrogen starved roots re-
supplied with 2 mM nitrate. By nitrogen re-supply, the network status
is expected to restore similarly to the status found under full nutrition.
Upon nitrate resupply, we identified 1746 nodes of the protein-protein
interaction network. Interestingly, resupply of 2 mM nitrate (Support-
ing Table 4) to the roots of nitrate starved plants indeed resulted in
partial recovery of the interaction network after 15 min. The overall
pattern of protein-protein interactions and network parameters was
again shifted towards the status at full nutrition. For example, there was
a higher overlap of high-confidence interactions predicted for nitrogen
resupply with interactions predicted for full nutrition than for in-
teractions predicted under nitrogen resupply with interactions predicted
at nitrogen starvation (Fig. 4A). On a more global scale, proteins with
increased BC values under N-starvation were enriched for signaling
proteins (p = 0.023), transport proteins (p = 9.3*107%), lipid meta-
bolism (p = 0.041) and proteins in TCA cycle (p = 2.08%10™%). Signaling
proteins were also enriched (p = 2.510 %) in proteins with decreased
BC valued upon nitrogen starvation, suggesting that indeed signaling
proteins are frequently involved in rewiring of information flow in
biological networks. Fig. 4:

Moreover, changes in betweenness centrality (BC) induced by ni-
trogen starvation were inversely proportional to changes induced by
nitrate resupply (Fig. 4B). Thus, for a large number of proteins, opposite
changes in network path utilization were induced by nitrogen starvation
and nitrate resupply. Specifically, these changes affected vesicle traf-
ficking processes, transporters and signaling proteins: For example, the
interaction of different SNARE proteins with transporters, such as EarLy
Response To Denvoration 6 (AT1G08930, ERD6) or Sucar TransporTER 1
(AT1G11260, STP1), the coatomer complex, or the confirmed interac-
tion of two glutamine synthase proteins GSR2 (AT1G66200) and GLN1.3
(AT3G17820) (Supporting Table 4).

We used randomly generated networks of the same size as the full
nutrition interaction network and nitrogen starvation network (Sup-
porting Fig. $3A) to confirm that changes in BC induced by nitrogen
starvation or resupply were due to non-random biological effects. In the
random network the variation of BC values across proteins was far lower
than in the biological network (Supporting Fig. S3B). We conclude that
strong changes in BC for individual proteins, such as AT5G49770, were
indeed due to different path usage and not due to random effects.
(Supplementary Fig. $3)

In our analysis, the nitrate transporters NRT1.1 (AT1G12110) and
NRT2.1 (AT1G08090) were among those proteins which were identified
with low reproducibility between replicates, and were thus excluded
from the large-scale comparative network analysis of centrality indices.
NRT1.1 was found as a protein-protein interaction node in two repli-
cates in the full nutrition data set, while NRT2.1 was found as a protein-
protein interaction node only in one replicate under nitrate starvation.
Nevertheless, nitrate transporters connected to the cellular network, for
example through a high confidence interaction found between QSK1 and
NRT1.1, or between PERK1 and NRT2.1 (Fig. 4C).

3.4. Specific nitrogen-starvation-induced regulatory modules

Receptor kinase AT5G49770 showed strongest changes in BC-values
upon nitrogen starvation (Fig. 3B) and this was reverted upon nitrate
resupply. Therefore, we hypothesized that this kinase could have a key
role in the adjustment of cellular networks in the response to nitrogen
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Fig. 4. Network dynamics in response to nutrient conditions. (A) Overlap of protein complex candidates predicted for the three nutrient conditions. In full nutrition
(FN) and nitrogen starvation (—N) the complex candidates were derived from the overlap of two biological replicates, for N-resupply only one replicate was
considered. (B) Change in Betweenness Centrality upon nitrogen starvation and nitrogen resupply. (C) Detailed network dynamics of nodes AHA2 (AT4G30190),
receptor kinase AT5G49770, co-receptor QSK1 (AT3G02880) and nitrate transporters NRT1.1 and NRT2.1. Edge color represents nutrient status: green, full nutrition;
purple, nitrogen starvation; cyan; nitrate resupply after starvation, Solid edges represent confirmed interactions based on public literature, dotted edges represent
unconfirmed interactions. Node color represents protein function: blue, transporters; red, signaling proteins. Node size reflects betweenness centrality value changes.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

starvation, The reconstructed interaction networks proposed an inter-
action of AT5G49770 with a co-receptor QSK1 (AT3G02880) specif-
ically under nitrogen starvation. The plasma membrane ATPase AHA2
(AT4G30190), which is well known to be activated under nitrogen
starvation to allow enhanced uptake of nitrate ions, was also connected
to the two kinases AT5G49770 and QSK1 (Fig. 4C, Supporting Table 5).
QSKI1 as a coreceptor in the reconstructed networks showed direct high-
confidence interactions with receptor kinase AT5G49770, NRT1.1, and
BAK1. The interaction of QSK1 with AHAZ was considered as low-
confidence interaction under full nutrition and the interaction of
AT5G49770 with BAK1 as found as low-confidence interaction at nitrate
starvation (Fig. 4C).

We next confirmed selected pairs of these proposed interactions in
the network by co-immunoprecipitation or FLIM-FRET experiments.
Firstly, pull-downs of QSK1-GFP in comparison to GFP only at re-supply

of 0.2 mM nitrate after nitrogen starvation revealed high-confidence
interactions of QSK1 with AT5G49770, NRT1.1 and BAKI1, but also
with AHA2 (Fig. 5A). Secondly, FLIM-FRET experiments were per-
formed to test interaction of QSK1 with AHA2 and BAK1, as well as of
AT5G49770 with AHA2 (Fig. 5B, Supplementary Fig. S4:). In cases
where no interactions should take place (donor-GFP alone controls), the
fluorescent lifetime is expected to be higher than for those protein pairs
which show an interaction (Fig. 5B). QSK1 and BAK1 were found to
interact with significant difference to the respective control, while for
low-confidence interaction of QSK1 with AHA2, the fluorescent lifetime
was found in between the control and the high-confidence interactor.
The interaction of AT5G49770 with AHA2, which was not proposed as
direct interaction in the network reconstruction, was used as a control of
a negative interaction with fluorescent lifetime values not different from
the respective control (Fig. 5B). The FLIM-FRET experiments very well
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reflected the interactions proposed by our SEC-MS analytical workflow:
QSK1, BAK1 and AT5G49770 show strong correlations in their elution
profiles (Supplementary Fig. S5), while plasma membrane ATPase
AHA2 showed a different elution profile which did not suggest direct
interaction with QSK1 or AT5G49770. Fig. 5:

We next confirmed selected pairs of these proposed interactions in
the network by co-immunoprecipitation or FLIM-FRET experiments.
Firstly, pull-downs of QSK1-GFP in comparison to GFP only at re-supply
of 0.2 mM nitrate after nitrogen starvation revealed high-confidence
interactions of QSK1 with AT5G49770, NRT1.1 and BAKI, but also
with AHA2 (Fig. 5A). Secondly, FLIM-FRET experiments were per-
formed to test interaction of QSK1 with AHA2 and BAK1, as well as of
AT5G49770 with AHA2 (Fig. 5B, Supplementary Fig. S4). In cases where
no interactions should take place (donor-GFP alone controls), the fluo-
rescent lifetime is expected to be higher than for those protein pairs
which show an interaction (Fig. 5B). QSK1 and BAK1 were found to
interact with significant difference to the respective control, while for
low-confidence interaction of QSK1 with AHAZ, the fluorescent lifetime
was found in between the control and the high-confidence interactor.
The interaction of AT5G49770 with AHAZ, which was not proposed as
direct interaction in the network reconstruction, was used as a control of
a negative interaction with fluorescent lifetime values not different from
the respective control (Fig. 5B). The FLIM-FRET experiments very well
reflected the interactions proposed by our SEC-MS analytical workflow:
QSK1, BAK1 and AT5G49770 show strong correlations in their elution
profiles (Supplementary Fig. S5), while plasma membrane ATPase
AHA?2 showed a different elution profile which did not suggest direct
interaction with QSK1 or AT5G49770. Fig. 5:

Based on their strong N-starvation induced changes betweenness
centrality, we propose receptor kinase AT5G49770, and to some extent
also co-receptor QSK1, and proton ATPase AHAZ to be directly or
indirectly involved in rewiring of the cellular signaling network in
response to nitrogen starvation. Therefore, we studied the knock-out
mutants of these genes for nitrogen related root growth phenotypes.
Knock-out mutants of high-affinity nitrate transporter NRT2.1 and dual-
affinity transporter NRT1.1 were used as controls. Primary root growth
and lateral root density was observed on growth assay under nitrogen
starvation (0 mM KNOs), low nitrate supply (0.3 mM KNO3) or high
nitrate supply (5 mM KNO3).

As expected, primary root growth in wild type was reduced by nitrate
starvation and low nitrate supply (Fig. 6A). The nitrate transporter
mutants nrtl.] and nrt2.1 showed higher than wild type root growth
under nitrate starvation and significantly lower than wild type primary
root growth at high nitrate supply. The general pattern of higher than
wild type primary root growth at nitrate starvation and lower than wild
type primary root growth at high nitrate supply was observed also in
knock-out mutants of receptor kinase at5g40770 and co-receptor gskI.
By contrast, aha2 knock-out mutants had lower than wild type primary
root growth under all conditions (Fig. 6B). Fig. &:

For lateral roots, in wild type an increased lateral root density was
found at low nitrate supply and lower lateral root densities were
observed under nitrate starvation and high nitrate (Fig. 6C). The nrt2.1
mutant displayed very high lateral root density at low nitrate supply and
low lateral root density at high nitrate supply. This is in agreement with
literature, at least when sucrose is supplied to the agar plates [39].
Mutants of receptor kinase at5g40770 and co-receptor gskl also
regarding lateral root density resembled the phenotype of nrt2.1 sug-
gesting involvement in regulation of nitrate uptake through NRT2.1
(Fig. 6D). Mutants of aha2 had lower than wild type lateral root density
especially at high nitrate supply. These root growth experiments sug-
gest, that although AT5G49770 can interact with QSK1 and BAK1, and
co-receptor QSK1 can interact with AHAZ (Fig. 5A), the specific roles of
the three proteins in nitrate responses may be quite different, We pro-
pose At5G40770 to act together with QSK1 and BAKI1, possibly as
receptor-co-receptor pairs to regulate nitrate uptake through NRT2.1
and NRT1.1, and to regulate proton export necessary for nitrate uptake
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Fig. 5. Confirmation of proposed interaction pairs. (A) Pulldowns of bait QSK1
(QSK1-GFP) identified AT5G49770, NRT1.1, AHA2 and BAK]1 as interactors to
QSK1 compared to pulldowns with GFP alone (—-). Small letters indicate sig-
nificant differences (p < 0.05) of protein LFQ values in pulldowns with QSK1-
GFP compared to GFP-only control. Boxplots of three independent experiments
are shown, individual LFQ-values of three replicates are shown as black dots.
(B) FRET-FLIM experiments for selected protein pairs. Box plots of fluorescent
lifetime for each donor-GFP and acceptor-RFP pair are shown. Donor-GFP
constructs without acceptor-RFP (—-) were used as negative controls.

through AHA2. However, root growth in general is a complex trait
involving not only direct responses to nutrients and the respective
signaling pathways, but also proton pump activity [40] and gating of
water channels [41]. Thus, it is to no surprise that the knock-out mutant
of the most abundant H'-ATPase in roots, aha2, shows a more severe
root growth phenotype irrespective of the nitrate environment.

4, Discussion

We studied the response of cellular protein-protein interaction net-
works to changes in nitrogen availability, regarding protein abundance
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Fig. 6. Root growth phenotypes of selected mutants based on their betweenness centrality value changes upon nitrogen starvation. (A) Primary root growth, (B)
Primary root growth relative to wild type, (C) Lateral root growth, (D) Lateral root growth relative to wild type. Seedlings were grown on agar plates without nitrate
for one week and transferred to new plates without nitrogen (0 mM, nitrogen starvation), low nitrate (0.3 mM) or high nitrate (5 mM). All plates contained 30 mM
sucrose. Averages of at least 40 seedlings are shown with standard deviations. For ratios, standard deviations were obtained by 10 bootstrapping iterations of

random ratios.

as well as rewiring of protein-protein interactions. We used network
topology parameters to define the most relevant proteins within the
interaction network governing these changes.

4.1, Protein abundances and their variation

Abundance variations of proteins were thoroughly investigated
regarding technical and biological variations, confirmed substantial
quantitative variability for some proteins [42]. However, variability in
protein abundance between biological replicates has been described to
be slightly lower than variations introduced by the technical compo-
nent, and the majority of proteins was not affected by treatments [42].
In our experiments, for most proteins nitrogen starvation induced a
reduction in protein abundance category, even when considering only
those proteins with low variability between replicates. This is to be ex-
pected from generally lower protein content in nitrate starved plants
[43,44]. We observed that proteins with highly reproducible abundance
levels between biological replicates were also those proteins which
showed no strong abundance changes upon nitrogen starvation. It must
be kept in mind that we compare changes in abundance categories.
Thus, it can happen that a protein remains within the same abundance
category, despite its actual change in abundance. In turn, proteins may
change their abundance category mainly due to large abundance
changes of other proteins.

Thus, the requirement for reproducibility between biological repli-
cates filtered for those proteins, which seemed to have stable abun-
dances under different cellular conditions. In turn, proteins with showed
stronger abundance variability between replicates were tentatively
filtered out as “non-reproducible”. However, these “variable” proteins
were also those, which showed high response to the nitrogen starvation

10

treatment. This indicates that the cellular protein network indeed is in a
dynamic equilibrium of protein abundances and their interactions.
Environmental changes — such as nitrogen starvation — can push the
system into a new equilibrium, in which protein abundances and their
interactions are adjusted to the new conditions. Since these adjustments
are a constant process depending on external and internal status of the
plant, regulatory proteins showed a tendency to be among the more
variable proteins also in comparisons between biological replicates.
Protein abundances were also previously reported to respond to nitrate
starvation to a similar magnitude as transcriptional changes [13].

4.2. Network topology parameters to identify key nodes in network
rewiring

Following workflows established in social sciences [45,46], we used
network topology parameters to identify nodes which could have a key
role in regulation of information flow within the networks. In network
analysis, certain parameters emerged aiming to describe overall network
structure (e.g. modularity or clusters) and functional relevance of nodes
and edges. These network parameters are based on intuitive conceptions
of node connectivity, since the influence of each node is mainly defined
by the direct or indirect neighborhood. The general assumption then is
that a node, which lies within the center of a network, is also of high
relevance to network structure and/or information flow.

To describe node centrality, different centrality indices have been
introduced for the use in biological networks [47], which are mainly
distinguished by their metric. Neighborhood based centralities such as
“Degree Centrality” or “Clustering Centrality” are based on the degree of
a node. Other measures of centrality like “Closeness Centrality” or
“Betweenness Centrality” are path-based metrics, which rely on the
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distances of nodes. Identifying vital nodes of the network largely de-
pends on the criteria that are used to define “importance”. In biological
networks, signaling pathways contain key regulator proteins which
control signal transduction processes. Therefore, we decided to focus
mainly on path-based centrality measures since they can be used to
define the ability of each node to exert influence on the flow of infor-
mation. However, the original definition of centrality measures have
some shortcomings when trying to apply these principles to biological
networks. Mainly, in biological networks, there might be some hubs or
sub-networks that are not connected to each other. In this case, CC
cannot be calculated, since o = co. These separated hubs can occur as a
result of biological relevance (e.g. multiple self-sufficient protein-pro-
tein interaction complexes) or missing data. In addition, because BC is
sensitive towards local topology, BC is more affected by missing data or
random errors in edge-distribution than degree-based centrality mea-
sures [48]. On the other hand, because of its sensitivity, BC is most
suited to observe true changes in network connectivity and node
importance. Although the centrality indices like closeness centrality and
betweenness centrality are prone to systematical error, the actual per-
formance is also dependent on the underlying dataset. In direct com-
parison, CC and BC are quite robust in randomly generated (“sampled™)
and perturbed networks, while the variability is higher in real life net-
works with randomly introduced errors [49]. This can be explained by
the fact that perturbations of network topology have far more influences
on CC and BC than sampling level alone. In consequence, performance is
quite robust in real life networks which only showed errors in randomly
selected sub-samples. In our experiments, the “true” networks show
clear non-random changes in BC upon changes of nitrogen conditions
(Supporting Fig. $3).

This indicates that network properties can still be used to describe
dynamic processes in networks, even if there are inaccuracies in the data
or general variability between samples exists [49,50]. We here used BC
as a measure of the relevance of nodes in network rewiring induced by
nitrate starvation or nitrate resupply. A member of the LRR receptor
kinase family (AT5G49770) was identified as a candidate key regulator
at low nitrate supply and nitrate starvation. Nitrate-dependent root
growth analysis confirmed the involvement of AT5G49770 in nitrate-
related processes. In that regards, it is important to note that nitrate
resupply for 15 min did not fully recover the proteome status to the full
nutrition condition. In general, based on previous nitrogen starvation
experiments, despite a large overlap of responsive (phospho)proteins,
the response to nitrate starvation was not found fully opposite to the
response to nitrate resupply after starvation [13].

Furthermore, our data suggest a close connection between protein
function and protein interaction stability. Stable and reproducible
protein-interactions found in several experimental conditions seemed
biased towards proteins that were not associated to the specific stress
response but had basic homeostatic functions in processes such as pro-
tein synthesis, photosynthesis and respiration. Proteins associated to
signaling and cellular organization showed higher variability in their
interactions. One possible explanation could be that proteins associated
with basic cellular function are often stable also regarding long term
gene expression homeostasis which is why they are often used as
reference genes/proteins (“house-keeping genes”). Signaling processes
on protein level are more short lived and dynamic protein interactions,
and their abundance is often also subject to control by gene expression.

In conclusion, we here present a strategy involving path-based cen-
trality measures to describe dynamic rewiring of cellular protein-protein
interaction networks in response to external stimuli. This approach
identified AT5G49770 as a novel player in nitrate-induced responses,
which was corroborated by phenotypic analysis. We expect the use of
path-based centrality measures to be a powerful strategy also in the
analysis of dynamic responses of cellular networks to other stresses and
stimuli.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/].jprot.2021.104114.
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ABSTRACT

Plant receptors constitute a large protein family that regulates various aspects of development and re-
sponses to external cues. Functional characterization of this protein family and the identification of their
ligands remain major challenges in plant biology. Previously, we identified plasma membrane-intrinsic su-
crose-induced receptor kinase 1 (SIRK1) and Qian Shou kinase 1 (QSK1) as receptor/co-receptor pair
involved in the regulation of aquaporins in response to osmotic conditions induced by sucrose. In this
study, we identified a member of the elicitor peptide (PEP) family, namely PEP7, as the specific ligand of
th receptor kinase SIRK1. PEP7 binds to the extracellular domain of SIRK1 with a binding constant of
1.44 + 0.79 uM and is secreted to the apoplasm specifically in response to sucrose treatment. Stabilization
of a signaling complex involving SIRK1, QSK1, and aquaporins as substrates is mediated by alterations in
the external sucrose concentration or by PEP7 application. Moreover, the presence of PEP7 induces the
phosphorylation of aquaporins in vivo and enhances water influx into protoplasts. Disturbed water influx,
in turn, led to delayed lateral root development in the pep7 mutant. The loss-of-function mutant of SIRK1
is not responsive to external PEP7 treatment regarding kinase activity, aquaporin phosphorylation, water
influx activity, and lateral root development. Taken together, our data indicate that the PEP7/SIRK1/
QSK1 complex represents a crucial perception and response module that mediates sucrose-controlled wa-
ter flux in plants and lateral root development.

Key words: receptor kinase, peptide signaling, receptor-ligand pair, sugar signaling, regulation of water influx

Wang J., Xi L., Wu X.N., Konig S., Rohr L., Neumann T., Weber J., Harter K., and Schulze W.X. (2022). PEP7
acts as a peptide ligand for the receptor kinase SIRK1 to regulate aquaporin-mediated water influx and lateral root
growth. Mol. Plant. 15, 1615-1631.

INTRODUCTION The first peptide with signaling function discovered in plants
i . . was systemin (Pearce et al., 1991), which at that time
Plants as sessile organisms must be able to rapidly adapt to was postulated to be perceived by a leucine-rich repeat (LRR)-
altering environmental conditions throughout the diumnal cycle  family receptor kinase (Scheer and Ryan, 2002), and for which
and during their life span. This requires precise integration of in 2018 indeed an LRR receptor kinase was identified as its
extracellular information with intracellular (metabolic) signals.  receptor (Wang et al, 2018). Since then, more and more
This integration of environmental and developmental signals in signaling peptides were discovered, which are involved in cell-
plants is often controlled by small peptides that then activate to-cell communication, developmental processes, and stress
signaling cascades through receptor kinases. Receptor kinases  responses (Matsubayashi, 2014; Tavormina et al, 2015;
constitute the biggest subclade within the plant kinome
(Zulawski et al., 2014), The plant receptor kinases are involved
in plant developmental processes as well as in responses to Published by the Molecular Plant Shanghai Editorial Office in association with
biotic and abiotic cues (Osakabe et al., 2013). Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and CEMPS, CAS.

Molecular Plant 15, 1615-1631, October 3 2022 © 2022 The Author. 1615
This is an open access article under the CC BY license (hitp://creativecommons.org/licenses/by/4.0/).
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Olsson et al., 2019). It is a characteristic of the small signaling
peptides that they are mobile between cells. Thus, the site of
their secretion may be different from the site of their
perception. For example, peptide CLAVATAS is recognized by
an LRR-receptor kinase expressed in neighboring cell files
(Clark et al., 1997). The peptides can even be translocated
throughout the plant, as exemplified by the C-terminally
encoded peptide family peptides, which are secreted by
nitrogen-starved roots, but their receptors are located in the
shoot (Tabata et al., 2014).

The biologically active peptides are defined as being smaller than
100 amino acids and usually undergo a process of maturation
from larger precursor proteins (Tavormina et al., 2015; Olsson
et al., 2019). Thus, the final active peptide is matured from its
preproprotein through proteolytic processing by specific
peptidases (Schaller et al., 2018). In many cases, this involves
two steps: firstly, the cleavage of an N-terminal signal
sequence necessary for secretion of the protein to the
apoplasm, and secondly, release of the active peptide by
cleavage of the prodomains. The peptides themselves are
frequently subject to posttranslational modifications such as
sulfatation, modification with sugar residues or hydroxyprolines
(Matsubayashi, 2014). Formation of secondary structures
through intramolecular disulfide bridges is a characteristic
feature of cysteine-rich peptides, such as the rapid alkalinization
factor (RALF) family (Moussu et al., 2020; Abarca et al., 2021). The
process of peptide maturation has moved a variety of peptidase
families into the focus of attention in the context of plant signaling
pathways (Rautengarten et al., 2005). Subtilases were shown to
be involved during maturation of the IDA peptide (Schardon
et al., 2016), during biogenesis of TWS1 (Abarca et al., 2021),
and also in phytosulfokine processing (Stuhrwohldt et al,
2021). Although it is apparent that receptor kinases are primary
candidates for the recognition of a variety of biologically active
peptides with signaling functions, for most of the receptor
kinases, the precise ligand remains unknown. In turn, also for
many biologically active peptides, the receptors remain to be
identified (Matsubayashi, 2003). Thus, for a more complete
understanding of the functional implications of plant receptor
kinases, it is of high interest to identify and characterize ligand—
receptor pairs.

In the past, our group has studied sucrose-induced protein phos-
phorylation in a time course experiment resupplying sucrose to
sucrose-starved Arabidopsis seedlings (Niittyla et al., 2007).
Based on this time course information, sucrose-dependent regu-
lation of an aquaporin and sucrose-induced phosphorylation of
the sucrose exporter SWEET11 by a protein complex involving
sucrose-induced receptor kinase SIRK1 was discovered (Wu
et al., 2013). As a follow up to this work, we recently showed
that the SIRK1 signaling complex is stabilized by the co-
receptor QSK1 (Wu et al., 2019b). Together, SIRK1 and QSK1
regulate agquaporins through phosphorylation. Since aquaporin
phosphorylation status was shown to correlate with the plant hy-
draulic status (di Pietro et al., 2013), the SIRIK1 complex may
affect water balance of root cells. However, the ligand of this
SIRK1-QSK1 receptor complex remained unknown. We there-
fore conducted a series of biochemical and physiological exper-
iments to identify PEP7 as the specific ligand of receptor kinase
SIRK1.

PEP7 as the ligand for receptor kinase SIRK1
RESULTS

Sucrose-induced receptor kinase (SIRK1) belongs to the LRR-
receptor kinases (Zulawski et al., 2014). SIRK1 was found to be
activated by an external supply of sucrose (Wu et al., 2013). It
interacts with co-receptor Qian Shou kinase (QSK1) and, in the
active state, regulates the opening status of aquaporins (Wu
et al., 2019b). The majority of the LRR-receptor kinases for which
aligand is known so far were found to bind small peptide ligands.
Therefore, we followed the hypothesis that also SIRK1 could bind
a small peptide ligand.

Identification of SIRK1 ligand candidates

To systematically screen for a putative peptide ligand to SIRK1,
we prepared apoplasmic protein extracts derived from wild-
type liquid-grown Arabidopsis seedling cultures. Apoplasmic
proteins were ultrafiltrated to exclude all protein components
larger than 1 kDa and then separated into different fractions
by reversed-phase chromatography (Figure 1A). Each fraction
was tested for its ability to in vitro induce the kinase activity
of SIRK1-GFP, which was enriched from root tissue of hydro-
ponic cultures 2 days after sucrose starvation (Figure 1A).
Kinase-active SIRK1-GFP  (SIRK1-GFPg,,), which also
contains interacting co-receptor QSK1 (Wu et al., 2019b),
was enriched from sucrose-stimulated hydroponic cultures
(Wu et al., 2013) and used as a positive control (Figure 1B).
Exposure of sucrose alone to SIRK1-GFP enriched from
sucrose starved plants (SIRK1-GFPgan) was not able to
induce SIRK1 activity (Figure 1B). By contrast, SIRK1-GFPgay
activity was highly induced after exposure to protein fraction
F2 and, to a lesser extent, to protein fraction F1. Kinase
activity was lowest upon exposure of SIRK1-GFPgya., to
protein fraction F3 (Figure 1B). An aliquot of each fraction
was analyzed by mass spectrometry. We performed two runs
in parallel—one with standard protocol including trypsin
digestion, and one without prior tryptic digestion—in case the
ligand candidates would not yield suitable tryptic peptides.
Altogether, in fraction F1, we identified 1531 proteins, in
fraction F2 4106 proteins, and in fraction F3 440 proteins.
Among the identified proteins, we then selected those
candidate proteins that were present with spectral counts
higher than three in fractions F1 and F2 and that were not
present (no spectra) in fraction F3. A total of 30 identified
proteins were predicted to be secreted proteins, and 14 of
these met the requirements of high abundance in fractions F1
and F2 but not in fraction F3 (Figure 1C). Two of these
candidate proteins were also identified in the non-tryptic sam-
ples, namely RALF1 (AT1G02900) and PEP7 (AT5G09978). All
tryptic and non-tryptic RALF1 and PEP7 peptides covered
the C-terminal parts of the respective propeptides, which con-
stitutes the biologically active RALF1 or PEP7 versions, respec-
tively. Other RALF peptides such as RALF22, RALF23, and
RALF33 were also identified in the fractions F1, F2, and
F3 but did not strictly meet the criteria set for putative ligands
as described above (supplemental Table 1).

We next used synthetic peptides of RALF1, RALF22, RALF32,
and RALF33 at different concentrations to test for their ability
to induce the kinase activity of SIRK1-GFPgqan, (supplemental
Figure 1). Independently of the concentrations used, neither

1616 Molecular Plant 15, 1615-1631, October 3 2022 © 2022 The Author.
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the RALF peptides nor the non-related reference peptides IDA
and CLE were able to induce SIRK1-GFPg,, kinase activity
above background level (supplemental Figure 1). By contrast,
with the exception of RALF1, the application of these peptides
even reduced SIRK1-GFPg,., kinase activity compared with
the control conditions (supplemental Figure 1). Inhibition of
complex formation between receptor and co-receptor by
RALF23 has been described for the FLS2/EFR-BAK1 complex
(Stegmann et al,, 2017). In addition, recently it was shown that
RALFs require internal disulfide bonding to acquire the required
structure for receptor binding (Moussu et al., 2020). This may
affect the performance of synthesized RALF peptides in this
kinase assay.

PEP7 can bind to SIRK1 in biochemical and biophysical
assays

The abundance of the signaling peptide PEP7 increased in the
apoplasm of liquid-grown seedlings when resupplied with

Molecular Plant 15, 1615-1631, October 3 2022 ©@ 2022 The Author.

30 mM sucrose after starvation (Figure 2A) but not when the
sucrose-starved seedlings were supplied with related disaccha-
rides such as sucralose or trehalose or the monosaccharide
glucose. Thus, the observed PEP7 accumulation was specific
for sucrose-supplemented seedlings. To test, whether PEP7 in-
fluences SIRK1-GFP4,. kinase activity, we performed an
in vitro dose-response assay. Increasing concentrations of syn-
thetic PEP7 enhanced SIRK1-GFPg.. kinase activity, which
reached saturation at PEP7 concentrations above 1 uM
(Figure 2B). We then tested whether PEP7 can directly bind to
SIRK1-GFP. SIRK1-GFP, immobilized on anti-GFP magnetic
beads (supplemental Figure 2A), was exposed to 1 pM PEP7.
After washing and elution, association of the putative ligand
with SIRK1-GFP was detected by mass spectrometry. Indeed,
SIKR1-GFP captured PEP7 from the solution (Figure 2C). Next,
we performed a series of co-immunoprecipitation experiments
to test for binding of PEP7 to the extracellular domain of SIRK1
(SIRK1-ECD). Firstly, Strepll-tagged SIRK1-ECD was purified af-
ter transient expression in Nicotiana benthamiana leaves

1617



Appendix

-80 -

Molecular Plant

AT5G09978 PEPT

8

]

B8

Log, (normalized ion intensity) »

g ND  ND ND
qucste” o955 cral 05 anal0%® yucos®
c Resupply after starvation
30

Kinase activity (uM min™! ATP) @

PEP7 as the ligand for receptor kinase SIRK1

06

SIRK1-GFP kinase activity )
05 }
0.4
03

02

01— T T T T
L] 05 10 15 20

PEPT7 peptide concentration (pM)

Co-IP assay

_}

b

™
S

LFQ ion intensity sum
=) o

o

1] S‘ND 3I

- +PEPT
Bait: SIRK1-GFP

m

= SIRK1
B PEP7

M

LFQ ion intensity sum

Co-IP assay 1 SIRK1-ECD

[ FEP7

]

8

4

5

28 |\p 26
- +PEP7
Bait: SIRK1ECD-Strepll

Co-IP assay = SRk

8 8

Log, LFQ ion intensity sum
=

[ PEPT-HIS

Log, LFQ ion intensity sum

40
Competitive binding

w
=3

n
S
f

.,

=
L

immobiized PEPT-HIS
—@— supplied ligand
—m— eluted SIRK1-ECD

Figure 2. Characterization of PEP7 as a
ligand candidate of SIRK1.
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supply of other sugars.

(B) Kinase activity of SIRK1-GFP induced by
different concentrations of PEP7.

(C) Normalized ion intensity (label-free quantifi-
cation [LFQ] values) of SIRK1 and PEP7 in co-
immunoprecipitation assays with SIRK1-GFP
with or without the supply of PEP7.

(D) Normalized ion intensity (LFQ wvalues) of
SIRK1-ECD-HA and PEP7 in co-immunoprecip-
itation assays with SIRK1-ECD-HA with or
without the supply of PEP7. Averages of at least
three biological replicates are displayed with
standard deviations. In bar charts, numbers indi-
cate the number of peptides identified.

(E) Normalized LFQ intensities of PEP7-HIS and
SIRK1 in pull-downs with PEP7-HIS as a bait.
(F) Competitive elution of SIRK1-ECD from pre-
bound complexes with immobilized PEP7-HIS
with different concentrations of PEP7. PEP6 was
used as a control.

In all panels, averages of at least three biological
replicates are displayed with standard deviations.
In bar charts, numbers indicate the number of
peptides identified.

lized PEP7—(His)s can be competitively
released by addition of free, non-tagged
PEP7. We detected a release of SIRK1-
ECD from the PEP7-(His)¢ beads with
increasing concentrations of free PEP7
(Figure 2F). Saturation was reached at
PEP7 concentrations above 1 uM. When
free PEP6 (1 pM) was used to elute
SIRK1-ECD from the PEP7-(His)s beads,
no release of SIRK1-ECD was observed.
These experiments suggest that indeed
PEP? associates with SIRK1 via its ECD.

ND 27

SIRK1GFP SIRK1ECD MF 0
Bait: PEP7-HIS

(supplemental Figure 2B) and was then immobilized to
streptavidin beads and exposed to PEP7 at a concentration of
1 uM. Again, PEP7 was detected by mass spectrometry among
the eluted proteins that were bound to the SIRK1-ECD bait
(Figure 2D). In a reverse co-immunoprecipitation experiment,
synthetic (His)s-tagged PEP7 was immobilized to Ni-NTA
magnetic beads (supplemental Figure 2C) and exposed either
to 50 pg SIRK1-GFP, 20 pug SIRK1-ECD purified from
N. benthamiana leaves after transient expression, or to root
microsomal membrane preparations, which are expected to
contain native full-length SIRK1 (Figure 2E). Indeed, in all three
approaches, PEP7-(His)s was found to capture SIRK1-GFP,
Strepll-tagged SIRK1-ECD, or root-derived SIRK1 from the solu-
tions. Next, we tested whether binding of SIRK1-ECD to immobi-

Concentration of PEP7 (uM) 1M

. r - We used microscale thermophoresis to

3 | PEPE obtain more quantitative data with respect
to the binding of PEP7 to SIRK1-ECD.
Strepll-tagged SIRK1-ECD was purified
(supplemental Figure 3) and labeled with
fluorescent dye RED-NHS. Incubation of different concentrations
of PEP7 with SIRK1-ECD resulted in a sigmoidal binding curve,
allowing the calculation of the binding constant (K4 value) of 1.4
+0.79 uM PEP7 (range: 1-1.8 uM) based on three assays fromin-
dependent protein isolations (Figure 3). Adding an approximate
amount of co-receptor QSK1-ECD as a third component to the
binding assay reduced the binding constant to a Ky of 57.0 =
22.2 nM (range: 33.9-80 nM). When PEP4 or PEP6 instead of
PEP7 was used as a putative ligand in the microscale thermopho-
resis assay, no sigmoidal dose-response curve could be ob-
tained, and the signal-to-noise ratio (around 1.4) was too small
to calculate a K, value. Thus, experimental evidence from the
different association assays and from microscale thermophoresis
point to PEP7 being able to physically bind to SIRK1-ECD.
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Figure 3. Microscale thermophoresis assay
with SIRK1-ECD and PEP7 or PEP6 as puta-
tive ligands.

In affinity measurement of SIRK1-ECD and PEP7
in the presence of QSK1-ECD, 20 nM QSK1-ECD
was applied. A signal-to-noise ratio of 8 was
achieved in assays for PEP7 as the ligand, while
o] the signal-to-noise ratio was 1.4 for PEP6 as the
control. K4 values are as indicated. Each dot
represents an average of at least three indepen-
dent measurements. Error bars indicate SD.
Fitting of the dose-response curve was performed
by the instrument software.

phosphorylation of QSK1 and the
phospharylation of aquaporins (Figure 5A).
In those experiments, hydroponic cultures
of Arabidopsis plants where starved for

T T T T T
1E-10 1E-9 1E-8 1E-7 1E-6
Ligand concentration (M)

QSK1-ECD could increase the binding affinity of SIRK1-ECD and
PEP7, as expected from QSK1 function as a co-receptor. Thus,
PEPT7 is a strong candidate to be the specific ligand of SIRK1.

PEP7 induces the formation of SIRK1 signaling complex
and phosphorylation of SIRK1 substrates

SIRK1-GFP fusion expressed in the sirk? and pep7 background
was used to determine the interactome of SIRK1 after addition
of sucrose, PEP7, or mock treatment following an established
affinity purification protocols (Wu et al., 2019b) (supplemental
Table 2). Protein abundances were normalized to the protein
abundance of the bait SIRK1-GFP (Figure 4A). Protein
abundance ratios were calculated as log, ratios of treatment
(sucrose or PEPY) versus mock treatment (Figure 4B).
Proteins, which showed a positive log.-fold change in their
abundance, were considered to be recruited as interactors of
SIRK1 in response to the respective treatment. Generally, there
was a large overlap of induced log, fold changes upon
sucrose or PEP7 treatment (Figure 4C), and we found a
correlation of log, fold changes in prey protein abundances
upon treatments with sucrose and PEP7 (Figure 4D). The
known co-receptor QSK1 and its homolog QSK2 were found
to be among the recruited interaction partners of SIRK1
in both treatments (Figure 4E). Also, aguaporins were
identified to be associated with SIRK1, again confirming earlier
observations that SIRK1 interacts with aquaporins upon su-
crose supply and that aquaporins are substrates for the
SIRK1/QSK1 signaling complex (Wu et al., 2013, 2019b).
(Figure 4F). Furthermore, PEP7 induced a comparable change
of aquaporin abundance in the SIRK1-GFP pull-downs as did
sucrose (Figure 4F). We conclude that PEP7 induced the
formation of a highly similar interactome of SIRK1 as was
observed after treatment with external sucrose.

As shown previously, the activation of SIRK1 by external
sucrose supply (Wu et al, 2013, 2019b) involved the trans-

sucrose and resupplied with 30 mM
sucrose solution for 5 min prior to
harvesting of tissue and analysis of protein
phosphorylation (Wu et al., 2013, 2019b).
Here, we show that in the wild type, an
external supply of PEP7 (instead of sucrose) also resulted in
increased phosphorylation of QSK1/QSK2 and aquaporins
(Figure 5B). The sucrose-induced phosphorylation of QSK1/
QSK2 and aquaporins was reduced in the previously described
sirk1 loss-of-function mutant (Figure 5B). The external supply
of PEP7 instead of sucrose to sirk7 seedlings resulted in an
even lower phosphorylation of QSK1/QSK2 and aquaporins
compared with wild type. Moreover, the phosphorylation of
aquaporins and QSK1/QSK2 was not observed in the pep7
mutant upon sucrose supply. However, the increased phosphor-
ylation of QSK1/QSK2 and aquaporins in pep7 was restored
by external supply of PEP7. In the sirk1;pep7 double mutant,
the phosphorylation of QSK1/QSK2 and aquaporins was neither
induced by sucrose nor rescued by an external supply of PEP7.
Importantly, the quantified phosphopeptides of aquaporins
(supplemental Table 3) corresponded to the known pore-gating
phosphorylation sites from SoPIP2A (Figure 5C), suggesting
that, indeed, PEP7 induced pore-opening phosphorylations
of aquaporins, similar to the treatment with external sucrose
(Figure 5D).

T
1E-5

PEP7 may stabilize in vivo association of SIRK1 and
QSK1 for forming active complexes

To investigate potential effect of PEP7 on SIRK1 and QSK1 asso-
ciations, we measured their spatial proximity in vivo by Forster
resonance energy transfer by fluorescence lifetime (FLT) imaging
(FRET-FLIM). In transiently transformed N. benthamiana
epidermal leaf cells, QSK1-GFP and SIRK1-mCherry co-
localize in the plasma membrane with or without the supply of
PEP7 (supplemental Figures 4A and 4B). To determine the
background FRET-FLIM values, the FRET donor QSK1-GFP
was expressed alone, and the FLT was measured. In all cases,
where QSK1-GFP and SIRK1-mCherry (FRET acceptor) were
co-expressed, a reduction in FLT was observed, indicating a
close spatial proximity (less than 10 nm; Glockner et al., 2019)
of the two proteins. There was no significant further reduction in
FLT when PEP7 was applied compared with mock treatment
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Figure 4. Interactome of SIRK1 induced by PEP7 and sucrose.

{A) Protein abundance distribution normalized to bait (SIRK1) abundance. LFQ values were taken as measure of protein abundance.

(B) Distribution of treatment/control comparisons centered on median values. The two median values within each comparison are shown in the violin plot,
respectively.

{C) Venn diagram of responding proteins upon sucrose or PEP7 treatment.

(D) Correlation analysis of all protein comparisons under two treatments. Proteins with values greater than the median were considered to be recruited by
SIRK1 under both treatments.

{E) Correlation analysis of only receptor kinases.

(F) Correlation analysis of only PIPs under two treatments.
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Figure 5. PEP7-induced changes of phosphorylation levels of SIRK1 substrates.
(A) SIRK1 signaling scheme highlighting substrates that presented previously.
(B) Heatmap of means of Z scored phosphosite intensities of different phosphopeptides identified for known members of the SIRK1 signaling pathway.

Each row represents one phosphopeptide.

(C) Sequence alignment of C-terminal phosphorylated plant aquaporins. Gray area indicates the conserved residues that can be phosphorylated.
(D) Z scored phosphorylation levels of conserved residues of PIPs that correspond to the pore gating that induced by sucrose and PEP7. Small letters
indicate significant differences (p < 0.05; pairwise t-test) for each phosphopeptide between genotypes.

(supplemental Figure 4B). To exclude the possibility that
endogenous PEP7 may mask the effects of externally
applied PEP7 on QSK1-GFP/SIRK1-mCherry association, we
performed the FRET-FLIM experiments in the presence of the
protease inhibitor leupeptin. Leupeptin inhibits the metacaspase
4 (MC4) (Vercammen et al., 2004), which releases PEP7 from its
propeptide (Moussu et al., 2020). After treatment with leupeptin,
the FLT of QSK1-GFP in the donor-only control was reduced in
response to PEP7 addition (supplemental Figure 4B). However,
the FLT of QSK1-GFP in presence of SIRK1-mCherry was not
significantly altered in response to PEP7 application even after
treatment with leupeptin (supplemental Figure 4B). Likely,
SIRK1 and QSK1 are associated in preformed nano-structured
membrane domains in the absence of PEP7 as was described
for several other LRR-RK complexes (Bucherl et al., 2017;
Glockner et al., 2019; Gronnier et al., 2022). Therefore, PEP7
may act as a stabilizing factor of the QSK1/SIRK1 association,
thereby transforming the preformed inactive complexes into
active ones. Indeed, when the SIRK1-QSK1 complex was acti-

vated by sucrose or PEP7 treatment, SIRK1 was reliably detected
in pull-downs of QSK1-GFP (supplemental Figure 4C). Moreover,
when the QSK1 complex was fixed in the active state (e.g., by
mutation of the phosphorylated serines of QSK1 to aspartates),
SIRK1 was also detected in pull-downs under non-stimulated
conditions (supplemental Figure 4C).

PEPT affects water influx to protoplasts via receptor
kinase SIRK1

Sucrose as an osmotic agent was previously shown to induce
water influx into protoplasts, and this sucrose-induced water
influx was significantly reduced in the sirk7 mutant (Wu et al.,
2013). We performed protoplast swelling assays with wild type
and sirk! and pep7 single mutants as well as the sirk1,pep7
double mutant to test if supply of PEP7 was also able to induce
water influx and whether this was dependent on the presence
of SIRK1 receptor kinase. In wild type, mannitol and sucrose
induced water influx density (Figures 6A and 6B). An external
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Figure 6. Water influx density of protoplasts induced by osmotic changes through mannitol, sucrose, or by the supply of PEP7 in the
wild type (Col-0), sirk1, pep7, the double mutant sirk1pep7, and mc4.

{A) Boxplots show the water flux density relative to wild type. The average of Col-0 under mannitol treatment was used as the control and set
to 1. Vertical lines in the boxes indicate the median and upper/lower borders represent the 25" percentile. White dots represent individual

(legend continued on next page)
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supply of PEP7 in wild type significantly further increased water
influx density compared with mannitol or as observed in
presence of sucrose. In the sirk? mutant, mannitol induced
water influx density, but sucrose treatment did not. Supply of
PEP7 to sirk1 mutant did not increase water influx density
(Figures 6A and 6B), which remained low, similar to water flux
density observed in sirk7 with sucrose treatment. In the pep7
mutant, mannitol induced water influx, but sucrose treatment
resulted in low water influx density, similar as in the sirk?
mutant. Strikingly, external supply of PEP7 to the pep7 mutant
restored water influx densities to higher values statistically not
different from wild type under mannitol treatment (Figures 6A
and 6B). In the sirk1;pep7 double mutant, neither sucrose nor
PEP7 treatment resulted in enhanced water influx densities,
suggesting that SIRK1 is required for the protoplast swelling
response.

Recently, the MC4 was identified to be involved in PEP7 matura-
tion (Moussu et al., 2020). Interestingly, water influx rates of the
mc4 loss-of function mutant resembled the water influx rates of
the pep7 mutant. In mc4, as in pep7, sucrose did not induce wa-
ter influx, but PEP7, also in mc4, was able to restore water influx
to the protoplasts (Figures 6A and 6B). This further supports our
conclusion of PEP7, as being produced by MC4 activity, to be
involved in regulation of water influx.

We then tested whether other members of the PEP family were
able to affect water influx to protoplasts in a similar way. PEP4
and PEP6 were used since they were also found to be ex-
pressed in root tissue (Shulse et al., 2019). Water influx
densities in wild type were not significantly affected by the
presence of PEP4 or PEP6. When the receptor kinase SIRK1
was absent (sirk7 mutant), water influx densities in the pres-
ence of PEP4 or PEP6 were not different from wild type, sug-
gesting that PEP4 and PEP6 did not require the presence of re-
ceptor kinase SIRK1 (supplemental Figure 5A). In the pep7
mutant, no difference in water influx densities compared with
wild type was observed when PEP4 or PEP6 was supplied
externally (supplemental Figure 5A). To differentiate the
effects of SIRK1 from other known PEP-family receptors, we
performed protoplast swelling assays using pepr? and pepr2
mutants, PEPR1 and PEPR2 are known receptors to PEP1
(Bartels et al., 2013). Although pepr1 and pepr2 showed an
increased water influx density in response to mannitol
compared with wild type, PEP7 was still able to increase
water influx density similarly as in wild type, suggesting that
PEPR1 and PEPR2 are not involved in the PEP7 pathway
(supplemental Figure 5B).

Lateral root growth mediated by PEP7 requires SIRK1

Next, we explored the role of the PEP7/SIRK1 signaling pathway
on the organ level of roots. We hypothesize that particularly
lateral root growth, which relies on sucrose supply as carbon
source and water transport for turgor buildup (Péret et al.,
2012), may—in addition to auxin—be affected by the SIRK1/

Molecular Plant

QSK1/PEP7 signaling module. In wild type, PEP7 treatment re-
sulted in lateral root primordia (LRP) being more frequently found
at later developmental stages (stages VI + VII, VIII) (Figure 7)
compared with untreated plants. In the sirk7 mutant, LRP were
equally distributed across stages, and no effect of PEP7
treatment was observed, suggesting a generally delayed
lateral root development in the sirk7 mutant, and this was not
affected by PEP7 treatment. In the pep7 mutant under control
conditions, most LRP were observed at early stages Il + IIl.
PEP7 supply significantly decreased LRP at early stages, and
we found a significant increase of LRP frequency at stages
VI + VIl and VIII (Figure 7). This may indicate that PEP7
contributes to progressing LRP from early stages (I to Ill) to
later stages (VI + VIl and VIII). In the sirk1;pep7 mutants, LRP
distribution under control conditions was similar to the
distribution observed in the pep7 mutant, with low frequency
of LRP at stages IV + V. PEP7 treatment resulted in a similar
distribution of LRP stages as in the sirk?7 mutant, lacking a
significant progression of LRP stages to later developmental
stages.

In general, it must be kept in mind that root growth and lateral root
development are complex traits affected by multiple signaling
pathways over a more long-term time scale. In previous work,
LRP emergence was shown to be affected by aquaporin activity,
which was in turn affected by auxin (Péret et al., 2012). Thus, the
observed low numbers at stages IV and V in in pep7 and
sirk1;pep7 may be attributed to complex interactions of multiple
signaling pathways (e.g., auxin signaling) affecting aguaporin
activities, and these may still be active even in the absence of
SIRK1. Also, the more long-term time scale compared with other
biochemical process, such as protein phosphorylation and proto-
plast swelling assays, must be considered. However, our data
clearly show a contribution of PEP7 and SIRK1 to the complex
trait of LRP emergence.

DISCUSSION

PEP7 (AT5G09978) belongs to a family of “danger signaling pep-
tides” consisting of eight family members (Zhang et al., 2016a).
Out of this family, PEP1 was shown to be recognized by
receptors PEPR1 (AT1G73080) and PEPR2 (AT1G17750) (Krol
et al,, 2010; Yamaguchi et al., 2010), but very little is known
about the other PEP-family members. Here, we point to a
signaling pathway for PEP7. Based on the sequences of the
active peptides, PEP6 shows strongest similarity to PEP7 and
therefore was used as a control. PEP4, although its propeptide
shares expression with PEP7 in root tissue, shows the strongest
dissimilarity to PEP7 and was used as a second negative control
(Zhang et al., 2016a).

PROPEP7 was found by single-cell sequencing of root cells, clus-
tering with marker genes of mature root hairs (Ryu et al., 2019). In
the same study, PROPEP6 was found in a gene cluster with
marker genes of the endocortex, while other members of the

measurements. Small letters indicate significant differences (p < 0.05) between treatments as determined by one-way ANOVA with Holm-Sidak

correction.

(B) Volume change of protoplasts over time under induced by mannitol only, in the presence of sucrose, or in the presence of PEP7, and representative
images of protoplasts at high and low osmolarity conditions. Scale bar, 5 um. man, mannitol; suc, sucrose.
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PEP family or the respective PEPR receptors were not found.
Most interestingly, in another single-cell sequencing study of
root cells (Shulse et al., 2019), expression of PROPEP7 was
induced by external sucrose supply, while expression of
PROPEPS and PROPEP4 were not induced by sucrose (Shulse
et al., 2019). Thus, members of the PEP family are involved in
other signaling pathways besides biotic stress responses and
were shown to be released also upon changes in plant central
carbon metabolism (e.g., sucrose). Our research points to an
involvement of PEP7 in regulatory processes induced by
osmotic imbalances in sucrose availability.

Processing of PEP7

Recently, type Il metacaspases were found to be involved in
processing of the plant elicitor peptides (Moussu et al., 2020),
specifically MC4 (AT1G79340) was able to process also
PROPEP? by releasing the active peptide from the C terminus
of the propeptide by cleavage after arginine or lysine. The pro-
cessing of PEPs was induced by calcium signals (Hander et al.,
2019) and required intramolecular proteolysis even of the
metacaspase. The mRNA of MC4 was shown to be cell-to-cell
mobile (Thieme et al., 2015). Little is known about further
requirements for processing of the PEP precursors. Our work
supports that MC4 may indeed be involved in PEP7
maturation as concluded from the protoplast swelling assays
of the mc4 mutant with supply of external PEP7 and/or
sucrose (Figure 6).

The signaling pathway of PEP7

The expression pattern of PROPEP7 does not show overlaps with
expression of the known PEP receptors PEPR1 and PEPR2
(Bartels et al., 2013), suggesting a different perception pathway
for PEP7. Also, SIRK1 shows unigue expression patterns
compared with PEPR1 and PEPR2, especially in sink tissues of
shoot and root (Winter et al., 2007). Distinct signaling pathways
for SIRK1 and PEPR1/2 were also concluded here, since pepr7
and pepr2 mutants remained responsive to PEP7 treatment in
protoplast swelling assays (supplemental Figure 5B). However,
the SIRK1 signaling pathway is linked with components of
PEPR1 and PEPR2 signaling through commeon interaction part-
ners. For instance, BAK1, two HERK2 paralogs, and QSK1—all
classified as co-receptors (Xi et al., 2019)—are suggested as
common interaction partners for all three receptors (PEPR1,
PEPR2, SIRK1) (Arabidopsis Interactome Mapping Consortium,
2011; Jones et al., 2014).

One important function of co-receptors is in the stabilization of
the interaction of the receptor with the ligand. The co-receptor
contributes as a shape-complementary component and, by inter-
action with the receptor, holds the ligand in place (Sun et al.,
2013a, 2013b; Santiago et al., 2013; Zhang et al., 2016b,
2016¢). Our biochemical assays and the proteomics study of
protein complexes and their phosphorylation, as well as the
cellular and whole-plant responses, support PEP7 as a ligand
to receptor kinase SIRK1. QSK1 was previously proposed
to have a role in stabilization of the activated SIRK1 complex
(Wu et al., 2019b; supplemental Figure 6C). It may even be
speculated that QSK1 could also function as co-receptor with
other receptor kinases, possibly also involving other PEPs as li-
gands. A ligand-stabilizing function was clearly alsc demon-

PEP7 as the ligand for receptor kinase SIRK1

strated for co-receptor BAK1, in which different regions of the
ECD are involved in interaction with different ligands (Sun et al.,
2013a, 2013b; Santiago et al., 2013).

Receptor-ligand binding and preformed complexes of
SIRK1 and QSK1

Receptor kinases are known to have strong binding affinities
for their ligands. Brassinolide binds to the BRI1 receptor with
a Kq4 of 15 nM as determined by immunoprecipitation assays
(Wang et al., 2001). Scatchard plots suggested the Ky of
Clavata3 binding to its receptor Clavatal at 17 nM (Ogawa
et al., 2008). The binding of CLE41/44 to receptor PXY with a
Kg of 33 nM was detected by using isothermal titration
calorimetry (Zhang et al., 2016b). The binding of RALF to its
receptor Feronia with a K4 of around 1 pM was determined
by microscale thermophoresis. Interestingly, far higher
binding constants were found for binding of the peptide IDA
to its receptor Hasea with a K4 of 20 uM using isothermal
titration calorimetry (Santiago et al., 2016). The higher Ky4
values, as in the case of IDA, were obtained under conditions
in which the co-receptor (SERK1) was not present. In that re-
gard, the K values obtained here for the binding of PEP7 to re-
ceptor SIRK1 are within this range at around 1 pM. Strikingly,
by adding the co-receptor QSK1 to the binding assay, a signif-
icantly higher binding affinity for PEP7 was observed (K4 =
57.01 = 22.3 nM). We use the approximated same amount of
QSK1-ECD as the SIRK1-ECD in the binding assays, but it is
not yet known if different ratios of receptor and co-receptor
could result in different K4 of SIRK1 binding PEP7.

Apparently, PEP7 is produced under conditions of changed su-
crose supply (Shulse et al., 2019). According to our biochemical
data, the ligand PEP7 would induce the formation of the SIRK1
signaling complex. However, our attempts to visualize the recruit-
ment of co-receptor QSK1 to ligand-activated SIRK1 using FLIM/
FRET experiments revealed no clear differences between treat-
ments with PEP7 and controls. This supports the hypothesis
that receptor and co-receptor are arranged in preformed com-
plexes within nano-domains (Bucherl et al., 2017; Gronnier
et al.,, 2022) and that these complexes are likely stabilized or
rearranged by the ligand to reveal their full activity. This was
already observed for other receptor/co-receptor pairs (Caesar
et al., 2011; Ladwig et al., 2015).

We found biochemically stable interactions between SIRK1 and
QSK1 only after treatment with PEP7 (Figure 4). This supports
the view that the complex is stabilized so that it can be
detected after biochemical purification. The phosphorylation
of scaffold proteins may be important in formation and
rearrangement of such preformed signaling domains (Perraki
et al., 2018). In any case, we here could show that binding of
PEP7 to the SIRK1-QSK1 protein complex leads to the
activation of a downstream signaling cascade involving
activation of aquaporins and subsequent changes in water
influx to the cell.

PEP7 and the response to sucrose

Our findings strongly point to a receptor/co-receptor signaling
pathway of SIRK1/QSK1 that is activated by the elicitor
peptide PEP7 and results in the opening of aquaporins by
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Figure 7. Lateral root development in the wild type (Col-0), sirk1, pep7, and sirk1;pep7.

(A) Experimental setup and definition of stages as described (Péret et al., 2012).

(B) Percentage of the plants on different lateral root developmental stage sections, without PEP7 (gray) and with 1 M PEP7 supply (green) in wild type and
mutants. Data are shown as mean values + SEM (n = 27-30). Small letters indicate significant differences of lateral root primordia frequencies within one
genotype without PEP7 supply. Capital letters indicate significant differences of lateral root primordia frequencies within one genotype under 1 pM PEP7
supply. Asterisks mark the statistical comparisons between no PEP7 and with 1 uM PEP7 supply at each stage section (Student’s t-test, *p < 0.05 and

“p < 0.01).
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SIRK1-dependent phosphorylation. The opening status of
aquaporins was shown to also have effects on lateral root
emergence (Péret et al., 2012) via auxin signaling, and root
hydraulic conductivity is affected by aquaporin abundance,
even in response to signals from the shoot (Vandeleur
et al., 2014). Thus, effects of the SIRK1/QSK1/PEP7 signaling
pathway on lateral root development may also be indirect
through reduced cell expansion in mutants where aquaporin
activation is impaired. In general, the SIRK1/QSK1/PEP7
signaling pathway could have biological functions during su-
crose allocation within the plant and/or during response to os-
motic stresses and drought.

We here show that PEP7 is secreted in response to external
sucrose supply. Thus, activation of SIRK1 by sucrose, as stud-
ied in previous work (Wu et al., 2013, 2019a), requires sensing
of sucrose status and maturation of PEP7 before the receptor
SIRKT1 is activated. A challenging question remains for further
study as to whether external sucrose triggers the PEP7
maturation or whether sucrose acts after uptake into the cells.

MATERIALS AND METHODS

Plant materials

Arabidopsis seeds of wild type (col-0), sirk1 (SALK_125543), gski
(SALK_019840), pep7 (SALK_025824), pep6 (SALK_141703), and mc4
(SAIL_856_D05) were used. Double mutants sirk1;pep7 and sirk1;qsk1
were obtained by crossings of the respective single mutants. Furthermore,
we overexpressed of SIRK1 (35 S::SIRK1-GFP) in the background of sirk1
and pep7. Homozygous T-DNA insertional mutants sirk7 and double
mutant sirk1;gsk1 were confirmed via PCR amplification as reported pre-
viously (Wu et al., 2019b). Mutants of pep7 and sirk7;pep7 were confirmed
via PCR amplification using T-DNA border primer LBb1.3 (5'-ATTTTGCC
GATTTCGGAAC-3) and gene-specific primers (PEP7-RP: 5'- GGA
AGGTGCCTAGTTGGTACC -3, PEP7-LP: 5'-GTTTTCACGTTTCAAAT
TCGG-3'; SIRK1-RP: &'-TTTCCAGCATTTCCAACACTC-3, SIRK1-LP:
5'-CACTAAGCTTGTTGAGGTCGC-3') (supplemental Figure S6).

Hydroponic cultures, treatments, and phenotyping

Plants were germinated and grown under 16/8 day/night (22°C,
120 pE/s-m?) in ",MS medium plus 0.5% sucrose in a hydroponic culti-
vation system (Schlesier et al., 2003). Whole seedling cultures were
grown in 50 ml ",MS medium with 0.5% sucrose as described
(Niittyla et al., 2007). Sucrose starvation-resupply experiments were
performed as described (Niittyla et al., 2007). Plant material was
collected after sucrose starvation (no resupply), after sucrose
treatment (1% sucrose for 5 min), or after PEP7 treatment (1 pM
PEP7 for 5 min). Addition of glucose (33 mM), sucralose (30 mM),
and trehalose (40 mM) with the same osmolarity (Vapro 5600, Wescor
Biomedical Systems) as the 30 mM sucrose solution were used as
control treatments in some experiments. For lateral root growth
phenotypical analysis, lateral root induction was performed on 5-day-
old seedlings grown on ',MS plates with or without 1 M PEP7 by
rotating the plates at 90° (Péret et al., 2012).

Protein extraction and ultrafiltration

At harvesting, tissue was flash frozen in liquid nitrogen. After breaking
300 g of frozen tissue to coarse pieces, the frozen tissue was transferred
to a glass grinder (GLASS/PTFE Potter Elvehjem Tissue Grinder 30 ml),
and 0.1% trifluoroacetic acid (TFA) was added to a volume of about
30 ml per sample. After tissue homogenization, the solution was filtered
through four layers of gaze (Miracloth, Merck Millipore). Remaining cell
debris was pelleted at 4°C and 10 000 x g for 15 min. The supernatant
was used for further ultrafiltration and fractionation. The protein extract

PEP7 as the ligand for receptor kinase SIRK1

was firstly filtered through a 0.45 um filter to get rid of any insolubilized ma-
terial. Afterward, the protein extract was concentrated over a tangential
flow filtration (Minimate Tangantial Flow Filtration Systems, Pall Corpora-
tion) using a molecular weight cutoff of 1 kDa (i.e., retaining anything larger
than 1 kDa).

Fractionation by size-exclusion chromatography

The ultrafiltrate was fractioned by fast protein liquid chromatography
(NGC chromatography systems, BioRad) reverse-phase chromatog-
raphy using a Bio-scale MT column (2 ml, BioRad). The column was
packed with Macro-Prep t-Butyl and Methyl Hydrophobic Interaction
Chromatography Media. Before fractionation, the fast protein liquid
chromatography system was washed with 20% ethanol using a flowrate
of 10 ml-min~' (50% pump A/50% pump B). The system was then
washed with 2.5 ml H,0 at a speed of 0.5 mImin~" for 5 min. The column
was equilibrated with 6 ml 2% acetonitrie and 0.1% TFA
(8.57 min x 0.7 ml-min~"), and a 500 pl sample was loaded to the col-
umn. A linear elution gradient was run from 100% pump A to 100%
pump B. Pump A was supplied with 2% acetonitrile with 0.1% TFA and
pump B with 50% acetonitrile with 0.1% TFA. The gradient was run for
28 min, of which the last 3 min were 100% pump B. The fractioned solu-
tion was collected with a fraction collector (BioFrac Fraction Collector,
BioRad) in 10 2 ml fractions.

Transient expression of recombinant SIRK1 in N. benthamiana

Agrobacterium tumefaciens GV3101 strain harboring the relevant con-
structs and strain C58C1 (pBinG1 vector with P19 gene) were grown in
liquid LB medium (10 gI~" Tryptone, 5 gl~" yeast extract, and 10 gI™'
NaCl) at 28°C with appropriate antibiotics. For infiltration, Agrobacte-
rium culture was adjusted to final ODgg 0.5 for GV3101 and 0.25 for
strain C58C1 in a mixture using infiltration buffer 10 mM MES-KOH
(pH 5.6), 200 uM Acetosyringon, and 10 mM MgCl;. Three- to four-
week-old N. benthamiana leaves were syringe infiltrated and harvested
after 48 h. The harvested leaves were flash frozen in liquid nitro-
gen before protein extraction and purification. SIRK1-ECD and
QSK1-ECD were expressed as C-terminal fusion with an HA and
Strepll tag using the pXCS vector series in GV3101::pMP90RK strain
(Witte et al., 2004).

Protein extraction and strep-tag purification

N. benthamiana leaf material harboring SIRK1-ECD or QSK1-ECD was
ground in liquid nitrogen (Witte et al., 2004) and thawed in 100 mM Tris-
HCI (pH 8.0), 150 mM NaCl, 1 mM EDTA, 2% w/v PVPP, 0.5% Triton
X-100, 1 mM PMSF, and 5 mM DTT. The mixture was incubated at
4°G for 2 h under constant shaking. After centrifugation (14 000 RPM,
10 min, 4°C), the supernatant was subjected into an equilibrated
Strep-Tactin column (2-4013-001, IBA GmbH) according to the manu-
facturer’s tutorial. The Strepll-tagged protein was eluted with 50 mM
biotin, 100 mM Tris-HCI (pH 8.0), 150 mM NaCl, and 1 mM EDTA.
Eluates were passed through a Macrosep Advance Centrifugal
Devices with Omega Membrane 10K (MAPO10C36, Pall Corporation)
to get rid of the biotin contamination in the eluate. The target
protein (SIRK1-ECD and QSK1-ECD) was collected from the sample
reservoir.

Microsomal membrane preparation

Microsomal membranes were enriched by differential centrifugation as
described (Pertl et al., 2001; Wu et al., 2013, 2019a). 1.5 g fresh tissue
was homogenized in 10 ml ice-cold 330 mM mannitol, 100 mM KCI,
1 mM EDTA, 50 mM Tris-MES (pH 7.5), 5 mM DTT, 1 mM PMSF, and
0.5% v/v Protease inhibitor cocktail (P9599, Sigma-Aldrich) and phospha-
tase inhibitors (25 mM NaF, 1 mM NagVO,, 1 mM benzamidin, 3 uM leu-
peptin). The homogenate was centrifuged for 15 min at 7500 x g at
4°C. The supernatant was centrifuged again for 75 min at 48 000 x g at
4°C, resulting in the microsomal membrane pellet.
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Pull-downs of GFP-tagged SIRK1

Microsomal proteins (100 ug) resuspended in 330 mM mannitol, 25 mM
Tris-MES (pH 7.5), and 0.5 mM DTT was incubated with 25 pl anti-GFP
agarose beads (Chromotek) (Wu et al., 2013). After incubation, beads
were collected and washed twice with 500 ul 10 mM Tris-HCI (pH 7.5),
150 mM NaCl, 0.5 mM EDTA, and 0.01% IGEPAL. For protein-protein
interaction assays, the proteins were eluted from the beads with 100 pl
buffer (10 mM Tris-HCI [pH 8.0], 6 M urea, 2 M thiourea). For kinase activity
assays, three more washing steps were carried out, once with 10 mM
Tris-HCI (pH 7.5), 300 mM NaCl, and 0.5 mM EDTA and twice with
40 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 0.1% BSA, and 2 mM DTT.

Kinase activity assay

SIRK1-GFP fusion proteins were affinity purified over anti-GFP beads (see
above). A luciferase-based kinase activity assay was performed as
described (Wu et al., 2013). The agarose beads with GFP-tagged
proteins were resuspended in 30 ul kinase reaction buffer with ATP and
the generic kinase substrate myelin basic protein (40 mM Tris-HCI
[pH 7.5], 10 mM MgCl, 0.1% BSA, 2 mM DTT, 100 uM ATP, 0.4 ug L’
myelin basic protein). After incubation, 30 ul ADP-GLO Reagents (Promega)
was added. Then, kinase detection reagents were added and incubated for
another hour. Luminescence as a measure of ATP conversion from ADP
was recorded with a luminometer (TecanM200Pro). Proteins from three in-
dependent protein isolations were averaged.

Binding assays of PEP7-HIS to immobilized SIRK1

The C-terminal HIS-tagged PEP7 (Pepmic) was used as bait. 20 pl
HisPur Ni-NTA Magnetic Beads (Thermo Fisher Scientific) were equili-
brated with 100 mM NaH,PO./Na,HPO,, 600 mM NaCl, 0.05% Tween-
20, and 30 mM imidazole (pH 8.0), and the beads were collected by a
magnet. The mixture of 100 pl equilibration buffer containing final concen-
tration 1 uM PEP7-HIS was incubated with beads for 1 h at 4°C. After in-
cubation, the beads were washed three times with 100 mM NaH,PO,/
NayHPQ,, 600 mM NaCl, 0.05% Tween-20 Detergent, and 50 mM imid-
azole (pH 8.0). SIRK1 full-length GFP protein extract from
N. benthamiana (50 ug), SIRK1 full-length GFP from microsomal fraction
of SIRK1-GFP overexpression line (50 pg), or purified SIRK1ECD-HA-
Strepll (20 pg) was added as prey protein. Formed complexes were en-
riched on a magnet and eluted with 40 pl 100 mM NaHzPO./Na;HPO,,
600 mM NaCl, and 250 mM imidazole (pH 8.0). Ten pg of the eluate
were vacuum dried and stored for further use.

Binding assays of SIRK1 to immobilized PEP7-HIS

SIRK1 full-length GFP protein obtained from membrane fraction and
SIRK1-ECD-HA-Strepll protein obtained from transient expression in
N. benthamiana were used as bait to capture PEP7. For binding assay
of SIRK1 full-length GFP with PEP7, 100 ng SIRK1-GFP protein extract
was prebound to GFP-Traps-MA beads (Chromotek) for 2 h under rotation
at 4°C. The slurry was separated with a magnet, the supernatant was dis-
carded, and the beads were washed three times with 500 ul 10 mM Tris-
HCI (pH 7.5), 150 mM NaCl, and 0.5 mM EDTA. Then, prey PEP7 (1 uM)
was added to the beads for 1 h at 4°C. Beads were washed three more
times, and proteins were eluted with 60 ul 6 M urea and 2 M thiourea.
For the binding assay of SIRK1-ECD to PEP7, 200 ug SIRK1-ECD protein
extracted from N. benthamiana was prebound to Strep-tagll beads
(Thermo Fisher Scientific) for 2 h under rotation at 4°C. The beads were
collected by centrifugation and washed three times in 100 mM HEPES
(pH 8.0), 100 mM NaCl, 0.5 mM EDTA, 0.05% Triton X-100, and 2 mM
DTT. PEP7 was added, and bead slurry was eluted with 100 ul 100 mM
HEPES (pH 8.0), 100 mM NaCl, 0.5 mM EDTA, 0.05% Triton X-100,
2 mM DTT, and 10 mM biotin (Witte et al., 2004). Ten pg of the eluates
were vacuum dried and stored for further use.

Competitive binding assay

All buffers used were identical to those described for the PEP7-HIS
pull-down assay described above. PEP7-HIS (final concentration
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1 uM) was firstly immobilized on 20 pl HisPur Ni-NTA Magnetic Beads,
and subsequently 100 pg purified protein SIRK1ECD-HA-Strepll was
bound to the immobilized PEP7-HIS. Different concentrations of un-
tagged PEP7 (100 pl ddH,O containing 0, 0.2, 0.5, 1, 1.5, 2, or 3 uM
PEP7) was added to elute the SIRK1-ECD from the immobilized
PEP7-HIS. The remaining SIRK1-ECD that was not eluted by PEP7
was then eluted with HIS-beads elution buffer (100 mM NaH,PO,/Nas-
HPO, [pH 8.0], 600 mM NaCl, 250 mM imidazole).

Microscale thermophoresis

A buffer exchange column was firstly applied to purified SIRK1-ECD
protein to remove any unfavorable reagents. Concentration of purified
ECDs was measured by BCA assay. The RED-NHS 2" generation
amine reactive dye (MO-L011, NanoTemper Technologies) was used
to label the purified SIRK1-ECD (2 puM) with a 5:1 dye:protein
ratio for 30 min at room temperature in the dark. Column B was em-
ployed to remove the excess of dye and produced the labeled protein
in PBST buffer (20 mM NaH,PO./Na,HPO,, 100 mM NaCl [pH 7.5],
0.05% (v/v) Tween 20). Labeled SIRK1-ECD was adjusted to a final
concentration of about 20 nM in PBST buffer and then titrated with se-
rial (1:1) dilutions of PEPT (starting at 0.5 mM), PEP8, or PEP4 (all
peptides obtained from Pepmic). The complex was allowed to estab-
lish for 10 min at room temperature before the samples were
loaded into the capillaries (MO-K025, NanoTemper Technologies).
Binding was detected by a Monolith NT.115 instrument (NanoTemper
Technologies) at 24°C with 80% excitation power and 40% MST po-
wer, and a dose-response curve was generated. QSK1-ECD with a
final concentration 20 nM was applied for triple binding affinity estima-
tion. All experiments were repeated at least three times. Raw data
were analyzed by MO Affinity Analysis software (v.2.2.4) and
QOriginPro software.

Protoplast swelling assays

Surface-sterilized seeds after vernalization for 48 h were germinated
and grown vertically on sucrose-starved medium ("/MS solid medium
with 0.02% sucrose). Approximately 30 seedlings were cut into small
pieces, and cell walls were digested in 300 mM mannitol, 10 mM
MES-KOH (pH 5.8), 10 mM CaCl,, 10 mM KCI containing 1% (w/v)
cellulase Onozuka R10 (Duchefa), and 1% (w/v) macerozyme R10
(Duchefa). After 3 h of gentle shaking in the dark at room temperature,
the protoplasts were prepared via a 50 um nylon mesh filter. Proto-
plasts were then enriched by centrifugation at 80 x g at 4°C for
10 min and washed three times with ice-cold wash buffer (300 mM
mannitol, 10 mM MES-KOH [pH 5.8], 10 mM CaCl, 10 mM KCI). The
protoplasts were finally resuspended in 150 pL wash buffer and
stored in the dark on ice for at least 30 min before an experiment
was started. In principle, protoplast swelling experiments were per-
formed as described earlier (Sommer et al., 2007; Wu et al., 2013).
Approximately 20 pl of the protoplast suspension were pipetted to
200 pL high osmolarity solution (supplemental Table 4) in a perfusion
chamber mounted on the stage of an inverted microscope (DMi8,
Leica). Protoplasts were allowed to settle down for 5 min. The
chamber was perfused with 3 ml of high osmolarity solution to
select protoplasts sticking well to the glass bottom of the chamber,
then the chamber was perfused with low osmolarity solution.
Solution change in the chamber took about 15 s. A video was
recorded for 5 min to capture the dynamic change of the protoplasts
with the time interval of 3 s. Buffers with 30 mM sucrose and/or
1 uM PEP7 are described in supplemental Table 4. The diameter of
the protoplasts was measured directly by using the Leica software
LAS X Core, followed by the calculation of volume and surface area
at each time point. A regression curve was fitted to the volume
change, and the maximal slope was obtained from the first derivative
of the curve. The maximal water flux density that corresponds to
aquaporin activity thus was determined by the maximal slope divided
by the protoplast surface area at the corresponding time point.
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Curve fitting and derivative calculation were performed with OriginPro
software.

FLIM-FRET analysis

The coding sequences of SIRK1 and QSK1 were expressed as C-termi-
nal fluorophore fusions in 2in1 vectors, namely pFRETcg-2in1-CC
(Hecker et al., 2015). To obtain GFF-donor-only controls, a coding
sequence of gentamycin fused to mCherry was used. The binary
vectors and p19 as gene silencing suppressor were introduced into
GV3101 and infiltrated into 3- to 4-week-old N. benthamiana leaves.
After infiltration, the plants were put in darkness for 2 days. Then,
1 uM PEP7 or water was added to the system by infiltration into the
leaves right before the measurement. In some experiments, the
proteinase inhibitor leupeptin was infiltrated directly with the
constructs at a concentration of 10 uM. The measurements were
performed for a maximum time of 10 min based on a modified
protocol (Glockner et al., 2019) with a SP8 confocal laser scanning
microscope (Leica Microsystems) equipped with Leica Microsystems
Application Suite software and a FastFLIM upgrade from PicoQuant
consisting of Sepia Multichannel Picosecond Diode Laser, PicoQuant
Timeharp 260, TCSPC Module, and Picosecond Event Timer (Pico-
quant). Imaging was done by using a 63x/1.20 water-immersion objec-
tive and focusing on the plasma membrane of the abaxial epidermal
cells. The presence of the fluorophores was detected by excitation
with 488 or 561 nm and 500-500 or 600-650 nm detection range for
GFP or mCherry, respectively. Co-localization was demonstrated by
reading out signal intensities over the plasma membrane. GFP FLT in
nanoseconds of either donor-only-expressing cells or cells expressing
the indicated combinations was measured with a pulsed laser as an
excitation light source of 470 nm and a repetition rate of 40 MHz. The
acquisition was performed until 500 photons in the brightest pixel
were reached at a resolution of 256 x 256 pixels. For data processing,
a region of interest at the plasma membrane was defined in the
SymPhoTime software, and bi-exponential curve fitting as well as
correction for the instrument response function was applied. A total
range of 23 ns was evaluated. Statistical analysis was carried out with
JMP 14 and OriginPro software.

Trypsin digestion and phosphopeptide enrichment

Protein pellets were solubilized in 10 mM Tris-HCI (pH 8.0), 6 M urea, and
2 M thiourea and by subjecting the protein solution to ultrasonic bath for
10 min. In-solution trypsin digestion was carried out as described (Wu
et al., 2017). Digested peptides were resuspended in 1 M glycolic acid,
80% v/v Acetonitrile, and 6% wv/v TFA 80%. Phosphopeptides were
enriched by TiO. beads (Titansphere, 5 pm, GL Sciences) as described
(Wu et al., 2017).

Liquid chromatography-tandem mass spectrometry analysis of
peptides and phosphopeptides

Peptides mixtures were analyzed by nanoflow Easy-nLC (Thermo
Fisher Scientific) and Orbitrap hybrid mass spectrometer (Q-exactive
HF, Thermo Fisher Scientific). Peptides were eluted from a
75 um x 25 cm analytical Cyg column (PepMan, Thermo Fisher Scien-
tific) on a linear gradient running from 4% to 64% acetonitrile over
135 min. Proteins were identified based on the information-
dependent acquisition of fragmentation spectra of multiple charged
peptides. Up to 12 data-dependent tandem mass spectrometry
spectra were acquired for each full-scan spectrum acquired at 60
000 full-width half-maximum resolution.

Peptide and protein identification

Protein identification and ion intensity quantitation was carried out by
MaxQuant v.1.5.3.8 (Cox and Mann, 2008). Spectra were matched
against the Arabidopsis proteome (TAIR10, 35 386 entries) using
Andromeda (Cox et al., 2011). Thereby, carbamidomethylation of
cysteine was set as a fixed modification; oxidation of methionine as well

PEP7 as the ligand for receptor kinase SIRK1

as phosphorylation of serine, threonine, and tyrosine were set as
variable modifications. Mass tolerance for the database search was set
to 20 ppm on full scans and 0.5 Da for fragment ions. Multiplicity was
set to 1. For label-free quantitation, retention time matching between
runs was chosen within a time window of 2 min. Peptide false discovery
rate (FDR) and protein FDR were set to 0.01, while site FDR was set to
0.05. Hits to contaminants (e.g., keratins) and reverse hits identified by
MaxQuant were excluded from further analysis. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (Deutsch et al., 2017) partner repository with
the dataset identifiers PXD029498 (affinity purification combined with
mass spectrometry experiments), PXD029050 (binding assays), and
PXD029509 (phosphoproteomics).

Label-free peptide and protein quantitation

We followed a label-free quantitation approach bases on the label-free
quantification (LFQ) values as quantitative information obtained
from MaxQuant (Cox et al., 2014). For protein identification and
quantitation, protein groups information (protein groups.txt) was
used. For quantitation of phosphopeptides, the phosphosite data
(Phospho(STY)Sites.txt) were used as they were written by
MaxQuant. Data analysis and multivariate statistics were performed
by Perseus (Tyanova et al,, 2016).

Statistical analyses and data visualization

Functional classification of proteins was done based on MapMan (Thimm
et al., 2004). Subcellular location information was derived from SUBA
(Tanz et al., 2013). Protein function was manually updated with TAIR
(Poole, 2007). Other statistical analyses were carried out with SigmaPlot
(v.11.0) and Excel (Microsoft, 2013).
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Figure S1: Kinase assay activity assay for SIRK1-GFP enriched from sucrose-starved roots by exposure
to different unrelated signaling peptides. IDA and CLE were used as negative controls. RALF peptides
were supplied at different concentrations. Averages of three independent assays are shown with
standard deviation. Asterisks indicate significant differences to SIRK1-GFP under sucrose starvation
(white bar). Note: RALF peptides were added as solubilized synthetic peptides, their internal disulphide
bonding structure thus remains unclear (Moussu et al., 2020).

Moussu, S., Broyart, C., Santos-Fernandez, G., Augustin, S., Wehrle, S., Grossniklaus, U., and Santiago,

J. (2020). Structural basis for recognition of RALF peptides by LRX proteins during pollen tube
growth. Proceedings of the National Academy of Sciences of the United States of America

117:7494-7503.
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Figure S2: Co-immunoprecipitation workflows to test the interaction of SIRK1 and PEP7. (A)
Immobilization of SIRK1-GFP to interact with free PEP7. (B) Immobilized SIRK1 extracellular domain to
interact with free PEP7. (C) Immobilized PEP7-HIS6 to interact with SIRK1-GFP, SIRK1 extracellular

domain, or native SIRK1 purified from roots. Inserted protein gel blots show the detection of the bait.
Interacting proteins were identified by LC-MS/MS.
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Figure S3: Purification and identification of SIRK1-ECD and QSK1-ECD (A) Purification steps of SIRK1-
ECD. (B) SDS-PAGE analysis of fractions after purifications. (C) Western blot of Strepll purified fraction
by HA antibody. (D) LFQ intensity comparison of tryptic digest peptides from final purified SIRK1-ECD.
Nine of the fourteen peptides identified belong to SIRK1, and their summed LFQ intensity was
approximately 6-fold higher than the summed LFQ intensity of all the other identified peptides. (E)
Tryptic digest peptides mass fingerprint analysis of purified SIRK1-ECD. (F) LFQ intensity comparison of
tryptic digest peptides from final purified QSK1-ECD. (G) Tryptic digest peptides mass fingerprint
analysis of purified QSK1-ECD. The sequence of full length SIRK1 and QSK1 is shown with signal peptide
in green and the transmembrane domain in blue. All identified peptides from the sample were shown
in red. All identified SIRK1 peptides cover only the extracellular domain of SIRK1, so does QSK1. Taken
together, the purified SIRK1-ECD was considered to meet quality criteria for fluorescent labelling and
MST assays.
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Figure S4: FRET-FLIM of SIRK1 and QSK1 in presence and absence of PEP7. (A) Representative confocal
images show co-localization of SIRK1 and QSK1 with or without infiltration of 1 uM PEP7. Constructs
were transiently transformed in N. benthamiana leaf cells. Scale bars indicate 5 um. (B) FRET-FLIM
reveals spatial proximity of SIRK1 and QSK1 in presence and absence of proteinase inhibitor leupeptin.
For each of measurements, n 2 7. Statistical differences in FLT were analysed using a two-way ANNOVA
followed by Dunn-Sidak multiple comparison test. Small letters indicate significantly different means
at p<0.05. The centre line indicates the median, the bounds of the box show the 25" and the 75"
percentiles, and the whiskers indicate 1.5 x IQR. (C) Bait-normalized ion intensities of SIRK1 detected
in pull-down of SIRK1 with QSK1-GFP or phosphomimic QSK1DD-GFP upon stimulation with sucrose or
PEP7 in root tissue. Bars indicate averages of three pull-downs with standard deviation. Open circles
indicate original values of replicates. “N.D.”: not detected.
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Figure S5: Protoplast swelling assays control treatments. (A) Water influx rates relative to wild type
mannitol treatment of protoplasts with and without supply of PEP4 and PEP6. (B) Water influx rates
relative to wild type for peprl and pepr2 under mannitol, sucrose and PEP7 treatment. In all panels,
boxplots show the median and upper/lower 25" percentile. White dots represent individual
measurements. Man, mannitol. Small letters indicate significant differences (p<0.05) between
treatments as determined by Oneway ANOVA with Holm-Sidak correction.
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Figure S6: Identification of double mutant of sirklpep7 as a result of crossing single mutants sirk1
(SALK_125543) and pep7 (SALK_025824).
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Supplementary Tables

Supplementary Table 1: Overview of the proteins identified in tryptic and non-tryptic samples in
fractions F1, F2 and F3.

Supplementary Table 2: 1076 common Interaction partners of SIRK1 under different treatments.

Supplementary Table 3: List of identified phosphopeptides from which the heatmap in Figure 4 was

generated.

Supplementary Table 4: Overview of the buffers used in the protoplast swelling assays.

Perfusion Fixed components of Osmotic Non-fixed components of Treatment solutions
buffer solutions
Solute with Solutes of Control Sucrose PEP7 PEP6
varying constant
concentrations concentration
High 270mM 10mM MES, 30mM 30mM  30mM 30mM
osmolarity Mannitol pH 5.8 Mannitol Sucrose Mannitol Mannitol
(300[:n|V|] 10mM Cacl, containing  containing
solution 1uM PEP7  1uM PEP6
10mM KCl
Low 120mM 10mM  MES, 30mM 30mM  30mM 30mM
osmolarity Mannitol pH5.8 Mannitol Sucrose Mannitol Mannitol
(150rT1M) 10mM Cacl, containing  containing
solution 1uM PEP7  1uM PEP6
10mM KCl

Note: Sucrose and mannitol produce same osmotic pressure (approximately 1.15 mOsmol kg of 1ImM
osmolyte), measured with a cryoscopic osmometer (Osmomat 030, Gonotec, Berlin, Germany)
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Abstract: Protein-protein interaction studies provide valuable insights into cellular signaling. Brassi-
nosteroid (BR) signaling is initiated by the hormone-binding receptor Brassinosteroid Insensitive
1 (BRI1) and its co-receptor BRI1 Associated Kinase 1 (BAK1). BRI1 and BAK1 were shown to
interact independently with the Receptor-Like Protein 44 (RLP44), which is implicated in BRI1/BAK]1-
dependent cell wall integrity perception. To demonstrate the proposed complex formation of BRI1,
BAK1 and RLP44, we established three-fluorophore intensity-based spectral Forster resonance energy
transfer (FRET) and FRET-fluorescence lifetime imaging microscopy (FLIM) for living plant cells.
Our evidence indicates that RLP44, BRI1 and BAK1 form a ternary complex in a distinct plasma
membrane nanodomain. In contrast, although the immune receptor Flagellin Sensing 2 (FLS2) also
forms a heteromer with BAK1, the FL52/BAK1 complexes are localized to other nanodomains. In
conclusion, both three-fluorophore FRET approaches provide a feasible basis for studying the in vivo
interaction and sub-compartmentalization of proteins in great detail.

Keywords: protein-protein interaction; plasma membrane; nanodomains; spectral Forster resonance
energy transfer (FRET); FRET-fluorescence lifetime imaging microscopy (FRET-FLIM)

1. Introduction

Integration of different signaling cues at the cellular level is essential for the survival of
any organism. In plants, for instance, mechanical damage to the cell wall causes attenuation
of cellular growth response while resources are redistributed to repair processes. With
the advent of high- and super-resolution microscopy techniques, the discovery of protein
localization in nanodomains and the spatial organization of receptors and accompanying
proteins (e.g., co-receptors) in the plasma membrane (PM) have come into focus. This has
prompted new questions regarding the extent to which the constituents of a given signaling
complex or nanodomain are integrated or are disintegrated upon signal perception.

A well-understood pathway in plants is the brassinosteroid (BR) hormone signal
transduction, which is mediated by the PM-resident receptor kinase Brassinosteroid Insen-
sitive 1 (BRI1) and its co-receptor BRI1 Associated Kinase 1 (BAK1). The binding of BR
to BRI1’s extracellular domain increases its interaction with BAK1 and a re-arrangement
of proteins in the complex, eventually leading to the auto- and trans-phosphorylation of
their Ser/Thr-kinase domains [1,2]. These PM-resident events result in the differential
regulation of BR-responsive genes through a nucleo-cytoplasmic signaling cascade [3-6]
and the activation of PM-resident P-type proton pumps [7,8].

Receptor-Like Protein 44 (RLP44) was previously described to play a role in cell wall
integrity sensing via modulation of BRI1/BAK1-dependent signaling [9] as well as to
interact with BRI1 and BAK1 [9,10]. This suggests that RLP44 directly affects the activity
of the BRI1/BAK1 complex upon input from the cell wall, as a scaffold protein for the
establishment of a specific BRI1/BAKI complex in the PM [2].

Plants 2022, 11, 2630. https:/ /doi.org/10.3390/plants11192630
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To test the hypothesis of ternary RLP44/BRI1/BAK1 complex formation, we first
wanted to establish a three-fluorophore, intensity-based spectral Forster resonance energy
transfer (FRET) as well as -fluorescence lifetime imaging microscopy (FRET-FLIM) tech-
nique in plant cells. FRET is the non-radiative energy transfer from a donor to an acceptor
fluorophore by dipole-dipole interaction, which is only possible over small distances and de-
pends on the relative dipole moment orientation of the donor and acceptor fluorophores [11].
FRET manifests itself by an alteration of the donor and acceptor fluorescence intensities,
but also decreases the donor s excited state lifetime due to the additional relaxation path
from the donor to the acceptor [12]. In contrast to two-fluorophore FRET, an intermediate
acceptor fluorophore is included in the energy transfer pathway of three-fluorophore FRET.
As the plant cell wall cannot be penetrated by organic dyes, our approach depends solely
on genetically encoded fluorophores. Here, we exemplary choose monomeric Turquoise 2
(mTRQ2) as donor, monomeric Venus (mVEN) as the first acceptor and monomeric red
fluorescence protein 1 (nRFP) as the second acceptor.

Based on theoretical calculations we experimentally show by intensity-based spectral
FRET and FRET-FLIM that RLP44, BRI1 and BAK1 are unified in a ternary complex that
likely forms in a distinct nanodomain in the PM. This nanodomain is spatially clearly
distinct from the FLS2/BAK1 complex-containing nanodomain. In addition, we propose
FRET-FLIM to be always better than intensity-based FRET for the analysis of ternary protein
complex formation and relative proximity estimates in plant cells.

2. Results
2.1. Physicochemical Properties of the Used Fluorophores

As the selected fluorophores substantially influence the quality of the FRET data, we
screened a variety of fluorophores for their suitability in our approach. As a result, all of the
used genetically encoded fluorophores were monomeric, minimizing false-positive FRET
originating from aggregation. mTRQ2 was used as donor. It has numerous advantages
including a long, mono-exponential fluorescence lifetime (FLT) [13] and the spectral overlap
of mTRQ?2 emission with the absorbance of the first acceptor mVEN is high, yielding a large
Forster distance Rg [14-16]. The second acceptor is mRFF, which has a large spectral overlap
with the first acceptor/second donor mVEN. The maturation time of the fluorophores is
also a crucial factor for the FRET efficiency (Eprgr) [17,18]. In our three-fluorophore system,
both mVEN and mRFP have faster maturation times than mTRQ2, ensuring favorable
FRET conditions (more details about the fluorophores in Table S1).

2.2. Calculated Properties of the mTRQ2/mVEN/mRFP Three-Fluorophore FRET System

To determine the operational FRET range for the chosen fluorophores, the correspond-
ing Forster distances (Rp) were calculated (Table 1) as well as the distance corresponding to
10% FRET efficiency (ryge). This last parameter best illustrates the measurement limit for
FRET that can be realized with standard FRET microscopy measurements. For the complex
energy flow in a three-fluorophore setting, ryge, was calculated for the mTRQ2/mRFP pair,
adding mVEN as intermediate acceptor. According to the absorption and emission spectra
of the used fluorophores (Figure 1a), the emission of mTRQ2 shows a significant spectral
overlap with the absorption spectra of both mVEN and mRFP (Figure 1a). Furthermore,
the emission spectrum of mVEN substantially overlaps with the absorption spectrum of
mRFP, enabling energy transfer from mTRQ2 to mVEN, mVEN to mRFP and mTRQ?2 to
mRFP. Ry was calculated with 7 = 1.4 and k? = 2/3 according to [19], using the spectra
and photophysical data from the original publications (Table 52). The resulting Forster
distances Ry were 5.7 nm for the mTRQ2/mVEN, 5.2 nm for the mVEN/mRFP and 5.1 nm
for the mTRQ2/mRFP pair (Table 1, Figure 1b). Evidently, the same trend is observed
for rype,, which is highest for the mTRQ2/mVEN pair and lowest for the mTRQ2/mRFP
pair (Table 1, Figure 1b). In addition, FRET was calculated not to be limited to sequential
energy transfer from mTRQ2 via mVEN to mRFP but also from mTRQ2 to mRFP directly
(Table 1, Figure 1c).
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Figure 1. Spectroscopic and FRET properties of the used fluorophores and dimensions of the analyzed
RLP44-mTRQ2, BAK1-mVEN and BRI1-mRFP fusion proteins. (a) Normalized absorption (dotted
lines) and emission (solid lines) spectra of mTRQ2 (blue), mVEN (yellow) and mRFP (red). mTRQ2 is
donor to both mVEN as acceptor 1 as well as mRFP as acceptor 2; mVEN is also donor to mRFP. The
shaded area corresponds to the spectral overlap between donor emission and acceptor absorption,
shown here exemplary for the mTRQ2/mVEN FRET pair. The laser lines for excitation of mTRQ2
(blue), mVEN (yellow) and mRFP (red) are marked as vertical lines at their respective wavelength
positions. (b) FRET efficiencies (Epggr) for the distances (r) between donor and acceptor fluorophores
for mTRQ2-mVEN (blue), mVEN-mRFP (yellow) and mTRQ2-mRFP (red). The Forster distances Ry
at Epger = 50% as well as the distances that correspond to Epggr = 10% (r199,) for each pair are marked
with dashed lines in the respective color. (¢) Epgpr in dependence of distance r between mTRQ2 and
mRFP without (solid line) and with intermediate mVEN located either equidistantly (dashed line)
or variably (circles) between mTRQ2 and mRFP. For the latter, mVEN was placed at 1000 random
positions for each mTRQ2/mRFP distance, averaging over the resulting Epggr values. The ryge,
distances are marked with red lines. (d) Composite image of the cytoplasmic domains of RLP44
(blue), BRI1 (orange) and BAK1 (brown) fused to the 15amino acid-long Gateway®flinker to either
mTRQ2 (light blue), mVEN (light yellow) or mRFP (light red). The structures of the cytoplasmic
domains of BAK1, BRI1 and the fluorophores are shown as solvent-accessible surface models, while
the model structures of the cytoplasmic domain of RLP44 and the three Gateway®-linkers (grey) were
predicted with PEP-FOLD3 and depicted as cartoons. The orientation of the kinase domains of BRI1
and BAK1 to each other was designed according to a molecular docking analysis in orientation to the
PM [20]. The colored arrows below the structures show the ryge, distances for all FRET pairs and the
three-chromophore FRET cascade with mVEN inserted at random positions, calculated for a donor to
acceptor complex ratio of 1:1. The precise values for b, c and d are listed in Table 1.
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Table 1. FRET combinations (1st column), their Forster distances (Rp) (2nd column) and fluorophore
distances that correspond to 10% FRET efficiency (ryg+), calculated for a linear arrangement with one
acceptor (3rd column) in range of each corresponding donor (see also Supplemental Table S2).

r1g% [nm],

FRET Combinations Rg [nm] DA = 11
mTRQ2-mVEN 5.7 8.2
mVEN-mRFP 52 74
mTRQ2-mRFP 5.1 7.3
mTRQ2-mVEN-mRFP (middle position) - 124
mTRQ2-mVEN-mRFP (random position) - 11.1

For large distances between mTRQ2 and mRFP no direct FRET is expected to be
possible. Therefore, the introduction of the intermediate acceptor mVEN could increase
the dynamic range between mTRQ2 and mRFP. To estimate this long-range effect, we
investigated how the presence of mVEN affects the energy transfer to mRFP in such a FRET
cascade [21] and calculated an increase for ryge, from 8.2 nm to 12.4 nm (Figure 1c, Table 1),
which is in agreement with the increase in effective FRET distance reported previously [22].
However, the authors of [22] fixed the fluorophore positions along a DNA helix with
equidistant separation between the fluorophores. In multimeric protein complexes, how-
ever, neither the complex geometry nor the exact position of the attached fluorophores
are usually known. Therefore, we additionally calculated an averaged rig, value when
mVEN is inserted at random positions between mTRQ2 and mRFP. In this more realistic
representation of our dynamic plant system, we found a slightly smaller increase of ryge,
from 8.2 nm to 11.1 nm (Figure 1c, Table 1). This is by far large enough to be able to detect
long-range interactions with our three-fluorophore FRET approach.

2.3. Structural Simulation of the Arrangement of the Fluorophore-Tagged Proteins for the
Estimation of the FRET Range

To assess how the maximum dynamic range of about 11.1 nm relates to the size of our
proteins of interest, we arranged the cytoplasmic domains of RLP44, BRI1 and BAKI fused to
the respective fluorophores and the calculated ryge, values between mTRQ2, mVEN and mRFP
in scale in a graph (Figure 1d). As the structures of the fluorophores and the cytoplasmic
domains of BRI1 and BAK1 are available, a solvent-accessible surface representation was
generated to estimate the protein sizes [23-25]. The orientation of the BRI1 and BAK1 kinase
domains to each other was depicted according to the highest probability after a molecular
docking analysis [20]. The structures of RLP44 s cytoplasmic domain and the Gateway®-
linkers were not available and predicted with PEP-FOLD3 [26] (for details see Section 4). The
stoichiometry-adjusted ryge, values for all FRET pairs are between 7.3 and 8.2 nm (Table 1)
and therefore could span the distance of two kinase domains, which have diameters of about
4.8 nm (Figure 1d). Most importantly, while RLP44-mTRQ2 and BAK1-mRFP are too far apart
for FRET in this exemplary linear arrangement, three-fluorophore FRET from RLP44-mTRQ2
via BRII-mVEN to BAK1-mRFP is able to span this distance (Figure 1d). The same is expected
for a RLP44-mTRQ2/BAK1-mVEN/BRI1-mRFP arrangement.

2.4. Calculation of Cross-Excitation and Bleed-Through in Intensity-Based Spectral
FRET Measurements

The vast majority of investigations in animal cells have assessed three-fluorophore
FRET with intensity-based methods, specifically by quantitative acquisition of spectra,
using predominantly organic dyes. Therefore, we decided to first assess the ternary complex
formation for the selected fusion proteins in plant cells with this method.

Regardless of the stoichiometry of the complexes, the expression levels of the
fluorophore-fused proteins have a large influence on the spectra of intensity-based FRET,
due to cross-excitation and bleed-through. This is demonstrated in the simulated emission
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spectra of Figure 2, calculated for a complex stoichiometry of 1:1:1 and a linear arrangement
of mTRQ2, mVEN and mRFP placing mVEN at equal distance to the other two fluorophores.
With this fluorophore ratio, inter-fluorophore distances above 10 nm (no FRET) and an
excitation wavelength of 458 nm, an intensity peak at around 525 nm was calculated to
appear due to cross-excitation (Figure 2a, top). With inter-fluorophore distances of 7 nm
(Figure 2a, middle) and 5 nm (Figure 2a, bottom), the energy transfer from mTRQ2 to
mVEN and mRFP became apparent in the simulated spectra, as the relative mTRQ2 in-
tensity peak decreased, while the mVEN and mRFP peaks increased. The theoretical
bleed-through and cross-excitation depend strongly on the donor-to-acceptor ratio of the
fluorophores (Figure 52b and Supplementary Materials). Importantly, the bleed-through
and cross-excitation effects have a larger influence on the apparent mVEN signal than
FRET itself: Already a ratio of 1:2 for mTRQ2/mVEN results in a peak of the fluorescence
intensity at around 525 nm similar to that calculated for an inter-fluorophore distance of 7
nm (compare Figure 2a, middle and Figure 2b, top). However, the different mRFP intensity
progression was well observable (compare Figure 2a with 2b). This underscores the neces-
sity for a careful calibration of the fusion protein amounts. Therefore, the bleed-through
and cross-excitation are always quantified in the presented absorption and emission spectra
as well as in the confocal images (see Supplementary Materials).

Channel Channel

3V v

&

500 550 600

500 550 600

500, 55 600 650
Wavelengc{h [nm]

5OOWa\.'elt-}g%%h [nm] 600
Figure 2. Simulation of emission spectra reveals the crucial impact of relative fluorophore quantities for
intensity-based spectral FRET in a three-chromophore arrangement. (a) Simulation of the spectra that
result from excitation of mTRQ2 with 458 nm for a mTRQ2/mVEN/mRFP stoichiometry of 1:1:1 and
in a linear arrangement while placing mVEN at an equal distance from the other two fluorophores. The
emission spectra of mTRQ (blue area), mVEN (yellow area) and mRFP (red area) and their combined
spectrum (black line) are calculated. The respective emission detector channels are depicted above the
plots. With inter-fluorophore distances larger than 10 nm, FRET is negligible (top), but cross-excitation
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of mVEN (yellow arrow) is apparent. For inter-fluorophore distances of 7 nm (middle) and 5 nm
(bottom), FRET lowers the emission intensity of mTRQ2, while the intensity peaks increases around
the emission of mVEN at 525 nm and of mRFP at about 610 nm (red arrow) increase. (b) Spectra
simulation as in (a), but without consideration of FRET, calculated for different mTRQ2/mVEN
fluorophore ratios. With rising mTRQ2/mVEN ratios of 1:2 (top), 1:3 (middle) and 1:4 (bottom),
the intensity peak of mVEN (yellow arrow) increases. Thus, a mTRQ2/mVEN ratio of 1:2 ((b), top)
results in a similar spectral shape than with equimolar fluorophores subjected to FRET at a distance
of 7 nm ((a), middle).

2.5. Experimental Determination of Cross-Excitation and Bleed-Through in Plant Cells

It was previously shown that BRI1/BAK1, RLP44/BRI1 and RLP44/BAK1 form het-
eromers in plant cells [9,10,27]. In contrast, the PM-localized immune response mediating
Flagellin Sensing 2 (FLS2) receptor does not interact with RLP44 [28,29] and was selected
as a negative control in the further analyses. The spectra were acquired in transiently
transformed Nicotiana benthamiana epidermal leaf cells. All fusion proteins localized to the
PM (Figure S1). The procedure of spectra acquisition from the regions of interest in the PM
is described in detail in Supplementary Materials and Figure S6.

The fluorescence emission spectra of the three fusion constructs (RLP44-mTRQ2,
FLS2-mVEN and BAKI1-mRFP) were analyzed separately under excitation at 458 nm,
whereby only FLS2-mVEN showed a significant amount of cross-excitation (Figure 3a). The
quantification of the fluorescence emission of RLP44-mTRQ?2 after excitation at 458 nm is a
measure of its protein level, manifesting an average intensity of 120 arbitrary units (a.u.)
(Figure 3a,b). It was reflected in an emission peak intensity of 120 a.u. in the spectrum
(Figure 3a). A relative high accumulation level of FLS2-mVEN with an average intensity
of 200 a.u. after excitation at 514 nm (Figure 3b) caused a much smaller background signal
of 8 a.u. in the spectrum after excitation with light of 458 nm (Figure 3a). The excitation of
BAK1-mRFP with light of 561 nm gave an average intensity of 110 a.u. (Figure 3b) but did
not result in a distinct peak in the emission spectrum after excitation with light of 458 nm
(Figure 3a). Thus, the different accumulation levels of the fusion proteins led to the same shape
of the fluorescence emission spectra but with variations in the peak intensities (Figure S2).

2.6. Intensity-Based FRET Analysis of Dual Protein-Protein Interactions

First, we assessed FRET from the mTRQ2 to the mVEN fusion proteins. Since our
simulations indicate that the amount of the fusion proteins has a larger influence on the
shape of the spectra than FRET itself, a correction for the relative proteins levels was
imperative. Therefore, it was always necessary to compare the spectra with the same donor-
to-acceptor ratios of RLP44-mTRQ2/BRI1-mVEN with that of RLP44-mTRQ2/FLS2-mVEN.
To this end, each recorded spectrum was subjected to spectral unmixing to determine the
relative proportions of mTRQ2 and mVEN (Supplementary Materials; Figure S6). Then, the
spectral unmixing information was combined with the respective estimates of fusion protein
levels. To do so, each channel was imaged with sequential excitation before acquisition of
the spectra (excitation with only 458 nm, then only 514 nm, lastly only 561 nm).

In the spectra with an identical donor-to-acceptor sample ratio, the peak intensity value
at about 525 nm was higher for the RLP44-mTRQ2/BRII-mVEN than for the
RLP44-mTRQ2/FLS2-mVEN sample (Figure 3c). The integration of the spectral unmixing
results and donor-to-acceptor ratios revealed that the proportion of mVEN emission in the
spectra of the RLP44-mTRQ2/BRI1-mVEN sample differed significantly from that of the
RLP44-mTRQ2/FLS2-mVEN sample (Figure 3d). This was also true for donor-to-acceptor
ratios of approximately 1:10 and 1:4 (Figure 3d). In conclusion, FRET from RLP44-mTRQ2
to BRII-mVEN was observed when compared with the non-FRET RLP44-mTRQ2 /FLS2-
mVEN control pair.
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Figure 3. Interaction of RLP44 with BAK1 and BRI1 is detectable in the plasma membrane of N.
benthamiana epidermal leaf cells by intensity-based spectral FRET. (a) Wavelength-dependent intensity
of fluorescence emission after irradiation of the cells with 458 nm light for RLP44-mTRQ?2 (blue),
FLS2-mVEN (orange) and BAK1-mRFP (red). (b) Emission intensity after irradiation with light of
different wavelengths in the mTRQ2 (left, 458 nm), mVEN (middle, 514 nm) and mRFP channels (right,
561 nm) from 8-bit images for RLP44-mTRQ?2 (blue}, FLS2-mVEN (orange) and BAK1-mRFP (red) after
correction for spectral bleed-through. (¢) Wavelength-dependent normalized fluorescence emission
for RLP44-mTRQ2 co-expressed with BRII-mVEN (blue) or with FLS2-mVEN (grey). For both spectra,
the average donor-to-acceptor ratio was around 1:4 (0.26). The FRET-relevant wavelength area is as
an inset and the occurrence of FRET from RLP44-mTRQ?2 to BRI1-mVEN is indicated by a red arrow
head. The data are presented as the mean (n > 13). (d) Protein-dependent, relative mVEN emission
signal after irradiation of the cells with light of 458 nm light. Fusion protein ratios of about 1:4 (left)
and 1:10 (right) of the RLP44-mTRQ2/BRI1-mVEN pair (blue) and RLP44-TRQ2/FLS2-mVEN pair
(grey) are shown. Significant changes [r = 7 (left), n = 12 (right)] in a two-sided 2-sample {-test with
p < 0.05 are indicated by asterisks. (e) Wavelength-dependent normalized fluorescence emission after
irradiation of the cells with 458 nm light for RLP44-mTRQ2 alone (blue), RLP44-mTRQ/FLS2-mRFP
(black), RLP44-mTRQ/BAKI1-mRFP (orange) and RLP44-mTRQ/BRI1-mRFP (red). The FRET-relevant
wavelength area is highlighted in an enlarged section and the occurrence of FRET fromRLP44-mTRQ2
to BAK1-mRFP or BRT1-mRFP is indicated by a red arrow head. (f) Emission intensity after irradiation
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of the cells with light of different wavelength in the mTRQ2 (left), mVEN (middle) and mRFP channel
(right) from 8-bit images for of RLP44-mTRQ2 (blue), RLP44-mTRQ/FLS2-mRFP (black), RLP44-
mTRQ/BAK1-mRFP (orange) and RLP44-mTRQ/BRI1-mRFP (red). For further details see (b). For
the statistical evaluation see Section 4. Boxplots in (b) and (f) represent the measured data with the
average as a solid black line and the box limits are the mean +/— standard deviation. The boxplot in
(d) represents all data with the median as a solid black line within the box that is restricted by the
first quartile (25%; lower end) and the third quartile (75%; upper end). Whiskers show the minimum
and maximum of the measurements, respectively.

We next tested, whether an energy transfer from the mTRQ2 to mRFP fusion proteins
was at all possible. No significant increase of the emission at around 610 nm was detected
compared to the donor alone control for the co-accumulation of RLP44-mTRQ2 with FLS2-
mRFP, (Figure 3e). In contrast, co-accumulation of RLP44-mTRQ2 with BAK1-mRFP or
BRI1-mRFP led to a significant increase in the emission at around 610 nm compared to the
control (Figure 3e). The fluorescence intensity ratio for the mTRQ2 and mRFP was 1:1 for
the RLP44-mTRQ2 /FLS2-mRFP pair (Figure 3f), whereas for RLP44-mTRQ2/BRI1-mRFP
and RLP44-mTRQ2/BAKI1-mRFP it was 1:2 and 1:5 respectively, i.e., higher than in the
RLP44-mTRQ2/FLS2-mRFP control (Figure 3f). After correction for the different fusion
protein amounts, spectrally detectable FRET clearly was observed from RLP44-mTRQ2 to
BAK1-mRFP and to BRI1-mRFP but not to FLS2-mRFP.

2.7. Intensity-Based FRET Analysis of Ternary Protein Complex Formation

When RLP44, BRI1 and BAK1 form a ternary protein complex, the average distance
between RLP44 and BAK1 might be altered by the presence of BRI1. For example, BRI1 may
be located between RLP44 and BAK], increasing the distance between them. Also the total
number of RLP44/BAK1 pairs may be reduced, as additional pairs such as RLP44/BRI1 or
BAK1/BRI1 can be formed [30].

To test this possibility, we expressed BRI1 with a non-fluorescent HA-tag (BRI1-HA)
in tobacco cells (Figure S3). Co-expression of BRI1-HA did not change the intensity
of the RLP44-mTRQ2 spectrum (compare Figures 4a and 3a). As described above, co-
accumulation of RLP44-mTRQ2 with BAK1-mRFP yielded a FRET-induced emission peak
at around 610 nm (Figure 4a). This peak was no longer present when BRI1-HA was co-
expressed with RLP44-mTRQ2 and BAK1-mRFP (Figure 4a). In contrast, the co-expression
of RLP44-mTRQ2/FLS2-mVEN/BRI1-mRFP retained the intensity peak at around 610 nm
(Figure 54). Thus, the addition of BRI1-HA increased the average distance between RLP44-
mTRQ2 and BAK1-mRFP or led to alterations in the fluorophore-tagged protein levels.
As the latter was not the case (Figure 4b), our results demonstrate that the distance be-
tween RLP44-mTRQ2 and BAK1-mRFP did indeed change upon BRI1-HA co-accumulation.
When BRIT-mVEN was co-expressed instead of BRI1-HA, the emission peak at around
610 nm reappeared (Figure 4c,d). At the same time, energy transfer from mVEN to mRFP
was detected, as the emission peak of mVEN at 525 nm strongly decreased in the RLP44-
mTRQ2/BRI1-mVEN/BAKI1-mRFP sample in comparison with the RLP44-mTRQ2 /BRI1-
mVEN sample which was not observed in the FLS2 control samples (Figure 4a,c). Although
the influence of cross-excitation of mVEN and subsequent FRET directly to mRFP could
not be excluded entirely, this effect is negligible, as no energy transfer from mVEN to mRFP
was observed for the RLP44/FLS2/FLS2 sample (Figure S4). Likewise, the analysis of the
different protein combinations did not change the donor-to-acceptor ratios significantly
(Figure 4d). In conclusion, the appearance of the emission peak at around 610 nm, which
was accompanied by the parallel reduction of the emission at around 525 nm, fulfils the
criteria for three-chromophore FRET from RLP44-mTRQ2 via BRI1-mVEN to BAK1-mRFP.
In corroboration, the energy transfer described above was also observed when the acceptor
fluorophores were exchanged (Figure S4).
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Figure 4. The formation of a ternary complex consisting of RLP44, BAK1 and BRI1, but not FLS2, is
detectable in the plasma membrane of N. benthamiana epidermal leaf cells by intensity-based spectral
FRET. (a) Wavelength-dependent normalized fluorescence emission after irradiation of the cells with
458 nm light for RLP44-mTRQ?2 alone (blue) or co-expressed with either BAK1-mRFP (light red) or
HA-tagged BRI1 (BRI114) and BAK1-mRFP (black) or BRI1-mVEN (bronze) or BRI1-mVEN and
BAKI1-mRFP (dark red). The FRET-relevant wavelength area is highlighted in the inset image. The
occurrence of FRET from mTRQ2 to mRFP is indicated by a red arrowhead. (b) Emission intensity after
irradiation of the cells with light of different wavelengths in the mTRQ2 (left, 458 nm), mVEN (middle,
514 nm) and mRFP channels (right, 561 nm) from 8-bit images for RLP44-mTRQ2 co-expressed with
either BRI1H# (blue), BAK1-mREFP (light red), BRI1'A and BAK1-mRFP (black), BRIT-mVEN (yellow)
or BRII-mVEN and BAKI-mRFP (dark red). (c) Wavelength-dependent normalized fluorescence
emission after irradiation of the cells with 458 nm light for the expression of RLP44-mTRQ alone (blue)
or co-expression with either BRIT-mVEN and BAK1-mRFP (red) or BAK1-mVEN and BRT1-mRFP
(orange) or BRII-mVEN and FLS2-mRFP (green) or BAK1-mVEN and FLS2-mRFP (cyan) or with
FLS2-mRFP (black). The FRET-relevant wavelength areas are highlighted in enlarged sections. The
occurrence of FRET from mTRQ2 to mRFP around 610 nm and the FRET-caused decrease of the
mVEN signal around 525 nm are indicated by red arrowheads. The cell’s background emission
of the cells is shown as dashed grey line. (d) Fluorescence emission ratio after irradiation of the cells
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with light of different wavelength in the mTRQ2 channel (left), mVEN channel (middle) and mRFP
channel (right) from 8-bit images for RLP44-mTRQ2 co-expressed with BRI1HA and BAK1-mRFP
(black), BRIT-mVEN (yellow) and BRI1-mVEN and BAK1-mRFP (dark red). See (b) for further details.
The boxplots in (b) and (d) represent all data with the average (here equivalent to the median) as
a solid black line within the box that is restricted by +/— standard deviation. For the statistical
evaluation see Section 4.

In conclusion, our data convincingly demonstrate that FRET from mTRQ?2 via mVEN
to mRFP specifically occurred for the RLP44/BRI1/BAK1 and RLP44/BAK1/BRI1 combi-
nations, but not for the RLP44/BAK1/FLS2 combination. This indicates that RLP44, BRI1
and BAK1 form a specific ternary complex and/or are arranged in very close spatial prox-
imity (5.7 to 13.7 nm) in the PM specifically. The successful establishment of intensity-based
three-fluorophore FRET now prompted us to test whether the complex formation would
also be reflected in FLIM measurements.

2.8. Measurement of In Vivo RLP44/BRI1/BAK1 Ternary Complex Formation by FRET-FLIM

When studying three-way interactions with intensity-based spectral methods, the
concentration ratio between donor and acceptor molecules is of major importance, as
spectral bleed-through and cross-excitation mimics potential FRET. In contrast, when
monitoring the fluorescence lifetime (FLT) of the donor by FLIM, no such careful and
labor-intensive calibrations are required [7,31]. We therefore tested, whether the complex
formation and spatial arrangement of RLP44, BRI1 and BAK1 can also be monitored and
confirmed by changes in the FLT of mTRQ2.

We determined an average FLT of about 3.99 ns for RLP44-mTRQ2 (Figure 5a) as
reported before [13,15]. Interestingly, a significant decrease in the FLT is observed for the
co-accumulation of RLP44-mTRQ2 with BRI1 fused to either mVEN (3.54 ns) or mRFP
(3.60 ns) or with BAK1-mRFP (3.54 ns), indicating FRET from RLP44-mTRQ2 to BRI1-
mVEN, BRI1-mRFP or BAKI-mRFP (Figure 5a). This constitutes the lower FLT limit that
is expected when only heterodimers are present in the PM. Serving as a negative control,
the co-expression of FLS2-mVEN (3.70 ns) or FLS2-mRFP (3.90 ns) with RLP44-mTRQ2
did not cause a significant decrease in mTRQ2 s FLT (Figure 5a,b). Furthermore, the co-
accumulation of FLS-mRFP with RLP44-mTRQ2 and BRI1-mVEN did not further reduce
the FLT of RLP44-mTRQ2 (3.60 ns) compared to the condition, where FLS2-mRFP is not
present (Figure 5a). In contrast, the presence of BAK1-mRFP together with RLP44-mTRQ2
and BRIT-mVEN led to a significant further decrease in the FLT of RLP44-mTRQ2 to 3.40 ns,
that is beyond the aforementioned values for the RLP44-mTRQ2/BRI1-mVEN heteromers
of 3.54 ns (Figure 5a). This is only explainable by the existence of an additional FRET
pathway that becomes possible if RLP44, BAK1 and BRI1 have formed a ternary complex.
When 10 nM brassinolide (BL), an active brassinosteroid, was applied to the cells, no
alteration in the FLT of RLP44-mTRQ2 was observed (Figure 5c). It was previously shown
that FRET-FLIM is, in principle, independent of the donor concentration [32]. However,
the relative amount of acceptor in comparison to the donor fluorophores (the donor-to-
acceptor ratio) may influence the FLT of the donor [21,33]. Therefore, we investigated,
whether this effect influences the FLT values obtained using different fluorescent protein
ratios. As only the ratio of RLP44-mTRQ2/FLS2-mRFP and RLP44-mTRQ2/BAK1-mRFP
exhibited a measurable difference within the RLP44-mTRQ2/BRI1-mVEN /FLS2-mRFP
and the RLP44-mTRQ2/BRI1-mVEN/BAK1-mRFP in the three-fluorophore arrangements,
differences in expression strength of the fusion proteins were not a major factor influencing
the FLT of RLP44-mTRQ2 (Figure S5).

In summary, we were able to confirm the ternary complex formation of RLP44, BAK1
and BRI1 by three-fluorophore FRET-FLIM in living plant cells. Furthermore, the FRET-
FLIM approach is clearly superior to the intensity-based FRET approach, because the
former is easier to implement and less prone to errors.
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Figure 5. FRET-FLIM enables quantitative three-fluorophore protein-protein interaction and proxim-
ity analyses in N. benthamiana leaf cells. (a) Fluorescence lifetime (FLT) of RLP44-mTRQ2 after pulsed
excitation of the cells with 440 nm light in the presence of the indicated mVEN and mRFP fusion
proteins. (b) FLT of RLP44-mTRQ2 alone or in the presence of FLS2-mVEN. Data presentation as
in (a). (c), Relative FLT of RLP44-mTRQ2 alone or in the presence of the indicated fusion proteins
without (dark red) and with application of 10 nM brassinolide (BL) (light red). The average FLT of
RLP44-mTRQ?2 in the absence of BL was set to 1. The boxplots represent all data with the median
as a solid black line within the box that is restricted by the first quartile (25%; lower end) and the
third quartile (75%; upper end). Whiskers show the minimum and maximum value of the data,
respectively, that are not defined as outlier (1.5 times interquartile range). Outliers are indicated as
black diamonds. Statistical evaluations were performed by ANOVA followed by Tukey-Kramer HSD
post hoc test. The black asterisk indicate statistically significant differences (p < 0.005).

3. Discussion

Many studies in the non-plant field have independently established fluorophore sets
for studying binary protein-protein interactions and complex formation in the cellular
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context [34]. Here we present a three-fluorophore intensity-based FRET and a FRET-FLIM
approach with the genetically encoded fluorophores mTRQ2, mVEN and mRFP in plant
cells. The use of a blue, yellow and red fluorophore was the preferred application for
three-fluorophore FRET studies, as it provides a good compromise between large Forster
distances due to high spectral overlap and sufficient spectral separation for independent
detection. A comparative study on available fluorophores in non-plant cells revealed
that mTRQ?2, YPet and mCherry is the most promising combination for three-fluorophore
FRET [34]. However, YPet is not yet adapted for use in plant cells yet. In addition, even
though mVEN is not as bright as YPet, it is a monomer [35], which is essential for FRET-
based interaction studies. We reasoned that the slightly lower brightness of mVEN is
less of a concern than the potential tendency of other fluorophores to form aggregates
at high local concentrations in confined domains, which can be expected when they are
fused to PM-resident proteins [35,36]. High brightness fluorophores, such as Ruby?2 or
TagRFPs, are outperformed by mCherry as it compensates its low brightness with its
fast maturation rate [37]. The maturation time of mRFP, however, is also relatively short,
which makes it an appropriate acceptor fluorophore as well. Until now, no study was
able to circumvent direct FRET between the donor and the 2nd acceptor for genetically
encoded fluorophores [21,37-41]. Therefore, extensive corrections for the crosstalk of the
fluorophores are required in intensity-based FRET. While organic dyes might have provided
better photophysical properties, their application in plant cells is challenging as the cell
wall interferes with in vivo labelling. Even in animal cells, the different labelling efficiencies
of organic dyes are challenging for three-fluorophore FRET, as the correction for directly
excited acceptor fluorescence proves to be problematic [32,42,43].

As of yet, only one single study has tried to estimate the dynamic range of the distances
between three fluorophores present in their set [22]. We think that a realistic estimation of
the variability and restrictions of a three-fluorophore system is important for the interpreta-
tion of FRET data. For example, the general rule of thumb for reliable FRET measurements
below 10 nm may be imprecise or incorrect. Here, we calculated adapted distance limits,
taking several factors into account: First, the spatial arrangement of the fluorophores in a
three-fluorophore setting and secondly, the possibility for multiple acceptors per donor for
higher complex stoichiometries. Indeed, for an ideal linear arrangement of the fluorophores
mTRQ2, mVEN and mRFP, FRET measurements can cover distances of up to 11.1 nm. This
implies that FRET in membranes could not only occur between proteins within one and the
same complex or domain, but might also be possible between proteins located in spatially
distinct but adjacent domains (Figure 6).

When assuming that the primary donor is located between the 1st and 2nd acceptor in
a ternary complex, the likelihood of energy transfer from the donor via acceptor 1 to the
acceptor 2 decreases, as the distance between acceptors 1 and 2 increases. These spatial
arrangements should be considered when applying intensity-based FRET measurements.
Furthermore, in this context it is also recommended in this context to exchange at least
one of the fluorophores between the fusion proteins, as it was done here. For classical
donor-based FRET-FLIM, the differences in spatial organization may not be detectable, as
no information is available on where the energy is transferred to. In principle, such spatial
information can also be obtained using more sophisticated FRET-FLIM approaches, like
when mVEN is used as donor by excitation with another laser. In any case, FLIM-based
FRET measurements have the advantage of a higher sensitivity and require less processing,
as the signal-to-noise ratio in intensity-based FRET measurements becomes worse after
unmixing and sensitized emission calculations.

Since the PM is a compartment confined to two dimensions, the protein density
is comparatively higher than in the three-dimensional case. In particular, membrane
receptors tend to form complexes with higher stoichiometries, meaning that a donor can be
surrounded by several acceptors, which can increase the apparent FRET efficiency. This
can mask the principally linear relationship between Epggr and the affinity properties of
the interacting fusion proteins. Therefore, no conclusions can be drawn about their affinity
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within a ternary complex and only limited information can be obtained about the absolute
distances between the three fluorophores.
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Figure 6. Model of the ternary interactions and spatial distances of RLP44, BRI1, BAK1 and
FLS2 in defined nanodomains located in the plasma membrane of plant cells, as determined by
three-fluorophore, intensity-based spectral FRET or FRET-FLIM. Shown are two distinct schematic
nanodomains (blue dashed squares in the top corner) in the plasma membrane. The left nanodomain
in the enlargement consists of RLP44-mTRQ2 (blue), BRI1-mVEN (red) and BAK1-RFP (orange)—
without the fluorophores and not in scale. The formation of different complexes is demonstrated by
FRET between mTRQ2 and mVEN by blue, mVEN and mRFP by yellow and mTRQ2 and mRFP by
red arrows. FRET is also possible between the fusion proteins of differently composed complexes, if
they are in a distance of <11.1 nm (representative yellow arrow). Due to the absence of FRET, for
instance, the BAK1-mVEN /FLS2-mRFP (brown) complex must be at least 11.1 nm separated from the
nanodomain, that contains the RLP44 related complexes, which is very likely part of an independent
nanodomain (right side in the enlargement).

It was previously unclear whether RLP44 interacts with both BRI1 and BAK1 simul-
taneously. In this study, we applied intensity-based FRET and FRET-FLIM to probe that
RLP44 is specifically located in close proximity (below 11.1 nm) to both BRI1 and BAK1
in vivo. In the radius of 11.1 nm, the three proteins can form trimers and/or be arranged as
intermediate complexes (Figure 6). Application of 10 nM BL to the cells did not change the
FRET characteristics in the spatial RLP44-mTRQ2/BRI1-mVEN/BAKI1-mRFP arrangement
in the PM. This indicates that the RLP44/BAK1/BRI1 nanodomain is pre-formed in the
PM in the absence of BL and none of the proteins appears to leave the nanodomain upon
binding of BL to BRI1 to a significant amount.

According to our intensity-based FRET and FRET-FLIM data, FLS2 interacts with
neither BRI1 nor RLP44, which is in agreement with recent BiFC studies [30]. Remarkably,
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the spatial distance between FLS52 and the RLP44-BAK1, RLP44-BRI1 and the RLP44-BRI1-
BAKI heteromers must be larger than 11.1 nm. This indicates that FLS2 is localized in
nanodomains that are spatially distinct from the RLP44-consisting ones. Taking into account
the around 20-fold better nanometer accuracy of FRET, our approach decisively proves
previous results, indicated by variable angle epifluorescence microscopy (VAEM) which
has a physical resolution limit of roughly 250 to 300 nm [29,31].

In summary, using the example of three selected chromophores, we show that three-
fluorophore intensity-based FRET and three-fluorophore FRET-FLIM are suitable tech-
niques for analyzing the interaction and relative proximity of different proteins in the PM
of living plant cells. Furthermore, by applying the presented calculations and experimental
approaches, it is possible to infer spatially distinct complexes and/or nanodomains in the
PM that are different in their protein composition.

Although the two approaches are complementary, we strongly recommend the FRET-
FLIM approach rather than intensity-based, spectral FRET for ternary protein interaction
and proximity analyses, as the latter is particularly vulnerable to changes in the donor-to-
acceptor ratio and other technical restrictions.

4, Material and Methods
4.1. Plasmid Construction

The ¢cDNA sequence of the gene of interest without stop codon was brought into
pDONR221-P3P2 (donor) or pDONR221-P1P4 (first acceptor) or pENTR™ /D-TOPO®
(second acceptor) as described by guidelines in the Gateway manual (Life Technologies,
Schwerte, Germany) with primers listed in Supplemental Table S3. The coding sequence of
BRI1 and BAK1 was brought in the pENTR-D-TOPO previously [7,8]. For the generation of
BRI1-HA, primer previously published were used [9] to bring CDS of BRI1 in pDONR207
and an LR with pGWB14 was performed. The LR into pB7RWG2 (RFP) [44] and the 2in1
FRET vector pFRETtv-2in1-CC [15] was performed as described previously [15,45].

4.2. Localization and FRET-FLIM Studies

Transformation of N. benthamiana was performed as described by [15,46], omitting the
washing step with sterile water. For transformations with multiple constructs, an ODgp of
0.1 was set and mixed 1:1:1 with silencing inhibitor p19. Plants were watered and left at
ambient conditions (24 °C) with the lid on top and imaged two days past transformation
with an SP8 confocal laser scanning microscope (CLSM) (Leica Microsystems GmbH,
Wetzlar, Germany) with LAS AF and SymPhoTime software (Picoquant GmbH, Berlin,
Germany) using a 63 /1.20 water immersion objective [46,47]. Data were derived from
measurements of the lower epidermis, avoiding guard cells and stomata, with at least
two biological replicates, comprising in average 20 data points and 11 data points for
mTRQ2—mRFP controls. Localization and quantification were performed with a minimum
3-fold line average for mTRQ2, mVEN and mRFP with the Argon laser set to 2% and
excitations of 458 nm 40%, 514 nm 20% and 594 nm or 561 nm 30% and emission detection
with 465-505 nm 400% on HyD, 525-565 nm 400% on SMD HyD and 605-650 nm 300% on
SMD HyD, respectively.

FLIM measurements were performed with a 440 nm pulsed laser (LDH-P-C-470,
Picoquant GmbH, Berlin, Germany) with 40 MHz repetition rate at a reduced scanning
speed, yielding, with an image resolution of 256 x 256, a pixel dwell time of ~20 ps.
The maximal count rate was set to ~2000 cps. Measurements were stopped when the
brightest pixel had a photon count of 500. Only measurements with an even intensity
distribution at the PM were included. The corresponding emission was detected with
HyD SMD from 455 nm to 505 nm by time-correlated single-photon counting using a
PicoHarp 300 module or a TimeHarp 260 module (PicoQuant GmbH, Berlin, Germany).
The calculation of FLTs was performed by iterative reconvolution, i.e., the instrument
response function was convolved with an exponential test functions to minimize the error
with regard to the original TCSPC histograms in an iterative process. While the donor-
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only samples were fitted with mono-exponential decay functions, the energy transfer to
fluorophores in the other samples resulted in additional decay rates. These histograms
necessitated biexponential fitting functions, from which the fluorescent lifetime was derived
by intensity weighted averaging. For the fastFLIM measurements, the maximal count rate
was increased.

4.3. Acquisition of A-Stacks (Spectra)

Expression of relevant fluorophores were checked via fluorescence level prior A-stack
acquisition. For A-stacks, both sequential excitation and simultaneous excitation was
used as mentioned in Results and an average of at least 6 ROIs of the PM with different
expression levels of at least two biological replicates. At the Leica SP8 microscope, excitation
at 458 nm 80% was used with SMD HyD ~250%, measuring 460-625 nm with A7.5 nm and
256 x 256 px resolution, a pixel dwell time of ~20 ps and three-fold line accumulation. At
the Zeiss LSM880 (Carl Zeiss AG, Oberkochen, Germany) excitation at 485 nm with 30%,
NF458, 800 V of airy-scan detectors were used, measuring 460-650 nm or 560-650 nm with
A4.5 nm and 256 x 256 px resolution, speed 2, digital gain set to 2, pinhole set to 14.25 airy
units and a three-fold line accumulation. If over-all expression was very high, then for all
samples measured that day line average was taken instead. For additional information see
Supplementary Material and Figure Sé.

4.4. Protein Structures and Sizes

The intracellular domain of BRI1 (5LPW) and BAK1 (3TL8) as well as the fluorophore
barrels were exported from the Protein Data Base (PDB). As viewer, Jmol: an open-source
Java viewer for chemical structures in 3D [48] with solvent accessible depiction was chosen
and protein colors were changed. The secondary structure of linkers and the intracel-
lular RLP44 domain was predicted with PEP-FOLD 3.5 [26], de-novo prediction, with
standard settings and always model nol (of 10) was used. Amino acid sequences were
HPTFLYKVGQLLGTS for the donor-linker, NPAFLYKVVSRLGTS for the acceptor-linker,
KGGRADPAFLYKVVIS for the second acceptor linker and CLWLRITEKKIVEEEGKISQSM-
PDY for RLP44¢yt,. The size of intracellular domains was calculated from the known
distance of the alpha-barrel secondary structure, which is A5.4 A from turn-to-turn and 4 A
inner diameter.

4.5. Statistics

With one exception, each measurement was performed in at least three biological repli-
cates. Each biological replica in turn included at least 3 individual recordings. In the exception,
2 biological replicates were performed, each containing 3 individual recordings. Images and
plots were generated with Microsoft Excel v1809, SAS JMP 14 or MATLAB [49], also using
these programs for calculation of average, standard error (SE) and standard deviation (SD). To
test for homogeneity of variance, Levene's test (p < 0.05) was employed and statistical signifi-
cance for non-parametric distributions was calculated by a two-tailed, all-pair Kruskal-Wallis
test followed by a Steel-Dwass post Ioc correction using SAS JMP version 14.0.0 [50]. For small
sample numbers in Figure 3d the 2-sample t-test was chosen [51].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants11192630 /s1, They contain additional information to the
Theoretical background, Calculations for FRET cascades, Cross-talk during imaging, Supplemen-
tary tables (Tables S1-53) and Supplementary figures (Figures 51-56). Ref. [52-57] are cited in the
supplementary materials.
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Supplemental Notes

Theoretical background
The FRET efficiency (E) between a donor (D) and an acceptor (A) fluorophore is given by
RG

E=—2 1
RS + 16 (1)

with r as the distance between donor and acceptor and R, as the distance for 50 % energy transfer
(Forster distance):

Ry (nm) = 0.02108 - (k2 -n~*- Q¥, - ) /s, (2)

with k2 as the dipole orientation factor, n as the refractive index of the medium, QY as the
quantum yield of the donor and J as the spectral overlap between donor emission and acceptor
absorption:

R fa)atda

I= a4 T ma @)

with g, as the molar attenuation coefficient of the acceptor at the peak absorption wavelength, 4 as
the wavelength in nm, f, and f; as the normalized donor emission and acceptor absorption spectra,
respectively.

As evident in equation (2), the dipole orientation factor k? has a strong influence on the
calculated R, and thus E:

k% = cos?® w (1 + 3cos?6). (4)

Here, w is the angle between the electric field vector of D at the location of A and the
absorption dipole orientation of A and @ is the angle between the emission dipole of D and
the separation vector of D-A (Lakowicz 2006).

For the standard assumption of k2 = 2/3 to be true, the rotational diffusion of a fluorophore
has to be faster than the fluorescence lifetime (FLT) of D (Miller et al. 2013; Hink et al. 2002).
However, this may not be true for genetically-encoded fluorescent proteins used in FRET
studies for several reasons: (i) The fluorophore barrel is large and has a rotational correlation
time of about 20-30 ns, whereas the FLT is in a range of 1-4 ns (Vogel et al., 2012). (ii) The
fluorophores are attached to the proteins of interest with a flexible linker (Chen et al. 2013;
van Rosmalen et al. 2017; George and Heringa 2002; Chen et al. 2013). In previous studies, a
linker length of 15 amino acids was assumed to allow free rotation of the fluorophore, even

though this may not be fully true (Ujlaky-Nagy et al. 2018; Széllosi et al. 2006; Shrestha et al.
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201). But as no better options are available, the standard assumption is used. This introduces
an error due to different fluorophore orientations. Hink et al. (2002) proposed to use
k% =0.476, which is the value of the orientation factor for a rigid, randomized ensemble of
D-A pairs (Steinberg 1971). This effectively reduces the calculated Férster distance. It does
not eliminate the possibility of specifically existent deviations due to fixed protein
arrangements, e.g., preventing FRET or other spatial arrangements. It is important to keep in
mind that the FRET efficiency does not correspond to fixed real distances (Miiller et al. 2013):
The presence of FRET always means that they are in close proximity, but how close exactly
can rarely be precisely determined, especially in live-cell imaging. The distance r that is
accessible through FRET-measurements is in average between 0.5 R, < r < 1.5 R, (Gadella
2009; Miiller et al. 2013). Most FRET pairs have Forster distances between 4 and 7 ns (Bajar
et al. 2016; Mastop et al. 2017). As a rule of thumb, FRET is restricted to distances below
10 nm. The absence of FRET does not necessarily mean that the proteins of interest are not
in close proximity or do not interact, e.g., due to unfavorable fluorophore attachment

positions. Three-fluorophare FRET-FLIM, in turn, has the same limitations.

Calculations for FRET cascades
We define a cascading, linear three-chromophore FRET system

1—2-—3
with 3 as the most redshifted fluorophore. When 2 acts as the donor, the spectral overlap of
2's emission spectrum with 1’s absorption spectrum is negligible. The FRET efficiency for the
path 2 — 3 can, therefore, be calculated with (1) as follows:

RgZB

Eyy = —/———.
6 6
R023 +71%;53

(5)
When 1 acts as the donor, two paths are possible:
1 — 2 — 3 (energy transfer to 3 via 2) or
1 — 3 (direct energy transfer to 3).
The energy can follow either path, so the energy transfer possibility for 1 — 2 is diminished
by the energy transfer possibility for 1 — 3 and vice versa. This decrease can be expressed in

terms of the fluorophore’s quantum yield, using the following equations by Liu & Lu (2002).

Forl— 2:
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AQY;, = & (6)
1 Rg13 + T613
R, to the power of 6 contains QY as a multiplicator (cf. (2)), so the lost fraction of QY can be

implemented in R as follows:

! Rng
RS, = RS, (1—AQY;,) = Rglz.(l TRE 1o ) 7)
13

with Rgu' and R, , as the Forster distance of 1 — 2, when 3 is present or absent,

respectively.

This adjusted Forster distance now replaces the numerator in (1):

PO TP ®)
YRS 10y,
Combining and simplifying (6) and (7):
6
(Royp"713)
E12 = 6 6 (9}
(R012 -r13) + (R013 'rlz) + (12 " 113)°
A similar result can be acquired for 1 — 3:
6
Ry, T
Ej3 = ( o13 12) (10)

(R013 'r12)5 + (Rou '7‘13)6 + (12 113)8

The overall FRET efficiency for the above 1 — 2 — 3 FRET cascade can now be estimated,
using (5), (9) and (10):
Ecase. = E12 " Ea3 + Eq3 (11)

We acknowledge that this linear FRET cascade approach neglects, e.g, the arrangement
2 — 1 — 3. The truth will be much more complicated, including complex geometric
arrangements of the fluorophores, enabling a multitude of possible energy transfer
pathways that will not be solved easily without performing extensive numerical
simulations. However, this set of equations and the derived results illustrate how a third
fluorophore changes the FRET working parameters and how important it is to consider

the actual biological situation - in this example, the analysis of protein complexes in the
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plasma membrane, which is of great common interest in the life science community.
Although these theoretical considerations can only be simplified approximations, they
impressively show that FRET interaction assays can, under certain conditions, cover
much larger distances than generally expected, making this method viable for a much

broader range of analyses.

Cross-talk during imaging
Cross-talk in the form of spectral bleed through (bt) and cross-excitation (ce) was present for

our fluorophores. To account for this, the bt and ce was assessed from normalized absorption
and emission spectra and quantified by imaging single-fluorophore expressing N.
benthamiana plants.

Excitation at 458 nm lead to a relative absorption of 91% for mTRQ2 and a cross-excitation of
8% for mVEN and 3% for mRFP (Fig. 1A purple, vertical line). Excitation at 514 nm for mVEN
yielded a relative absorption of 99% and a cross-excitation of mRFP of 20% (Fig. 1A green
line). mRFP was excited with 561 nm with a relative absorption of 61% (Fig. 1A orange line).
Spectral bleed-through was present from mTRQ2 to mVEN and from mVEN to mRFP: When
detecting mVEN with a bandwidth from 525 to 565 nm, 35% of the signal originates from
mTRQ2 (Fig. S2, Table S2). Detection of mRFP between 605 and 650 nm included 6% of mVEN
emission (Fig. S2, Table S2). When quantifying the Fl, also the molecular brightness of a
fluorophore, detection settings such as detector gain and laser strength are influencing the
amount of bleed-through and cross-talk. Thus, we calculated the coefficients from imaging
single-labelled samples with sequential excitation (Table 52). Measured bt and ce from
mTRQ2 to the yellow and red channel was higher than calculated, as higher laser settings
were used to excite mTRQ2. Measured ce from mVEN to the red channel was in the same
order of magnitude as calculated. As the molecular brightness of mVEN is relatively high
(Table S1), the bt to the red channel was higher than calculated (Table 52), even with reduced
laser power for 514 nm compared to the 458 nm and 561 nm laser lines (see Material and

methods).
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Process of spectral unmixing based on A-stacks
For A-stacks, the emission of the sample is recorded in several narrow spectral regions one

after the other. Figure S 6b shows such a A-stack with an excitation wavelength of 458 nm
comprising 21 images, each assigned to a spectral region (here with a spectral width of 8 nm).
The total detected intensity over all wavelength ranges can be obtained by summing the
intensities per pixel along the A-stack, resulting in an overview image as shown in Figure 6a.
Using such an overview image, regions of interest (ROIs) can now be selected. All pixel
intensities within a ROl are summed per wavelength range to extract the corresponding
spectra (Fig. S6¢), where each wavelength range is represented by its central wavelength.

Linear spectral unmixing aims to find a linear combination of the component spectra of
mTRQ2, mVEN, and mRFP that best approximates the measured spectrum, pointing to the
relative fractions of the fluorophores that were present in the sample. An exemplary graphical
representation of the unmixing result can be found in Figure S6d. FRET efficiency calculations
can be based on these fractions according to the formulas above, also considering cross-
excitation and spectral bleed-through. MATLAB scripts for the corresponding calculations are
available at https://github.com/svenzok/3F-FRET. Spectral unmixing with ROls is based on
low pixel numbers and/or intensities. Accordingly, for statistically robust results, great care
must be taken to randomize ROI selection and to analyze a reasonable number of biological

replicates.
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Supplementary Tables

Table S1. Parameters of fluorophores in this study

Quantum yield (QY), Molar attenuation coefficient (€) at the absorbance maximum, Brightness as the
product QY-g, Maturation half-time at 37°C in E. coli (tso), Photostability as half-time of bleaching
under laser scanning illumination with 80 pW (tx), pH stability (pKs) and proportion of monomeric
state. For comparison: EGFP features a brightness of 33.6 mM™cm™, a bleaching half-time of 159.7 s
and a pK, of 6.0.

Qy £ Brightness  Maturation Photostability pH monomer
[mMlecm?] [mMlem?] half-time tso tx[s] stability [%]
[min] K.
mTRQ2 0.93 30 279 335 71.7 3.1 93.8

(Goedhart et al. 2012; Cranfill et al. 2016; Balleza et al. 2018)

mVEN 0.64 105 67.2 17.6 26.5 5.5 83.9
(Kremers et al. 2006; Cranfill et al. 2016; Balleza et al. 2018)

mRFP 0.25 44 11.0 21.9 26.3 4.5 95.8
(Campbell et al. 2002; Cranfill et al. 2016; Balleza et al. 2018)

Table S2. Coefficients for spectral bleed-through (bt) and cross-excitation (ce)

The bt and ce coefficients with standard error (SE) for relevant laser lines were both measured in
images when anly the relevant fluorophore was expressed (D:A1:A2) and additionally calculated based
on normalized spectra.

bleed-through (bt) cross-excitation (ce)
1>>2 1>>3 2>>3 | 1>2 1>>3 25>>3

Average false/true signal 0.41 0.04 014 | 0.11 0.03 0.16
SE 0.01 0001 0.02 | 0.01 001 0.01
Ratio D:A1:A2 1:0.0 1:0:0 0:1:0 | 0:1:0 0:0:1 0:0:1
Excitation laser [nm] 458 458 514 458 458 514

Calculated false/true signal 035 001 006 |0.08 0.03 0.2
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Table S3. List of primers.

GOl = vector

Forward primer 5'» 3’

Reverse primer 5'» 3’

RLP44 -
pDONR221-
P3P2

BRI1 -
pDONR221-
P1P4

FLS2 -
pDONR221-
P1P4

FLS2 -
pDONR207

GGGGACAACTTTGTATAATAAAGTTGtaA
TGACAAGGAGTCACCGGTTAC

GGGGACAAGTTTGTACAAAAAAGCAGGC
TtaATGAAGAC CAAGCTTCTT

GGGGACAAGTTTGTACAAAAAAGCAGGC
TtaATGAAGTTACTCTCAAAGAC

GGGGACAAGTTTGTACAAAAAAGCAGGC
TtaATGAAGTTACT

GGGGACCACTTTGTACAAGAAAGCTGGG
TtGTAATCAGGCATAGATTGAC

GGGGACAACTTTGTATAGAAAAGTTGGG
TGTAATTTTCCTTCAGGAACTTCTT

GGGGACAACTTTGTATAGAAAAGTTGGG
TGAACTTCTCGATCCTCGTTACG

GGGGACCACTTTGTACAAGAAAGCTGGG
TgAACTTCTCGATCCT
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Supplementary Figures
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Figure S1. RLP44-mTRQ2, BRI1-mVEN and BAK1-mRFP are expressed together in N. benthamiana
epidermal leaf cells.

Representative confocal images of the fluorescence intensity in the mTRQ2 channel, the mVEN
channel and the mRFP channel are exemplary shown for the combination of RLP44-mTRQ2, BRI1-
mVEN and BAK1-mRFP two days after transient transformation of N. benthamiana leaf cells. The
excitation wavelengths and the relative laser intensities are depicted to the left. The blue channel for
detection of RLP44-mTRQ was 465-505 nm, the yellow channel for detection of BRI1-mVEN was 525-
565 nm and the red channel for detection of mRFP was 605-650 nm. The scale bar represents 20 um.
In general, before the acquisition of spectra or the fluorescence intensities, the expression of each
fusion construct was determined by sequential excitation, meaning that one laser line was switched
on at a time.
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Figure S2. Wavelength-dependent intensity measurements reveal different fusion protein
expression levels for different plasma membrane regions in transiently transformed N. benthamiana
epidermal leaf cells.

The wavelength-dependent raw intensity of 13 different regions of interest, each, in the plasma
membrane of N. benthamiana leaf cells after excitation with light of 458 nm is depicted for RLP44-
mTRQ2 alone (a), the RLP44-mTRQ2 + FLS2-mRFP (b) and RLP44-mTRQ2 + FLS2-mRFP pair (c).
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Figure S3. BRI1HA is expressed in transiently transformed N. benthamiana leaf cells.

Western blot (left) and the total protein on the transfer membrane, stained with Ponceau S (right) of
N. benthamiana leaf extracts prepared two days after transformation with either the silencing
inhibitor plasmid p19 (control) or with p19 and a plasmid coding for BRI1"*, BRI1" was detected with
an HA antibody. The protein size markers are shown to the left.
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Figure $4. FLS2 does not interfere with the RLP44-related interactions (extension to Fig. 4).
Wavelength-dependent normalized fluorescence emission after irradiation of the N. benthamiana leaf

cells with 485 nm light for the co-expression of RLP44-mTRQ2 with BRI1"* (blue) or with BAK1-mRFP
(red) or FLS2-mVEN and FLS2-mRFP (orange) or FLS2-mVEN and BRI1-mRFP4 (black). The FRET-
relevant wavelength area is highlighted in the enlarged section. The occurrence of FRET from mTRQ2

to mRFP is indicated by a red arrow head.
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Figure S5. The overall donor to acceptor ratios is not significantly different in the protein fusion
arrangements of the FRET-FLIM analysis.

Fluorescence emission ratios for the mTRQ2/mVEN fusion protein pairs (a), the mTRQ2/mRFP fusion
protein pairs (b) and mVEN/mRFP fusion protein pairs (c) are shown. Data points were left-right
scattered (black dots) and combined with boxplot information, permitting outliers.

The ratios for mTRQ2/mVEN, mTRQ2/mRFP and mVEN/mRFP were tested for significant differences
with a two-tailed, all-pair Kruskal-Wallis test followed by a Steel-Dwass post hoc correction. The
asterisks marks a significant difference (p < 0.05) in the donor-to-acceptor ratios, which was the
mTRQ2/mRFP ratio in the RLP44-mRFP4/BRI1-mVEN/BAK1-mRFP and the RLP44-mTRQ2/BRI1-
mVEN/FLS2-mRFP arrangements. The boxplots represent all data with the median as a solid line within
the box that is restricted by the first quartile (25 %; lower end) and the third quartile (75 %; upper
end). The whiskers show the minimum and maximum value of the data, respectively, that are not
defined as outliers (1.5 times the interquartile range). Outliers are indicated as black diamonds.
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Figure S6. Example of spectral unmixing process based on A-stacks.

Overview image (a) with randomly selected regions of interest (ROI 1-3) of the plasma membrane for
cells expressing RLP44-mTRQ2, BAK1-mVEN and BRI1-mRFP. Each frame of the A-stack (b) corresponds
to an emission wavelength range, imaged consecutively under constant 458 nm excitation. Intensity
summation over all wavelength ranges results in image (a). Spectra (c) for each ROI are extracted by
summing all pixel intensities of the specified ROI for each wavelength range, resulting in 21 discrete
values for each ROI. The x-axis represents the respective center of each wavelength range. Spectral
unmixing (d) is shown as a graphical representation for ROI 3 (green line). Unmixing describes the
process of finding a linear combination of normalized mTRQ2 (blue), mVEN (yellow) and mRFP (red)
spectra that best approximates the measured data.
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Abstract Brassinosteroids (BR) are key hormonal regulators of plant development. However,
whereas the individual components of BR perception and signaling are well characterized experi-
mentally, the question of how they can act and whether they are sufficient to carry out the critical
function of cellular elongation remains open. Here, we combined computational modeling with
quantitative cell physiology to understand the dynamics of the plasma membrane (PM)-localized BR
response pathway during the initiation of cellular responses in the epidermis of the Arabidopsis root
tip that are be linked to cell elongation. The model, consisting of ordinary differential equations,
comprises the BR-induced hyperpolarization of the PM, the acidification of the apoplast and subse-
quent cell wall swelling. We demonstrate that the competence of the root epidermal cells for the BR
response predominantly depends on the amount and activity of H*-ATPases in the PM. The model
further predicts that an influx of cations is required to compensate for the shift of positive charges
caused by the apoplastic acidification. A potassium channel was subsequently identified and exper-
imentally characterized, fulfilling this function. Thus, we established the landscape of components
and parameters for physiological processes potentially linked to cell elongation, a central process in
plant development.

Editor's evaluation

The manuscript by Grosseholz et al. addresses a so far much overlooked aspect in plant hormone
signalling systems, namely how components primarily identified by genetic means jointly regulate
plant root physiology. The authors demonstrate a relevant effect of Brassinosteroid signalling on
the control of root cell elongation in Arabidopsis. They used an elegant combination of (electro)
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physiology, computer modelling and confocal microscopy to reveal molecular candidates linking BR
perception to fine-tuning of cell elongation through ion fluxes.

Introduction

Brassinosteroids (BRs) are plant steroid hormones that regulate a great variety of physiological and
developmental processes including elongation growth as well as environmental adaptations (Miissig
et al., 2002; Clouse, 2002; Lv and Li, 2020; Wolf, 2020). To achieve this, BR signal transduction is
closely linked with a multitude of other signaling pathways (Lv and Li, 2020).

The canonical sequence of BR perception and signal transduction, which also leads to cell elon-
gation, is mediated by the plasma membrane (PM)-resident, nanoscale-organized receptor kinase
brassinosteroid-insensitive 1 (BRI1) and its co-receptor BRI1-activating kinase 1 (BAK1) as central
elements (Biicherl et al., 2013; Biicherl et al., 2017; Lv and Li, 2020; Wolf, 2020). The binding of
BR to the receptor's extracellular domain results in the re-arrangement of several BRI1-associated
proteins. This involves the release of inhibitory mechanisms that include BRI1 kinase inhibitor 1 (BKI1)
and BAK1-interacting receptor like kinase 3 (BIR3) and leads to the stabilization of BRI1/BAK1 asso-
ciation followed by a variety of auto- and trans-phosphorylation events of their cytoplasmic domains.
This cascade of events eventually results in the establishment of the fully active BRI1 receptor complex
(Biicherl et al., 2013; Biicherl et al., 2017).

Once the active complex is established, the BR response is proposed to divide into two distinct
downstream pathways to trigger molecular and physiological processes, which can be linked to cell
elongation and differ in their kinetic properties (Clouse, 2002; Clouse, 2011; Vukasinovié¢ et al.,
2021): A long-term (hours to days) gene regulatory pathway leading to extensive transcriptional
reprogramming that is realized via the kinase Brassinosteroid Insensitive 2 (BIN2), the key transcrip-
tion factors brassinazole resistant 1 (BZR1) and BR insensitive EMS suppressor 1 (BES1). The gene
regulatory pathway is linked to cell wall remodeling as well as the extent and correct timing of aniso-
tropic cell growth (Lv and Li, 2020; Fridman et al., 2021; Graeff et al., 2021). Physiological work
in the past already suggested the second, short-term pathway is proposed to occur in PM-resident,
nano-organized BRI1 complexes (Cerana et al., 1983; Cerana et al., 1984; Romani et al., 1983;
Mandava, 1988). The response takes place in a matter of a few minutes and leads to the upregu-
lation of the major proton pumping ATPases (AHA1, AHA2) (Figure 1; Elgass et al., 2009, Caesar
et al., 2011). The activation of AHAs involves their interaction with BRI1 and BAK1, is BRI1 kinase
activity-dependent (Caesar et al., 2011; Ladwig et al., 2015) and occurs very likely via rapid phos-
phorylation (within 5 min) of threonine and serine residues in the AHAs’' large cytoplasmic domain
(Lin et al., 2015; Witthéft et al., 2011). The BR-enhanced activity of AHAs induces the acidification
of the apoplastic space, hyperpolarization of the PM’'s membrane potential (E,) and cell wall swelling
within 10 min after BR application (Elgass et al., 2009; Caesar et al., 2011; Witthoft et al., 2011,
Witthéft and Harter, 2011). The functional link between these BR-regulated cellular responses and
AHA activity was proven by the inhibition or constitutive activation of the pump, leading either to the
blocking of the reactions or their activation in the absence of BR (Caesar et al., 2017).

The cell wall swelling, thus the incorporation of water in the wall matrix, is mediated by the loos-
ening of the walls rigidity via the activation of acidic pH-dependent, apoplast-resident enzymes regu-
lating wall extensibility (Cosgrove, 2000). According to the acid-growth theory (Hager, 2003), the
low pH-induced enzymatic loosening of the cell wall, often paralleled by the accumulation of osmot-
ically active substances inside the cell, causes a water potential difference between the extracellular
space and the protoplast, the uptake of water and eventually the onset of cell elongation (Palmgren
et al., 2009, Regenberg et al., 1995; Baekgaard et al., 2005; Phyo et al., 2019). This sequence of
short- and long-term signaling and reaction pathways allows for instance root cells in the elongation
zone (EZ) to grow four times their size in the meristematic zone (MZ) with a growth rate of up to 0.7
pm min~'(Fasano et al., 2001; Verbelen et al., 2006). Comparable growth rates were reported for
hypocotyl cells of dark-grown Arabidopsis seedlings upon application of BR (Minami et al., 2019).

While the activation of the pathway is well understood qualitatively, the information on the inactiva-
tion of the pathway is currently still sparse. The receptor BRI1 autophosphorylates at the residue 5891,
which inhibits the receptor activity (Oh et al., 2012). However, the time-scale of this phosphorylation
is very slow, as it increases over the course of 12 h after stimulation with BR. The dephosphorylation
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Figure 1. Schematic overview of the key constituents and processes of the plasma membrane-associated fast BR response pathway initiating early
steps in cell elongation, here represented by brassinolide (BL). (A) Inactive state: Co-localizing in a preformed nano-orgnaized complex, the inhibitors
BKI1, BIK1 and BIR3 suppresses the activity of BRI1 in the absence of BL keeping the activity of H*-ATPases AHA1 and 2 at basic levels. By interaction
with BAK1, BIR3 blocks the access of the co-receptor to BRI1. (B) Active state: Upon BL-binding to the receptor, the inhibitory mechanisms of BKI1, BIK1
and BIR3 on BRI1 and BAK1 are released causing the formation of the active BRI1/BAK1 complex. The complex enhances the AHA activity resulting in
cell wall acidification, plasma membrane hyperpolarization and eventually onset of cell elongation. These key constituents and qualitatively described
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processes were used for the initial establishment of the computational model at cellular.

of this site is even slower, as residual phosphorylations can be detected 5 days after inhibiting BR
synthesis using brassinazole (Oh et al., 2012).

Despite the qualitative knowledge on the constituents, the BR perception and the canonical
signaling events, the dynamics of the system as a whole have yet to be examined quantitatively in
detail (Sankar et al., 2011; van Esse et al., 2013a; van Esse et al., 2012; van Esse et al., 2013b;
Allen and Ptashnyk, 2017). Therefore, we employed computational modeling in combination
with quantitative experimental data on the fast BR response pathway in the PM, focusing on the
epidermal cells of the Arabidopsis root tip as the epidermis limits the rate of elongation (Hacham
et al., 2011). The root tip is an excellent model system for such a combined study because cells
there first undergo a phase of cell division in the MZ followed by a phase of growth in the EZ.
The boundary from the MZ to the EZ is represented by the transition zone (TZ). The formation
of the TZ is characterized by the cytokinin-induced expression of the AHAT and AHAZ2 genes as
a precondition for cell elongation in the EZ (Pacifici et al., 2018). However, BR is involved in the
control of both cell division and cell elongation in the different zones, apparently also adding
to the specific functional competence and behavior of the cells along the axis of the root tip.
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However, the molecular determinants and processes establishing this competence and their link
to the cytokinin-caused gradient of growth competence are poorly understood in terms of their
quantitative dynamics. This lack of knowledge virtually provokes the implementation of computa-
tional modeling.

While computational modeling has been used frequently in biomedical research since the early
2000 s, its application to the plant field has started more recently (Hiibner et al., 2011; Holzheu and
Kummer, 2020). Here, the growth and development of the root tip has been of particular interest
(Bruex et al., 2012; Muraro et al., 2016; Di Mambro et al., 2017; Rutten and Ten Tusscher, 2019,
Salvi et al., 2020; Rutten and Ten Tusscher, 2021). Further computational studies in plants include
the modeling of auxin signaling (Vernoux et al., 2011) and transport pattern (Band et al., 2014), and
parts of the BR signaling (Sankar et al., 2011; van Esse et al., 2013a; van Esse et al., 2012; van Esse
et al., 2013b; Allen and Ptashnyk, 2017). For instance, the modeling approach by van Esse et al.
analyzed the link between the BR dose, gene expression and growth behavior in both the Arabidopsis
root and shoot (van Esse et al., 2013a; van Esse et al., 2012, van Esse et al., 2013b). However, none
of the previous modeling approaches has been able to truly quantitatively depict cellular responses,
make clear predictions about the cellular behavior, limiting constituents or processes.

In our study, we were able to determine how the constituents of the PM-resident fast BR response
pathway work together and identified its rate-limiting elements applying an ordinary differential equa-
tions (ODE) approach. Substantiated by wet lab experiments, our computational approach led to a
detailed kinetic model that describes the rapid cellular response and offers an explanation for the
initiation of BR controlled differential growth behavior of the root cells on the basis of the differential
AHA accumulation and activity. Furthermore, the model predicts the existence of a cation influx across
the PM that is crucial for the apoplastic acidification and E,, hyperpolarization, which was subsequently
narrowed down experimentally. Lastly, the model shows how the extent of the BR response can be
fine-tuned by the level of the BIR3 inhibitor. Our model proposes that the specific composition of the
PM-resident nano-organized BRI1 complexes determines the competence of the root cells to initiate
elongation in response to BR.

&8+ (BL—[El»@ @D\ = cell wall

BL /

cell membrane

cytoplasm

@ vacuole

Figure 2. Model structure of the fast BR response pathway of Arabidopsis thaliana. Compartments are indicated by grey boxes. Smaller molecules
are indicated by circles, proteins by rectangles. Potential sites for protein modifications are indicated by the small circles on the boundaries of the
rectangles. Reactions, including substrates and products, are indicated by the arrows, with the reaction numbers noted in the small box. Reactions,
which are reguired for the model to return to the initial state, are drawn in grey. A bar at the bottom of the circle or rectangle indicates that this entity
appears more than ance in the scheme.
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Results

A mathematical model of the fast BR response

To analyze the important steps and factors of the cell-specific, fast BR response in the root tip, we
developed a detailed mathematical model consisting of ODEs (Figure 2). The model comprises
four cell compartments: the cytosol, the cell wall and the vacuole as three-dimensional compart-
ments as well as the PM as a two-dimensional compartment. The explicit inclusion of the PM as two-
dimensional compartment was prompted by the fact that most components of the BR perception and
initial processes are located in the membrane and the relevance of the membrane as a scaling factor
in this kind of system (Holzheu et al., 2021). The compartment sizes were set such that the model
initially describes the behavior of a single epidermis cell in the early EZ of the Arabidopsis root (Wilma
van Esse et al., 2011) (see Appendix 1—table 1).

The model captures the important components and steps of the fast BR response pathway focusing
on protein interactions and post-translational modifications. We decided against the inclusion of data,
which are derived from the genetic manipulation of component amounts or activity or are based on
long-term incubation of BR biosynthesis inhibitors such as brassinazole. This kind of manipulation or
long-term treatment are expected to have considerable effects on the physiological and develop-
mental properties of the plant as a whole. The model is set up in a way that an equilibrium state was
reached before the system is stimulated with the hormone by maintaining the system first without the
hormone for 24 hr. In this state, only a few crucial reactions occur and carry a flux (v): the interaction
between BIR3 and BAK1 (v;) and BIR3 and BRI1 (v,), the proton leak from the cell wall into the cyto-
plasm (v:) (Appendix 1—figure 1), the basal activity of the ATPases AHA1 and AHA2 (i) and the
exchange of monovalent cations (here represented by potassium) between cytoplasm and cell wall (v,)
and cytoplasm and vacuole (vs). Modeling the basal state as a physiologically plausible steady state
ensures that the model describes the inactive state of the BR response pathway accurately and that
the interactions of BIR3 with BAK1 and BRI1 are in an equilibrium.

The hormone is added to the model by an event triggered at 24 h. According to the current state
of knowledge, this initiates a number of molecular processes in the PM that occur almost simulta-
neously (Figure 2): binding of BL to BRI1 (vs), the loss of BRI1 inhibition by its C-terminus (vi,), the
release of BKI1 and BIK1 after phosphorylation (v, and v,;, respectively) as well as the release of BIR3
from BAK1, the establishment of the BAK1-BRI1 interaction via BR (v;3), and the auto- and transphos-
phorylation of BAK1 and BRI1 (v,4). These spatial rearrangements and post-translational modifications
result in the active form of the BRI1 receptor complex, which immediately stimulates the activity of
H*-ATPases very likely by phosphorylation (Lin et al., 2015) (v;s). Further signaling events occur later
in time and include differential gene expression (Lv and Li, 2020). However, these late events were
not considered here for our modeling approach.

The main cell physiological output of this early sequence of events is the acidification of the
apoplastic space, the hyperpolarization of the E,, and the swelling of the cell wall. The E,, is calculated
based on the net change in charge distribution of protons and potassium across the PM, the specific
capacitance of the plasma membrane (White et al., 1999) and the membrane surface (Wilma van
Esse et al., 2011) (see Appendix 1—table 1). However, combining the available information derived
from the literature resulted in preliminary model draft that was not able to reproduce the measured
experimental data, for instance regarding the E,, hyperpolarization. Without a mechanism to balance
out the shift in charge distribution caused by the transported protons, even a modest acidification
of the apoplast from a pH of 5.4-5.0 will result in a non-physiological membrane hyperpolarization
(Sondergaard et al., 2004) (see: Appendix 1 - example calculation of E,, and pH change). Conse-
quently, we postulated a cation influx in the model (here represented by potassium) that starts upon
activation of the BRI1 complex (v,¢) and is driven by the E,, (v).

However, in order to accurately model and simulate the fast BR response pathway, we needed
more experimental data about the PM-based BRI1 response module. Any remaining unknown model
parameters were estimated based on experimental data of the cell wall acidification (this study), E.,
hyperpolarization (Caesar et al., 2011) and the qualitative overexpression behavior of BIR3 (Imkampe
et al.,, 2017). To account for non-identifiable parameters, we investigated the parameter space by
computing several independent model parameterizations that describe the experimental data equally
well. All computational analyses were run with each model of the resulting ensemble of structurally
identical models (n=10) to ascertain consistent results across parameter space.
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Quantification of signaling components

One experimental challenge for the refinement of the model was to quantify the central components
of the pathway comprising predominantly BRI1, BAK1, BIR3 and AHA in the PM of epidermal cells of
the root tip. Initially, we drew our attention on their steady-state transcript levels as they were deter-
mined by high-throughput single cell RNA-sequencing (scRNA-Seq) of the different Arabidopsis root
cell types (Ma et al., 2020). Whereas BRI1 and BIR3 transcripts accumulated in all cell types of the root
more or less equally and did not alter much in their amount during cell development along the root
axis, AHAZ and to lesser extent also AHAT transcripts were found predominantly in the epidermal
cells and the root cortex (Figure 3A). During root development, the AHAZ transcript amount but not
those of BRIT and BIR3 started to increase strongly in the cortex and epidermis cells of the TZ and
EZ (Figure 3B). This temporal transcript pattern was less prominent for AHA1 (Figure 3B) being in
agreement with earlier observation that the AHAT promoter is not very active in root epidermis cells.
This indicates that AHA T does not play a prominent role in the control of cell expansion (Merlot et al.,
2007). Because its transcript accumulation was already induced by protoplasting, the scRNA-Seq data
could not be used for BAKT with respect to the temporal expression along the root axis (Ma et al.,
2020).

On the basis of the scRNA-Seq data we focused our further studies on the in vivo protein quantifi-
cation of the GFP fusions of BRI1, BAK1, BIR3 and AHAZ2 in developing epidermal cells along the root
tip axis. For the PM of cells of the EZ, the amount of BRI1-GFP was already quantified to around 11
receptor molecules per pm? and for BAK1-GFP to 5 co-receptors per pm? by Wilma van Esse et al.,
2011. To complete this data set, we applied quantitative CLSM for the quantification of BIR3-GFP
and AHA2-GFP in the epidermal root cells of published transgenic Arabidopsis lines that express the
fusion protein under the respective native promoter (Fuglsang et al., 2014; Imkampe et al., 2017).
As these GFP fusion proteins carry the identical fluorophore version, their fluorescence intensity can
be set in relation to the BRI1-GFP intensity and, thus, to the BRI1-GFP receptor amount in the PM. The
quantification of GFP fluorescence was performed in 50x50 pm areas at the epidermis along the root
tip (an exemplary set of root tip images is shown in Appendix 1—figure 2). The amount of BRI1-GFP
and BAK1-GFP did not alter much in the epidermal cells in the MZ and early EZ, as it was reported
before (Figure 3C; Wilma van Esse et al., 2011). A relative homogeneous fluorescence intensity
distribution was also observed for BIR3-GFP that translated to about 17 inhibitor molecules per pm?
PM area in the MZ and 14 in the early EZ (Figure 3C). In contrast, there was a significant gradient of
AHA2-GFP fluorescence intensity along the root axis, being comparatively low in the MZ (with 4 AHA2
molecules per pm? PM area) but high in the late EZ / maturation zone (with about 10 AHA2 molecules
per um? PM area) (Figure 3C). A relatively sharp alteration of the AHA2-GFP amount was detected
for the TZ (Figure 3C). If the amount of AHA2-GFP and BIR3-GFP molecules was set in ratio to the
number BRI1-GFP molecules in the PM along the root tip axis, there was no alteration with respect to
BIR3 (ratio: about 1.35), but a strong increase regarding AHA2 from 0.28 in the MZ to up to 5 in the
late EZ.

Qur significantly improved spatio-temporal refinement of previous data (Pacifici et al., 2018) by
scRNA-Seq and quantitative CLSM demonstrate a coincidence of AHA2 protein accumulation with the
onset of growth in the EZ. These results suggest that there may be a regulatory link between AHA2
protein accumulation and probably activity pattern and normal and BR-regulated root growth along
the root tip axis. This hypothesis is particularly plausible given that AHAZ2 interacts physically with BRI1
and BAK1 and is phosphorylated within 5 min upon BR treatment in vivo (Caesar et al., 2011; Ladwig
et al., 2015; Lin et al., 2015; Yuan et al., 2018).

Modeling predicts the H*-ATPases being crucial regulators of the
extracellullar pH in the BR/BRI1 response

To test the hypothesis formulated above, we decided to investigate the functional role of AHA in the
context of BR-regulated signaling activity both experimentally and computationally. Here, we first
sought to quantify and analyze the response in the EZ. With the key components of the H* homeo-
stasis and nano-organized BRI1 complex quantified (see Figure 3C), we were able to tailor the model
to represent a single epidermis cell in the EZ. By further using a combination of dose-response data
and time-course measurements to fit the remaining unknown model parameters, we then should be
able to analyze both the overall response and the temporal dynamics of the BR signaling module.
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Figure 3. The constituents of the nano-scale organized BRI1 complex are spatio-temporally differentially
expressed in the epidermal cells along the Arabidopsis root tip axis. (A) AHAT, AHAZ, BIR3 and BRI transcript
levels in the different cell types of the Arabidopsis root tip derived from scRNA-Seq data (Ma et al., 2020). The
atrichoblasts and trichoblasts together represent the epidermal cells. (B) Developmental trajectories of AHAT,

Figure 3 continued on next page
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Figure 3 continued

AHAZ, BIR3, and BRI1 transcript accumulation along the root tip (Ma et al., 2020). The transition from the MZ

to the EZ is at a pseudotime value of around 30. (C) Upper panel. Number of the indicated GFP fusion proteins
(molecules per pm?) in the plasma membrane of epidermal cells along the root tip axis. The values for BRI1-GFP
and BAK1-GFP were taken from the literature (Wilma van Esse et al., 20117). Lower panel. The same but here the
ratios of BRI1-GFP/AHA2-GFP and BRI1-GFP/BIR3-GFP molecules in the plasma membrane are given.

To measure the dose-response behavior and the time-course response to BR stimulation experi-
mentally, we relied on the salt 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium (HPTS), a non-invasive
dye that incorporates into the plant cell wall and enables the ratiometric fluorescence readout of the
pH conditions at cellular resolution (Barbez et al., 2017, Appendix 1—figure 3). To determine the
apoplastic pH conditions 60 min after brassinolide (BL) application in the EZ, we performed a dose-
response analysis. A significant decrease of the apoplastic pH was observed already at a BL concen-
tration of 0.1 nM that continued up to a concentration of 10 nM (Figure 4A). Higher concentrations of
BL did not further increase the cellular response in the EZ. This behavior is reproduced by the model
ensemble (Figure 4A).

To capture not only the overall response to BL stimulation in the EZ but also its temporal dynamics,
we further performed time-course measurements of the apoplastic pH in response to 10 nM BL using
HPTS. Here, we observed a rapid acidification within 10 min after hormone application that is main-
tained for the remainder of the experiment (Figure 4B). This observation was again reproduced by
the model ensemble (Figure 4B). At the same time, we could also capture the cell wall swelling in the
model that has been observed in response to BL application previously (Elgass et al., 2009; Caesar
et al., 2011; Figure 4C).

607A A A 0,24 304
B B B B B —_
c cccc 0,04 *
5,51 T -0.2 2 201
T 5 E
4 g-G,4- %
[}
5,0 T 0,61 T 101
2
-0,8 1 3
45— -1, . 01—, - - -
0011 5 10 50100 10 20 30 40 50 60 0 10 20 30
BL concentrations [nM] Time [min] Time [min]

Figure 4. The computational model quantitatively and dynamically captures the sensitivity and kinetics of apoplastic acidification in Arabidopsis
epidermal cells of the root EZ in response to BL. (A) HPTS-staining visualized (black quadrats) and computationally simulated (grey diamonds) dose-
response behavior of apoplastic pH. Real or virtual BL incubation was done for 60 min. Error bars represent SD for the experimental data (nz11) and the
simulations of different model parameterizations (n = 10). Statistical evaluations to compare the effect of BL concentrations on experimental data, were
performed by an One-way ANOVA followed by a Tukey-HSD post hoc test. Levels not connected by same letter are significantly different. The exact
p-values can be found in the corresponding RAW data file. (B) HPTS-staining visualized (black quadrats) and computationally simulated (grey diamonds)
time-course of apoplastic pH change in response to 10 nM BL. Error bars represent a corrected SD for the experimental data (n=16) (for calculations see
the corresponding RAW data file) and SD for the simulations of different model parameterizations (n = 10). Statistical evaluations on experimental data
were performed as described in A. (C) Computationally simulated time course of relative wall swelling in response to 10 nM BL. The addition of BL at
time O is indicated by the vertical dashed line.

The online version of this article includes the following source data for figure 4:

Source data 1. Raw data underlying the representation of the experimental results of Figure 4.
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Figure 5. Computational calculation of scaled sensitivities of the cell wall acidification predicts AHAZ activity and malecules in the PM as well as BRI1

expression and molecules in the PM

to be the deciding factors for the competence of Arabidopsis epidermal root cells to elongate in response to 5 min

BL application for all parameterizations of the model. A positive influence is shown in green, a neutral in white and a negative in red, with the color

saturation indicating the strength of

the influence.

The online version of this article includes the following source data for figure 5:

Source data 1. Raw data underlying the representation of the results.

Using this model ensemble that specifically describes the behavior of a single epidermis cell in the
EZ, we analyzed the importance of the individual model components and parameters for the cell phys-
iological response by calculating the scaled sensitivities. In particular, this means that we calculated
the relative change of the cell wall acidification in response to relative changes in model parameters
while simulating the BR response stimulated with 10 nM BL for 5 min and 60 min. The results of the
sensitivity analysis for all model parameterizations (n=10) are summarized in Figure 5, where a posi-
tive influence on the BR response is denoted in green, no influence is denoted in white and a negative
influence is denoted by red, with the color saturation indicating the strength of the control. Notably,
at the beginning of the BR response the initial concentrations of the receptor BRI1 and the proton
pumps had a large impact. In addition, parameters influencing proton extrusion such as the degree
of inhibition and the pump activity of the ATPases strongly controlled the early BR response across all
model parameterizations (Figure 5). The sensitivities of the acidification 60 min after BL application in
turn showed a greater control of down-regulating elements such as the inhibitory phosphorylation of
the receptor (Appendix 1—figure 4), although the amount of proton pumps as well as their activity
remained impactful. As our previous protein quantification data showed a near constant level of the
receptor while the AHA2 levels change notably, this strongly supports the hypothesis that the proton
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Figure 6. The model quantitatively and dynamically captures the sensitivity and kinetics of apoplastic acidification in Arabidopsis epidermal cells of
the root MZ in response to BL. (A} HPTS-staining visualized (black quadrats) and computationally simulated (grey diamonds) dose-response behavior
of apoplastic pH. Real or virtual BL incubation was done for 60 min. Error bars represent SD for the experimental data (n211) and the simulations

of different model parameterizations (n = 10). Statistical evaluations on experimental data were performed as described in Figure 4. Levels not
connected by same letter are significantly different. The exact p-values can be found in the corresponding RAW data file (B) HPTS-staining visualized
(black quadrats) and computationally simulated (grey diamonds) time-course of apoplastic pH change in response to 10 nM BL. Error bars represent
a corrected SD for the experimental data (n=16) (for calculation see the corresponding RAW data file) and SD for the simulations of different model
parameterizations (n = 10). Statistical evaluations on experimental data were performed as described in Figure 4.

The online version of this article includes the following source data for figure 6:

Source data 1. Raw data underlying the representation of the results.

pumps are the key elements that determine the competence of cells to respond to BR stimulation and
react with elongation growth.

In consequence, the cells in the MZ should show a higher starting pH and react less strongly to
BR stimulation due to the lower expression levels of AHA2. To predict the behavior of an epidermis
cell in the MZ, we adjusted the model ensemble to instead represent a single epidermis cell in the
MZ in terms of protein concentrations and compartment sizes. This model ensemble shows a higher
resting pH and a reduced response to BR stimulation as evident in the dose-response behavior and
kinetics properties that was supported in principle experimentally by HPTS visualization (Figure 6,
Appendix 1—figure 5). However, due to the limitation in the sensitivity of the HPTS method and the
biological variability in the different root preparations, the difference in the BL-induced acidification
responses between MZ and EZ epidermal cells could not be captured statistically. The modeling
approach is therefore advantageous for the prediction of small, cell physiological response differences
which are difficult to establish experimentally due to high biological and methodological variability
(Appendix 1—figure 5). Although the model captures the cellular physiology very well, we cannot
entirely exclude the possibility that there is no difference between PH responses in the MZ and EZ
cells.

Experimental evaluation confirms the predicted relevance of the H*-
ATPases for the extracellular pH control in the BR/BRI1 response

To confirm the predictions of the model experimentally, we used both HPTS and microelectrode ion
flux estimation (MIFE) measurements. MIFE is another non-invasive experimental method in addition
to HPTS measurements that allows for contact-free, real-time, electrophysiological measurements
of H* fluxes at the surface of roots by using an H*-specific electrode that mainly reflects the ATPase

GroBeholz, Wanke et al. eLife 2022;0:e73031. DOI: https://doi.org/10.7554/elife.73031 10 of 35
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Figure 7. The resting apoplastic pH gradient of epidermal root cells along the axis and its regulation by BR
depends on kinase-active BRI1. (A) MIFE recording of the H* fluxes along the root axis of Arabidopsis wild type
(black line) and bri1-301 mutant (orange line) plants. Measurements were performed from 250 pm of the root tip off
to the root hair zone. Error bars represent SD (n = 3). (B) Comparison of the relative apoplastic pH (ratio 458/405)
of epidermal root cells in the MZ (black bars) and EZ (grey bars) of wild type and bri1-301 mutant plants after

60 min of BL (10 nM) or mock treatment, visualized by HPTS staining. The data derived from the mock treatments
of the respective line were set to 100. Error bars represent SD (nz30). Statistical evaluations were performed by
comparing the respective groups separately (e.g. ‘Col-0 MZ mock’ compared with ‘Col-0 MZ BL). Depending on
the distribution of data and other assumptions either a (pooled) Two-Tailed T-Test or a Two-Tailed Wilcoxon Test
were applied. The black asterisks indicate statistically significant differences (***: p<0.001); (*: p£0.05). The exact
p-values can be found in the corresponding RAW data file. (C) Relative H* fluxes at the EZ of wild type (black bars)
and bri1-307 mutant (orange bars) plants between 5 and 20 min after application of 10 nM BL recorded by MIFE.
The flux directly before the addition of BL was set to 100. The increase in net influx after treatment is due to a
disturbance of the H' conditions at the root surface, which is observed with any treatment. The solid lines illustrate
the linear regression. The slope is -0.818 for the wild type and -0.371 for bri1-301. Error bars represent SD (n = 3)
(D) Simulated response to 10 nM BL for the wild type (black) and bri1-301 mutant (orange), under the assumption
that the bri1-301 mutant is bicchemically half as active as the wild type. Error bars represent SD (n=10).

The online version of this article includes the following source data for figure 7:

Source data 1. Raw data underlying the representation of the results.

activity in the underlying tissues (Newman, 2001; Fuglsang et al., 2014). Confirming previous results
(Staal et al., 2011), our MIFE measurements along the Arabidopsis root tip revealed a net H" influx at
the MZ, which then was drastically reduced in the EZ implying higher H* ATPase activity in this region
(Figure 7A). These differential H* fluxes translate into a pH gradient along the surface of the root tip
with the MZ less acidic and the EZ more acidic (Staal et al., 2071). Using HPTS, we substantiated
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the MIFE results and confirm the observation of Barbez et al., 2017 that there is an apoplastic pH
gradient of the epidermal root cells from the MZ (less acidic) to the EZ (more acidic) (Appendix 1—
figure 3).

To address the question whether the establishment of the resting pH gradient and the differential
changes of the pH conditions upon external BL application depend on fully functional BRI1, we used
the bri1-301 mutant for further HPTS and MIFE measurements. In the bri1-307 mutant a BRI1 version
with a reduced kinase activity is expressed, which causes a weak defective root growth phenotype at
ambient temperature (Lv et al., 2018; Zhang et al., 2018). This less-pronounced bri1-301 phenotype
allows HPTS and MIFE measurements technically comparable to those of wild type plants. As shown
in Figure 7B, the BL-induced changes in the apoplastic pH - here represented in the relative change
of 458/405 fluorescence emission ratio - observed for wild type were significantly reduced in the
bri1-301 mutant. The HPTS data were again supported by our MIFE measurements: The wild type
cells of the EZ showed an increase in the net H" efflux upon application of 10 nM BL, which continued
over the measurement period of 20 min, whilst the cells of the bri1-307 mutant responded much
less (Figure 7C). Under the assumption that the mutant BRI1-301 receptor is biochemically half as
active as wild type BRI1 the model is able to capture the experimentally measured behavior correctly
(Figure 7D).

In summary, the concordant results of our experimental approaches including those of Caesar
et al., 2011 substantiate the prediction of the mathematical model that the enhanced level of H*-
ATPase amount and activity in relation to the number of BRI1 receptors define the BR-regulated
apoplastic acidification and linked hyperpolarization of the E,. Moreover, the maintenance of the pH
gradient and H*-fluxes along the root tip axis and the BL regulation of alterations depend on kinase-
active BRI1.

Modeling predicts a cation channel for charge compensation during H*
export and PM hyperpolarization

The great value of mathematical modeling and prediction is especially demonstrated after we calcu-
lated the membrane potential derived from the pH value changes in the apoplastic cell space of the
root tip upon BL treatment and compared it with the previously experimentally determined E,, changes
(Caesar et al., 2011). The calculated E,, change induced by the change in charge distribution due
the acidification of the apoplastic space was much stronger than the measured one (Figure 8A and
Appendix 1 - example calculation of E,, and pH change based on membrane area, specific membrane
capacitance and transported charges): An acidification from pH 5.4 to pH 5.0 in response to 10 nM
BL corresponds to an E,, change of approximately 28 mV, as opposed to the experimentally measured
7.2 mV (Caesar et al., 2011). As mentioned before (see Figure 2) and according to the prediction of
our model, this discrepancy values was eliminated, if an import of monovalent cations such as potas-
sium (K*), which predominantly contributes to the E,, of the PM in plant cells (Higinbotham, 1973),
took place in parallel to the ATPase generated H* extrusion. Against the background that BAK1 and
AHAZ interact with a cation channel of the cyclic nucleotide-gated ion channel (CNGC) family in the
phytosulfokine receptor 1-mediated growth response (CNGC17; Ladwig et al., 2015), we searched
in the literature and the Arabidopsis eFP browser (Sullivan et al., 2019) for a CNGC member, which is
expressed in the root tip, localizes to the PM and imports monovalent ions, and is functionally linked
to cell expansion. Applying these criteria, we identified CNGC10 as a potential candidate. Although
to a low extent, CNGC10 is expressed in all cell types of the root tip (Brady et al., 2007, Jin et al.,
2015; Ma et al., 2020), localizes to the plasma membrane, transports K* and is functionally linked to
cell expansion (Borsics et al., 2007; Christopher et al., 2007; Duszyn et al., 2019). When CNGC10
and its K* transport properties derived from the literature above were integrated into our model, the
discrepancy between the calculated and measured value was gone (Figure 8B). This suggests that the
CNGC10-mediated influx of potassium can principally counteract the ATPase-caused efflux of H* into
the apoplast in the root tip.

To test whether CNGC10 is able to interact with components of the nano-organized BRI1 complexes
such as BRI1, BAK1 and AHAZ2, Forster resonance energy transfer by fluorescence lifetime imaging
(FRET-FLIM) analyses in transiently transformed Nicotiana benthamiana leaf cells and yeast mating-
based split-ubiquitin (mbSUS) assays were performed. The growth of yeast cells on interaction selec-
tive media and the reduction of the GFP fluorescence lifetime (FLT) revealed a spatially very close
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Figure 8 continued

expressing the CNGC10-GFP donor fusion with the indicated RFP or mCherry acceptor fusions. Error bars indicate 5D (n=20). Statistical evaluations were
performed by a Kruskal-Wallis Test followed by Steel-Dwass post hoc test. The black asterisks indicate statistically significant differences (***: P<0.0001).
Bottom: Heat maps of representative plasma membrane areas used for FLIM measurements. The donor lifetimes of CNGC10 are color-coded according
the scale at the left. The scale bar represents 7 pm. (F) Comparison of the relative apoplastic pH (ratio 458/405) of epidermal root cells in the MZ (black
bars) and EZ (grey bars) of wild type and two independent cnge10 mutant lines after 60 min of BL (10 nM) or mock treatment, visualized by HPTS
staining. The data derived from the mock treatments of the respective line were set to 100. Error bars represent SD (n227). Statistical evaluations were
performed as described in Figure 7B. The black asterisks indicate statistically significant differences (***: p=0.0001); ((*): p = 0.0603; borderline p-value);
n.s.: not significant. The exact p-values can be found in the corresponding RAW data file.

The online version of this article includes the following source data for figure 8:

Source data 1. Raw data underlying the representation of the results.

association (below 13 nm; Gléckner et al., 2020) and interaction, respectively, of CNGC10 with BRI1,
BAK1, and AHAZ (Figure 8C-E). To test whether CNGC10 functions in the fast BR response pathway,
we analyzed the BL-induced apoplastic pH change in two independent cngc10 loss-of-function lines
(Jin et al., 2015; Borsics et al., 2007) compared to the corresponding wild type (Col-0). In contrast to
the wild type both mutants did not acidify the apoplast of the cells in the MZ and EZ upon application
of 10 nM BL (Figure 8F). These data indicate that CNGC10 is the major K* channel to maintain the E,,
homeostasis of the PM during BL-induced apoplastic acidification primarily in the EZ and appears to
be an additional constituent of the elongation growth-related, nano-scale organized BRI1 complexes.

Discussion

BRs fulfill a central role in regulating plant physiclogy, growth and development as well as adaption
to the environment (Lv and Li, 2020). A prominent example for a BR function is the rapid initiation
of the (epidermal) cell growth in the EZ but not in the MZ of the Arabidopsis root tip (Lv and Li,
2020). Evidently, the hormone acts on an already existing functional competence of the root cells that,
according to our experimental data, cannot be attributed to the absence of the BRI1/BAK1 percep-
tion system but must have other reasons. Pavelescu et al., 2018 proposed that BRI1 signaling in the
MZ is sufficient for root growth. More recent, complementary data show the highest BR concentration
in the EZ, where it overlaps with BR/BRI1 signaling maxima with respect to cell elongation (Vukasi-
novi¢ et al.,, 2021). This observation implicates BRI1-dependent BR perception and signaling in the
regulation of cell elongation in the EZ as well. Moreover, although the main molecular determinants of
BR perception and signaling are known, the processes leading to this competence and its realization
towards, in this case, elongation were so far not well understood.

By an iterative combination of computational modeling and wet lab experiments, we addressed
this question by analyzing the dynamics of the PM-resident fast BR response pathway as a whole. The
model’s predictions of the crucial constituents in the nano-organized BRI1 complexes were experi-
mentally verified, thereby determining the deciding and regulating elements for the signaling output.
Using a detailed kinetic model on the basis of ODEs, we could analyze the interplay of the signaling
components and the system as a whole: We captured the dynamics of the apoplastic acidification
and E,, hyperpolarization without BR and in response to the hormone. In addition, we showed that
the rapidity and degree of the apoplast acidification in response to BR application is determined
largely by the amount and activity of the ATPase AHAZ2 in the PM of the epidermal root cells. Further-
more, the model predicted that an influx of cations is required in order to explain both the pH and
E., changes of the PM simultaneously. We found that CNGC10 is the responsible cation (potassium)
channel. Besides functional evidence, it associates with BRI1, BAK1 and AHAZ2 in vivo. CNGC10 could
therefore be another constituent of nano-organized BRI1 complexes in the PM of root cells.

If we project the measured AHA2 amount and AHA activity, and the apoplastic pH of epidermal
cells along the axis of the root tip, we observe that they both increase and decrease, respectively,
with the beginning of the EZ and strongly correlate with the competence to grow upon BL appli-
cation. Proposed by the computational model, AHA2 appear to be the rate-limiting factor for the
cells’ competence to respond to BR by short-term cell physiological responses and eventually elon-
gation. This gradient of AHA2 expression implies that the BR implements on an already existing,
functional competence of the cells along the root axis that cannot be attributed to the absence of
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the BRI1/BAK1 perception system. The competence to respond to the hormone is rather reflected by
a gradient of AHA2 accumulation and probably differential AHAZ2 incorporation into nano-organized
BRI1 complexes along the root axis. As reported previously, the establishment of the AHA2 accumu-
lation along the root axis is achieved by the interplay of cytokinin and auxin activity during root devel-
opment (Pacifici et al., 2018). This agrees with the suggestion of our model that the cells of the MZ
should exhibit elongation growth if AHAZ2 is ectopically expressed and thus acidification enhanced.
This is actually the case: Inducible expression of AHAZ2 enhances the length of MZ cells but in parallel
reduces MZ cell number during root development (Pacifici et al., 2018). Another competence pattern
was recently reported to be the differential local BR biosynthesis along the root axis (Vukasinovié
et al.,, 2021): While BRs are present throughout the root, the expression of BR synthesis enzymes
is highest in the EZ. Remarkably, the additional application of exogenous BR in high concentration
causes the elongation of MZ cells and decrease in MZ cell number (Vukasinovic et al., 2021), copying
the phenotype caused by the inducible expression of AHAZ2 in the MZ zone (Pacifici et al., 2018). This
suggests that two different competence pattern, BR biosynthesis and accumulation of AHAs, super-
impose along the root axis. Whether the differential expression of BR synthetic genes along the root
axis is also controlled by the interplay of cytokinin and auxin, has to be analyzed in the future.

The final output of the cell elongation appears to require the sequence of short-term (within minutes)
and long-term response mechanisms (from several hours to days). According to our modelling and
experimental data as well as published results, short-term molecular and cell physioclogical responses
to BR are predominantly linked to the rapid activation of AHAs very likely by their phosphorylation
at two residues in the large cytoplasmic loop (Ser315 and Thr328 in AHA2) within 5 min (Lin et al.,
2015), followed by the acidification of the apoplastic space detectable within 10 min (shown here),
hyperpolarization of the PM detectable within 10 min (Elgass et al., 2009, Caesar et al., 2011) and
wall swelling detectable within 20 min (Elgass et al., 2009; Caesar et al., 2011). Based on the acid
growth theory, these AHA activity-related responses are the prerequisite for the onset of cell elonga-
tion (Cosgrove, 2000; Hager, 2003). Therefore, we propose that the ongoing of the BR-regulated
elongation growth, that involves altered gene expression later in time, is not possible if the initial
rapid processes do not occur adequately. The BR-mediated control of the H* ATPase and, thus, the E,,
concerns not only elongation growth.

The E, is also central for adaptive responses to a broad range of abiotic cues and for developmental
processes. Our observations therefore suggest that the regulation of H* ATPase might contribute to
the versatile functions of BR in many of these processes (Lv and Li, 2020; Wolf, 2020).

The BR-induced cell physiological processes occurring in the minute range appear to require
higher hormone concentrations (around 1-10 nM) compared to those for long-term root growth and
(other) gene expression-related processes in the range of hours or days (0.1-0.25 nM; Chaiwanon and
Wang, 2015; Vukasinovi¢ et al., 2021). This discrepancy can have different reasons: Firstly, the phys-
iologically effective concentration in the root tissue after short-time BL treatment is not known to us.
Due to the short time for diffusion into the root, it may well be that the BL concentration at the target
tissues is lower than the externally applied one. Secondly, it cannot be excluded that the continuous
growth of seedlings on media containing very low BR concentrations induces the accumulation of BR
itself or other growth-promoting hormones in the long-term, for instance by the enhanced expression
of their biosynthetic genes. Interestingly, the short-term sequence of events in the Arabidopsis root
tip is significantly faster and requires lower BL amounts than the AHA activation during cell elongation
in the Arabidopsis hypocotyl. There, phosphorylation of AHAs at the penultimate threonine (Thr947
in AHA2) is detectable 60 min after BL application at the earliest and at BL concentration of at least
100 nM (Minami et al., 2019). Furthermore, the phosphorylation of the penultimate threonine in
AHAs appears not to be required for at least the BL-induced E,, hyperpolarization in tobacco leaf cells
30 min after application of 10 nM BL (Witthéft et al., 2011). Moreover, the enhanced phosphoryla-
tion of the AHAs' penultimate Thr by BR - measured 2 hr after application of 1 pM BL - involves the
interaction of SAUR15 with BRI1 (Li et al., 2022). It is therefore tempting to speculate that a cascade
of different phosphorylation events might be involved in the temporal regulation of AHA activity in
different plant organs.

As discussed above, we propose an increased number of AHA2-containing nano-organized BRI1
complexes or an enhanced proportion of AHA2 therein from the MZ to the EZ cells. Varying the
composition of nano-organized receptor complexes along a developmental gradient is an elegant way
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to achieve cell- and tissue-specific responses to a given cue, when the number of available perception,
signaling and output elements is limited. This principle seems to be realized in various BRI1-mediated
functions. For example, the BRI1-dependent regulation of the vascular cell fate in the MZ of the root
or the BRI1-mediated cross-tissue control of the cell wall homeostasis require nano-organized BRI1
complexes that contain at least additionally RLP44 (Wolf et al., 2014; Holzwart et al., 2018). More-
over, RLP44-containing BRI1/BAK1 nanoclusters are spatially distinct from for instance FLS2/BAK1
nanoclusters (Gléckner et al., 2020).

The availability of a sophisticated model also enables in silico genetics that simplify the under-
standing of complex regulatory processes and their sometimes non-intuitive effects on the functional
outputs. This is illustrated by the example of the negative regulator BIR3 that prevents the interac-
tion of BAK1 and BRI1 in the absence of the hormone thereby suppressing BR signaling (Imkampe
et al,, 2017; GroBeholz et al., 2020). Our computational model not only represents the previously
published BR activity of the growth-related phenotypes of the Arabidopsis bir3 mutant and BIR3-
overexpressing plants but also allows predictions about the dose-dependent fine-tuning of BIR3 on
BR/BRI1/BAK1-related functions (see Appendix 1—figure 6). Such in silico genetic and physiological
approaches can be used to determine the functional and regulatory significance of other components
of the fast BR response pathway as shown for AHA2 and the prediction of a cation channel for charge
compensation. Thus, computational modeling facilitates the prioritization of the components of a
perception and signaling system whose function should first be tested experimentally.

In summary, the recurrent application of computational modeling and subsequent wet lab exper-
iments provided a novel in-depth and quantitative view of the initial cell physiological processes,
regulatory networks and information processing leading to a minimal molecular and biochemical
framework linked to BR-regulated elongation growth along the axis of the root tip. This approach can
in principle be applied for the analysis of every signal perception and transduction process as long
as a minimal set of elements and quantitative data are available or experimentally accessible, as has
been demonstrated for example in the in-depth analysis of the PLT-auxin network during root zonation
development in Arabidopsis thaliana (Salvi et al., 2020; Rutten and Ten Tusscher, 2021).

The ongoing challenge will now be to establish a model of anisotropic elongation growth along all
tissues of the root tip, as it was initiated for the description of BR-regulated radial growth of the root
MS (Fridman et al., 2021). At the cellular level, the further aim is to expand and refine the model by
the integration of the data of the potentially BR-modified composition, assembly and dynamics of the
nano-organized BRI1 complexes in the PM obtained by sophisticated super-resolution microscopy
and in vivo FRET studies (Gléckner et al., 2020).

Methods and materials
Experimental methods

Plant material

Seeds of the Arabidopsis mutants and lines expressing the different fusion proteins were surface
sterilized and placed on %2 Murashige and Skoog (MS) medium plates with 1% phytoagar and 1%
sucrose followed by stratification at 4 ° C in the dark for 2 days. Afterwards the plants were grown
in growth chambers at 20 ° C under long day conditions (16 hr light/8 hr dark) for 5 days. The trans-
genic Arabidopsis lines (Col-0 ecotype) contained either a pBRIT:BRI1-GFP (wild type background;
Friedrichsen et al., 2000), a pAHA2:AHA2-GFP (aha2-4 mutant background; Fuglsang et al., 2014)
or a pBIR3:BIR3-GFP construct (bir3-2 background; Imkampe et al., 2017). The Arabidopsis bri1-301
mutant (Col-0) was described in detail previously (Lv et al., 2018; Zhang et al., 2018 and refer-
ences therein). The previously described Arabidopsis cngc10-1 and cngc10-2 mutants (Col-0) (Jin
et al., 2015; Borsics et al., 2007) were obtained from the Nottingham stock center (SALK_015952,
SALK_071112).

Confocal imaging

Quantification of the GFP signal on five days old seedlings was performed by confocal laser scanning
microscopy (CLSM) on a SP8 laser scanning microscope (Leica Microsystems GmbH) with HyD detec-
tors and a HC PL APOCS2 63 x/1.20 WATER objective. Detection range was set to 500 nm - 540 nm
with 400 V gain and line averaging of 4. An adequate laser power for the 488 nm laser was applied
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to avoid the saturation of the signal and to ensure a dynamic range across the expression levels of
the different transgenic plants. The identical excitation and detection settings were used for all image
quantifications. In six imaging sessions, ten straight lying root tips were imaged in the following way:
The root tip was placed to the left border of a 1024x512 pixel image. The images for the quantification
were taken in a way that 4-5 lanes of epidermal cells were in focus. Fluorescence intensity was quanti-
fied with a 50x50 pm region of interest (ROI) in Fiji/lmage J. The ROl had to be completely filled by the
fluorescence signal, hence "too high" z-layer-images, not filling the ROI completely, were excluded.
Also, not completely straight-lying roots were excluded, so that a total of 40 measurements per trans-
genic plant line were finally used. As readout the Integrated Intensity Feature of Fiji, summing up the
intensity of all pixels in a ROI, was used. For statistics, all measurements of 40 roots of at least three
plant lines were combined.

Microelectrode ion flux estimation (MIFE) measurement

For MIFE measurements, 5-day-old seedlings were grown as described but in continuous light. Exper-
iments were performed as described by Fuglsang et al., 2014. The seedlings were equilibrated in
bath medium (0.1 mM CaCl;, 0.5 mM KCI, pH 5.8) for 2 h before the measurements. Only seedlings
without proton oscillations were used. At time point 0.1 nM BL was added. The bathing solution was
mixed two times by carefully pipetting up and down after addition of BL. The proximal position of the
electrode (near the root) and the distal position (far from the root) were swapped compared to the
previous study (Fuglsang et al., 2014). Consequently, a decrease in values represents proton efflux
and an increase represents proton influx in our measurements.

8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) measurement
For root apoplastic pH measurements, plates containing %2 MS agar media pH 5.7 without buffer,
1 mM HPTS dye, and the respective treatments were used. Five-day-old Arabidopsis seedlings were
transferred onto the media and treated for 60 min with HPTS prior to imaging. For shorter treatments,
seedlings were prestained with HPTS and subsequently treated according to the indications. For
imaging, the plants on the media were flipped into a nunc imaging chamber (Ibidi 80286), the roots
being close to the chamber bottom and covered by the media. Ratiometric imaging was conducted
at an inverted Zeiss LSM880 confocal scanning microscope. The 405 nm and 458 nm laser were used
at 0.2% and 100% intensity respectively, a PMT detector range from 495 to 535 nm was used and line
sequential scans were performed. The detector gain was set at 1200. For imaging, a 40 x water immer-
sion objective was used. The evaluation of ratio in the resulting images was determined following the
workflow described by Barbez et al., 2017. For calibration curve measurements, 2MS agar media
supplemented with 10 mM MES were adjusted to the desired pH and roots of 5-day-old seedlings
were analyzed as described above.

Mating-based split-ubiquitin system (mbSUS) measurements

For the mbSUS the coding sequences of CNGC10, AHA2, BAK1 and BRI1 were either fused to the
sequences coding for the C-terminal part of ubiquitin (Cub) or the N-terminal part of ubiquitin (Nub).
Namely, the plasmids pMetYC (Cub) and pXNubA22 (Nub) were used (Grefen et al., 2009). pNubWt-
Xgate (Obrdlik et al., 2004) and the empty pXNubA22 vector served as positive and negative control,
respectively. The experiments were performed as described by Grefen, 2014 with some modifica-
tions: After dropping the mated yeasts on yeast extract peptone dextrose (YPD) plates they were
scratched off with pipette tips, resuspended in 100 pl H;O and 5 pl were transferred to complete
supplement mixture (CSM)-Leu -Trp -Ura -Met plates. The growth assay was performed with adjusted
optical density of the yeast cultures in one dilution. Here, vector selective plates (CSM-Leu -Trp -Ura
-Met) or interaction selective plates (CSM-Leu -Trp -Ura -Met, -Ade, -His) with 5 uM and 500 pM
methionine were used. The growth of the yeast was documented after 72 hr of incubation at 28 °C.

FRET-FLIM analysis

For FRET-FLIM analysis, the coding sequences were expressed as C-terminal fluorophore fusions,
using pH7FWG2 (GFP), pB7RWG2 (RFP), or pABind-mCherry (Karimi et al., 2002; Bleckmann
et al., 2010). These binary vectors and p19 as gene silencing suppressor were transformed into
Agrobacterium tumefaciens strain GV3101 and infiltrated into Nicotiana benthamiana leaves. The
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measurements were performed 2-3 days after infiltration using an SP8 laser scanning microscope
(Leica Microsystems GmbH) with LAS AF and SymPhoTime (PicoQuant) software as described (Veer-
abagu et al., 2012). Before performing the FRET-FLIM measurement, the presence of the fluoro-
phores was imaged by using 488 nm or 561 nm lasers for GFP or RFP excitation, respectively. The
fluorescence lifetime t [ns] of either the donor only expressing cells or the cells expressing the
indicated combinations was measured with a pulsed laser as an excitation light source with 470 nm
and a repetition rate of 40 MHz (PicoQuant Sepia Multichannel Picosecond Diode Laser, PicoQuant
Timeharp 260 TCSPC Module and Picosecond Event Timer). The acquisition was performed until
500 photons in the brightest pixel were reached. To obtain the GFP fluorescence lifetime, data
processing was performed with SymPhoTime software and bi-exponential curve fitting and correc-
tion for the instrument response function.

Statistics

All statistical evaluations were performed with SAS JMP 14. The applied tests are indicated within the
respective figure texts. Detailed information about the statistics evaluations can be found in the RAW
data files.

Computational methods
Model setup

The model consisting of ordinary differential equations was constructed in COPASI (Hoops et al.,
2006; Mendes et al., 2009) 4.30, build 240, running on a 64-bit machine with Windows 8. Reac-
tions were defined as mass action or Michaelis Menten kinetics where appropriate (see Appendix 1—
table 3). Compartment sizes and parameters were defined based on experimental data if possible
(Appendix 1—Tables 1 and 3). Unknown parameters were determined by parameter estimation. The
schematic of the model was drawn using VANTED (Junker et al., 2006) and adheres to the Systems
Biology Standard of Graphical Notation (SBGN) (Novére et al., 2009).

Parametrization

All unknown model parameters, where no or only a range of experimental information were available,
were estimated. To account for parameter non-identifiabilities, we generated 10 independent param-
eter sets by randomly sampling the starting parameter values before running the parameter estima-
tion. Each parameter estimation run was set up using the particle swarm algorithm as implemented
in COPASI 4.30 (Hoops et al., 2006), using 5,000 generations with a swarm size of 50 individual
parameter combinations. The parameter estimation was repeated until the resulting solution had a
x° around 10.45.

Model analyses

The time-course simulations were run deterministically using the LSODA algorithm as implemented in
COPASI. The simulations of the bri1-307 mutant were run by setting all rate constants of phosphory-
lation reactions catalyzed by BRI1 to 2 the original value. The relevant reactions were ryg, i1, fia, fa,
s, and rys. The impact of different BIR3 concentrations was analyzed using the parameter scan task
in COPASI to simulate the time course of the pH over the time frame of 20 min. The scaled sensitiv-
ities of the extracellular pH change in response to changes in model parameters were calculated as
scaled sensitivity = “"i;:%)ﬂ] at 5 min and 60 min. Results were plotted using R (R CoreTeam, 2020).
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Data availability

All data generated and analysed during this study are included in the manuscript and Appendix 1.
Raw and metadata are provided for Figures 4, 5, 6, 7 and 8 as well as for Appendix 1 Figures 2, 3, 4
and 6. Figure 1 represents scheme of early BRI1 signaling and Figure 2 the scheme of the used model
structure. Predominantly published scRNA-Seq data were used for Figure 3. Modelling codes are
available in Appendix 1 - model information.

The following previously published dataset was used:

Author(s) Year Dataset title Dataset URL Database and Identifier
Denyer T, Ma X, 2019 Spatiotemporal https:/fwww.ncbi. NCBI Gene Expression
Klesen S, Scacchi development trajectories  nlm.nih.gov/geo/ Omnibus, GSE123818
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Appendix 1

Model information

Throughout this section we will indicate to concentrations using [], e.g. [BRI1]. Proteins or ions,
which can appear in different compartments will have the respective compartment indicated in the
subscript, e.g. [H},,]. Compartment volumes will be indicated by V, surface areas by A, with the
compartment name indicated in the subscript. Time-dependent volumes or global guantities are
indicated by (t), e.g. cell wall thickness(r).

Compartments

The computational model was set up to describe the behavior of one epidermis cell in the Arabidopsis
thaliana root. Initially, the compartment sizes and concentrations of model species were set such that
the model describes an epidermis cell in the early elongation zone (EZ). All unknown parameters
were estimated based on the pathway’s behavior in this root zone. To verify the model behavior we
changed the setting to now describe an epidermis cell in the meristematic zone (MZ) and predicted
the time-course and dose-response behavior.

The compartments were defined so that the cytosol, membrane area and vacuole (as well as
the vacuolar area) are fixed. The cell wall volume on the other hand is defined as the product of
the membrane area and the cell wall thickness. The (initial) sizes for all compartments are listed in
Appendix 1—table 1.

As one of the responses to BR signaling is the swelling of the cell wall, both cell wall thickness and
volume are time-dependent and change according to the acidification of the cell wall:

Veettatt®) = Aceltsunfuce - cell wall thickness(t)

Thecellwallthicknessitselfiscalculatedbyan ODE usingthe currentvalue and theinstability causedby
the acidification: dieellwall hickness) _ o jing factor - cell wall instability(7) - cell wall thickness(7) - stimulation
The cell wall instability is calculated based on the current level of acidification and limited by how

close the cell wall thickness is to the maximally allowed value:

i T ! PO 1 . _ 1
cellwall m"mb'h"y(t) = stimulation He—n.w(\n’* |—|1-,m.n.mﬂ.m) (] lﬂ_—:n?-(mﬂm.fmmm-...m—ﬁ n-m*f'))

Altogether this allows the model to capture not only the pH and Em change after BR stimulation
but also the early cell morphological change of cell wall swelling in preparation of cell elongation.

Appendix 1—table 1. Overview of model compartments and (initial) sizes for both MZ and early EZ.
® calculated by multiplying the membrane area with the cell wall thickness (Wilma van Esse et al.,
2011; Caesar et al., 2011). ® estimated volume based on cell dimensions and cellular volume
(Wilma van Esse et al., 2011). © estimated surface area, included as scaling factor in the global

quantities.
Root zone Compartment Size
Meristematic zone cytosol 847 x 10" dm?
membrane 7.67 % 10° dm?
3.03 x 10" dm*
cell wall*
vacuole NA
vacuolar surface NA
Early elongation zone cytosal 2271 x 10" dm?

2.098 x 107 dm*

membrane

8.2871 x10™ dm*
cell wall*

Appendix 1—table 1 Continued on next page
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Appendix 1—table 1 Continued

Root zone Compartment Size
vacuole® 2.352 % 10" dm?
vacuolar surface® 1.087 % 107 dm?

Overview of model components

Appendix 1—table 2. Protein are specified by the Uniprot identifier (Bairoch et al., 2005) and the
corresponding gene ID.

For ions and chemical compounds, the ChEBI (Chemical Entities of Biological Interest Degtyarenko
et al., 2008) identifier is used instead. The initial concentrations of all un-phosphorylated species
and complexes between proteins were set to 0 pM.

Species Uniprot ID / Gene ID Initial Source
ChEBIID Concentration

BRI 022476 Atdg39400 0.182633 pM Wilma van Esse et al., 2011

BAK1 Q94F62 Atdg33430 0.099632pM  Wilma van Esse et al., 2011

BIR3 0.237423 11 pM  this study

AHA* 0.232442pM  [AHA1] + [AHA2]

AHAT P20649 At2g18960 0.116221pM  assumption:4H4l =~ 1

mRNA data (eFP Browser)

Winter et al., 2007

AHAZ P19454 Atdg30190 0.116221 pM this study
AHA CT* C-terminus 0.232 442 pM assumed to be

of AHAs [AHAL] + [AHA2]
BKI QIFMZ0 Atbgd2750 0.219 16 pM assumption:1.2 - [BRI1],=¢
BIK1 048814 At2939660 0.219 16 pM assumption:1.2 - [BRI1],=o
CNGCI10 Q9LNJO At1g01340 0.1pM
H'. 24636 - 63000 pM
H*out 24636 - fitted to data
K'out 29103 - 9.8425 x 10° pM ¥z MS medium
Ky 29103 - 84 x 10" pM Maathuis and Sanders, 1993
K e 29103 - 8.4 %10 pM assumed to be identical to K,
BL 28277 - dose see experimental setup

“To avoid overly complicating the model we have summarized the pump activity of AHA1 and AHA2 into one reaction that is mediated
by AHA, which is defined as the sum of [AHA1] and [AHA2]. Similarly, regulatory function of the C-terminal regions of the AHAS is
mediated by the unphosphorylated farm of the C-terminus AHA CT, which represents the C-terminal regions of both AHAL and AHA2

Ordinary differential equations

The differential equations of the model are composed of the individual rate laws of the biochemical
and interaction reactions considered for the model (Figure 2). Unless otherwise indicated, reaction
rates (indicated by "k") and affinities (indicated by " K ") are defined locally for that particular reaction.
The index of the reaction (r) and of the respective rate law (v) are identical to the numbers in the
model scheme (Figure 2).

GroBeholz, Wanke et al. eLife 2022;0:e73031. DOI: https://doi.org/10.7554/eLife.73031 26 of 35



Appendix

-166 -

eLIfe Research article

Overview of reactions

Computational and Systems Biology | Plant Biology

Appendix 1—table 3. Overview of model reactions, including the reaction number (ID), the general
type of rate law chosen for the respective reaction as well as available experimental parameter

values.
Rate law abbreviations: MA - mass action kinetics, MM - Michaelis-Menten kinetics, CF - constant

flux.
D Rate law Parameter Value Source
o modifisd MA K; approx. 7.7 — fold for AHAZ Regenberg et al., 1995
0.84x10 %dms !
. modified MA k t0 1.25% 10" %dms™" this study
o modified MA
o MA
. MA
o MA
o MA
from0 nM
5 Caesar et al., 2011
w CF MA dose to 1x10°pM this study
3
Ky T4x10° aM Clouse, 2002
o modified MA 1035.5% 10" pM Hohmann et al., 2018
Kinoshita et al., 2005
Wang et al., 2001
kon 9.49x l()’-’pMol’1 g1 Hohmann et al., 2018
o modified MM k 0.97s7! Wang et al, 2014
o modified MM
I modified MA
I MA
e MA
s MM
s MM
I MM time scale slow increase over] 2 h Oh et al., 2012
Tdl MA
o Ma mas. k, 1.05x107 %! Hohmann et al., 2018
3 Ma max. ky 1.05x10~ 2! Hohmann et al,, 2018
. residual Py
Td4  MA time scale alter. Oh et al., 2012
rds MA
Tde MA
o MA
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Reaction rate laws vy for all model reactions ryp

rop
oot
o3t
rog t
Fos
Foe ©
Fo7
Fog ©
o9t
rp
rpp

rpat

rgt
Fi4 @
Fis
rig -
ra
rp
rat
T4t
rgs
re

rart

Vo1 = Acell surface “koi - [AHA] - IH?;J : |AHA]+Irxhibi1[x¢mH;,Llf-[AHA Tl
Vo2 = Acell surface * koo - (lHJmJ - Uﬂ;])

V03 = Acelt surface * ko - 1Ky ] — ko3 - Keg - [Kpuel)

vt = kow - Aceitsurace - [CNGC100pen] - Hgal (% - 1)

vos = Avacuote * kos - ([K;;] - [mc]]

Vo6 = Acelt surface * (kog - [BIR3] - [BRI1] — kog - Kp - [BIR3 BRI1])
V07 = Aceltsuface * (ko7 - [BIR3] - [BAK1] — ko7 - Kp - [BIR3 BAK1])
vog = Veellwair - (kog - dose - stimulation — kog - [BL])

V09 = Acelt surgace * (kon - [BL] - [BRI] — kogr - [BRI BL])

A ke ) [BKII ]
V10 = Acellsurface * k10 - [BRITBL] o +LBKITIY (14 [0 1 T
_ ki . [BIK1]
Vi1 = Acclt surface - k11 - |BRIL BL] o+ BRI (14 [P0 (L T
=4 ~kya - [BRILBL] - W m
BT ) L
Vi2 cell surface 12-1 | “"'K?_s::‘n )'(l"'xf‘;:ﬂ )

Vi3 = Aceltsurfuce - (k13 - [BRIp BL] - [BAK1] — ko - [BAK1 BRILp BL])

V14 = Acell surface * k14 - [BAKI BRI1p BL)

Vis = Acetlsuaface - k15 - [BAK1p BRI1pp BL] - plafACTlL

Vie = Acelt surface - (km - [BAK1p BRIpp BL) - S50l — k6 - [CNGC]OOIJER])

u FC10cogea
Vi) = Are.’.’sm:frfce . koﬁ‘ [BRIp BL]

Va2 = Acelt surface * Koz - [BAK1 BRILp BL]

Vdz = Are.’.’sm:ﬂrce . kﬂﬁ? - [BAK1p BRI1pp BL]

Vit = Acell surface * Kofs - [BAK1p BRIlinact BL)

Vis = Are.‘lsm:fare - kgs - [BKI1pY211]

Vs = Areusmfare - kye - [BIK1p]

Va1 = Areh‘smfare kg7 - [AHA CTp]
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—vpo + Va1 +Vaz +vaz +vas
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MBL) Acciwice) o 4y vy + vas + vas + vos

dr
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Global quantities

The computational model also comprises a number of global quantities that are important for the
model setup and analysis. First, the net change in charge distribution and in the membrane potential
are calculated as global quantities. The net change in charge distribution is calculated based on the
change in intracellular potassium amount (K}) and in the extracellular proton amount (Hg,,), the
Faraday constant F and a scaling factor from pmol to mol:

AQ() = (K] = K, D) - Veert — (IHu] = [H 30 01) - Veettwaiitn) - F - factor ot o mot
with : F = 96485.33212C mol ™!

The corresponding membrane potential change AE,, is then calculated based on the change in
charge distribution AQ, the specific membrane capacitance and the membrane area.

AE, (1) __ net charge distribution change 2.0(1)
M\ = Specific capaciiancermembrane area

The membrane potential itself as then computed based on the initial value and the calculated
membrane potential change:

En(t) = Epy =0 + AEm(f)

Expression factors for BIR3 and BRI1

Factors representing the expression level of BIR3 and BRI1. 1 represents the normal expression
level, 100 represents the overexpression level. These factors are used to simulate the behavior of
the overexpression phenotypes.

Global model parameters

GroBeholz, Wanke et al. eLife 2022;0:e73031. DOI: https://doi.org/10.7554/elife.73031 29 of 35
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A number of model parameters were defined as global quantities: the affinity and dissociation
rate of BL from BRI1 (K; and k.yp;, respectively), the dissociation rate of BL from BRI1 and BAK1
(kqﬂ'BLBRIl BAKL), the af‘finity between BIR3 and BAK1 as Kypirigak1 = rel aﬂ‘fﬂin‘BfR3kdBJR3 BRIl (with
rel affinity BIR3 < 1), and the inhibitory constants for BIK1 and BKI1 (as K; gg;; and K; gk, respectively).

Events
Stimulation
Trigger: Model Time > 86400 s
Target: Global quantity stimulation transient value is set to 1 from the initial value of 0.

pH measurements using pHusion

A. thaliana seedlings stably expressing SYP122-pHusion were treated with with 500 pM ortho-
vanadate and the pH was measured after 30 min and 60 min based on the fluorescent ratio of mRFP
and eGFP in the EZ. The measurements were conducted for n=30 seedlings. Plants treated with MS
medium were taken as control, outliers were set to pH 8.

A B

8.0 -
75 4 I
6.2 g 704 l
2 6.0 S
5 58 g 651
© I
T 56 2 6.0
[=3
54
5.5 4
52
(o]
50 5.0
WT Col-0 MS 500 uM NaVO4

Appendix 1—figure 1. Measurement of the proton leak flux from the cell wall using SYP122-pHusion. [A) Resting
pH in the EZ of the WT Col-0. Error bars represent SD (n=3). (B) pH after 1 h of treatment with 500 M ortho-
vanadate compared to control (MS). Error bars represent SD (n=30). The proton leak was estimated based on the
pH difference and the average size of an epidermis cell in the mid EZ (Wilma van Esse et al., 2011).

The online version of this article includes the following source data for appendix 1—figure 1:

* Appendix 1—figure 1—source data 1. Raw data underlying the representation of the results.

Example calculation of E,, and pH change
pH5.4 - 50
A 10730 - 1073 M =1-1077 = 3.16- 107°M = 6.019 - 107°M
AnHT o 601910750 - 8.2892 . 10731 = 4.99 . 10~ ¥ mol

AQ: 49910 Bmol - 96485.33212.€ =481 .10 ¢

mol —

BB Gl e =083 1072V = 28.3mV

Computational modeling enables the in silico analysis of BIR3 function

To further demonstrate the importance of modeling for the understanding of a cell physiclogical
process, we investigated the function of the inhibitor BIR3 in the activity modulation of the nano-
organized BRI1 complexes in more detail insilico. The basis for the focus on BIR3 were the observations
by Imkampe et al., 2017 regarding the activity of the BR signaling in BIR3 as well as BIR3 and BRI1
overexpressing plant in the parameter estimation and the proof of the graduated interaction of the
cytplasmic domains of BIR3 with BAK1 and BRI1 (GroBBeholz et al., 2020): The pathway should be
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inactive (=no acidification), when BIR3 is overexpressed, whilst the additional overexpression of BRI1
should restore the signaling activity to approximately normal levels. As shown in figure S14 A, the
model was actually able to describe and represent the BR activity of the respective growth-related
experimentally measured phenotypes of Arabidopsis plants with altered BIR3 levels (Imkampe
et al., 2017). The accuracy of the model allowed us to investigate the behavior of different BIR3
expression levels in comparison to wild type level in the root by analyzing the pH change 20 min
after stimulation with 10 nM BL. As shown in the resulting expression-response curve (Fig. S14 B), the
overall response decreased with increasing concentrations of BIR3 for all model parameterizations.
The model therefore suggests that it is possible for the plant to fine-tune the signaling output by
adjusting the protein level of the negative regulator BIR3. Again using the model, we also analyzed
the dynamics of the overall pH response at different BIR3 accumulation levels, namely in the absence
of BIR3, the wild type protein amount of around 13 BIR3 molecules pm™ PM and a 10- and 100-fold
overaccumulation of BIR3. Here, the actual time-course behavior of the acidification varies between
the different model parameterizations as the span of possible values deviated from the average pH
response for the BIR3 expression (Fig. $14 C). Depending on the parameterization, it was possible
for the model to either show a strong activation that tapered off or a more gradual response over
the time- frame of an hour. However, for most model parameterizations, a 10-fold overexpression of
BIR3 is sufficient to inactivate the BRI1 signaling module confirming the importance of the regulation
by BIR3. In summary, the modeling reveals insights into the quantitative properties of the considered
cell physiological process with an accuracy that is very difficult to assess experimentally.
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Supporting figures

Col-0

AHA2

BIR3

BRI

Appendix 1—figure 2. Exemplary images of the localization of fusions proteins. Localization along the root
axis. Shown is the localization of AHA2-GFP, BIR3-GFP and BRI1-GFP, expressed under the respective native
promoter in the respective mutant background (5-days-old seedlings). Col-0 (top) served as control. From top to
bottom: GFP channel; transmitted light (trans). As reported before the amount of BRI1-GFP did not alter much
(see Figure 3C; van Esse et al., 2012). In addition, for BIR3-GFP a homogenous fluorescence was observed, as
well (see Figure 3C). In contrast, there was a gradient of AHA2-GFP fluorescence intensity along the root axis,
being comparatively low in the meristematic zone (MZ) but high in the elongation zone (EZ) / maturation zone
(see Figure 3C). Images were taken with a SP8 laser scanning microscope (Leica Microsystems GmbH) under the
use of the HC PL APO C52 63 x/1.20 WATER objective. For all images, the same settings were used: Argon Laser:
30%. For GFP excitation: 488 nm laser line (with adequate laser power to avoid saturation of the signal). GFP
Appendix 1—figure 2 continued on next page
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Appendix 1—figure 2 continued

fluorescence was detected by an HyD detector between 500 nm — 550 nm (190 V gain, -0.01 offset). PMT Trans was
used to detect transmitted light (217 V gain, offset off). By an XY-dimension of 1024x512 px and a scan speed of
200 Hz, the zoom factor was 0.75. For better visibility, the intensity values were adjusted as followed: 0-75 (AHA2)
for GFP channel and 0-85 for all transmitted light channels. Scale bar represents 25 um and applies to all partial

‘high
low

Appendix 1—figure 3. Representative image of the apoplastic pH of epidermal cells along the root axis of wild
type Arabidopsis using HPTS-staining starting with the meristematic zone (MZ, left) over the transition zone (TZ,
middle) to the elongation zone (EZ, right). The scale bar represents 25 pm and applies to all partial images.

images.
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Appendix 1—figure 4. Scaled sensitivities of the pH change 60 min after stimulation with 10 nM BL in response
to changes in the parameter and global quantities values. Color code: red - negative control, white - no influence,
green - positive control. Color saturation indicates strength of the influence.

The online version of this article includes the following source data for appendix 1—figure 4:

* Appendix 1—figure 4—source data 1. Raw data underlying the representation of the results.
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Appendix 1—figure 5. The computational model captures the differences in the sensitivity of apoplastic
acidification between the root epidermal cells of the meristematic zone (MZ) and elongation zone (EZ) in response
to BL. Black diamonds represent MZ and grey diamonds EZ. Virtual BL incubation of different concentration was
Appendix 1—figure 5 continued on next page
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Appendix 1—figure 5 continued

done for 60 min. Error bars represent SD for the simulations of different model parameterizations (n=10). Statistical
evaluations were performed by comparing the respective groups separately (e.g. ‘0 nM MZ' compared with

‘0 nM EZ"). For all comparisons a Two-Tailed Wilcoxon Test was applied. The black asterisks indicate statistically
significant differences (**: p<0.01). The exact p-values can be found in the attached RAW data file. The EZ cells
showed a lower resting apoplastic pH and a stronger concentration-dependent response than MZ cells.

The online version of this article includes the following source data for appendix 1—figure 5:

* Appendix 1—figure 5—source data 1. Raw data underlying the representation of the results.
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Appendix 1—figure 6. In silico analysis of the functional role of the negative regulator BIR3 on BL-regulated
apoplastic acidification. (A) Modelled gualitative acidification output of plants overexpressing BIR3 and BIR3 &
BRI1, respectively. The colored area represents the pH response targeted during parameter estimation, which
was approximated by the activity of BR signaling indicated by the plant phenotypes (Imkampe et al., 2017).
(B) BIR3-Expression-response curve. Shown is the pH change 20 min after stimulation with 10 nM BL at different
BIR3 expression levels ranging from 0- {loss-of-function mutant) to 30-times the normal expression level of the
wild type. The entire range of simulated responses is indicated by the shaded area, the averaged response of
all models is denoted by the line. (C) Exemplary time-course simulations of the pH change at 0 (loss-of-function
mutant, orange), 1- (wild type expression, green), 10- (yellow), and 100-fold (blue) expression of BIR3 upon virtual
application of 10 nM BL. Shown is the average pH response for the respective BIR3 expression level with the
span between minimal and maximal values indicated by the colored area, The virtual addition of BL at time 0 is
indicated by the vertical dashed line.

The online version of this article includes the following source data for appendix 1—figure 6:

* Appendix 1—figure 6—source data 1. Raw data underlying the representation of the results.
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