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Deutsche Zusammenfassung  

Proteine in der pflanzlichen Plasmamembran (PM) sind nicht homogen verteilt, sondern vielmehr 

in verschiedenen Domänen im Nanomaßstab organisiert, welche molekulare Knotenpunkte bil-

den können. Während einige Aspekte dieser Komplexe, wie zum Beispiel Protein-Protein-Wech-

selwirkungen oder die Auswirkungen ihrer Signalkaskaden, häufig bereits bekannt sind, wurde 

ihrer räumlich-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 räumlich-zeitliche Informationen über Proteine mit hoher Präzision. Während 

die Methode in nichtpflanzlichen Systemen bereits länger etabliert ist, hat sich die Technik in der 

Pflanzenforschung erst kürzlich verbreitet und befindet sich noch unter ständiger Verbesserung 

und Weiterentwicklung. Dabei haben wir zwei große Herausforderungen identifiziert: (i) Die Ana-

lyse der Daten wird durch mehrstufige Auswertungsprozesse erschwert, wofür spezifische Soft-

warelösungen verwendet werden müssen. (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 möglich. 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 Softwarelösung vor, welche intuitiv ist und den An-

wender durch alle Analyseschritte führt. Wir haben ihre Funktionalität 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 berücksichtigt wurden.  

Darüber 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 ermöglichen könnten. Anschließend haben wir ihre tat-

sächliche 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 verfügbarer FP, sondern ermöglicht 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 gegenläufige Effekte von Aktinfilamenten und Mikrotubuli zeigen. 

Die Störung von Aktinfilamenten führt in erster Linie zu verringerten Diffusionskoeffizienten, grö-

ßeren Proteinclustern und eingeschränkteren Bewegungen, während die Manipulation von 

Mikrotubuli zu erhöhten Diffusionskoeffizienten, vermehrter ungehinderter Diffusion und verrin-

gerten Clustergrößen führt. Mit diesen Ergebnissen unterstreichen wir die potenziell spezifischen 

regulatorischen Funktionen dieser unterschiedlichen Zytoskelett-Komponenten. Infolgedessen 

schlagen wir einen veränderten Mechanismus für die Zytoskelett-vermittelte Kompartimentie-

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

Außerdem habe ich Forscher bei Förster-Resonanzenergietransfer (FRET)-Messungen in 

Kombination mit Fluoreszenz-Lebensdauer-Imaging-Mikroskopie (FLIM; FRET-FLIM) 

unterstützt, um verschiedene Signalwege genauer zu verstehen. Erneut konnten wir 

demonstrieren, dass FRET-FLIM Experimente hervorragend geeignet sind, um Ergebnisse 

anderer Protein-Protein-Interaktionsmethoden zu unterstützen oder zu bestätigen 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 

präformierten Proteinclustern vorhanden sein könnten; eine Hypothese, welche wir aktuell 

weiterverfolgen.  

Schließlich 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 computergestützten Modellierungen kombiniert haben um 

das Verständnis 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 räumlich-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 Förster 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 PPI 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). 

 

 

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 2A).  

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 a recent 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 Glöckner, 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/HflK/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 OsREM4.1 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].  

 

 

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 S0 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 S0 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 S1, 

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 Förster Resonance Energy Transfer 

and Fluorescence Lifetime Imaging Microscopy 

Förster 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 Förster distance (R0) 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 Jabłoński 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 Förster distance R0 
(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 Jabłoński 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 (S0) 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.  

 

 

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. 

 

 

 

 

 



Introduction 16 
 

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:  

𝑀𝑀𝑀𝑀𝑀𝑀 �𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑚𝑚∆𝑡𝑡� =
1

𝑁𝑁 −𝑚𝑚
 ��𝑥𝑥𝑗𝑗(𝑡𝑡𝑖𝑖 +𝑚𝑚∆𝑡𝑡) − 𝑥𝑥𝑗𝑗(𝑡𝑡𝑖𝑖)�

2
𝑁𝑁−𝑚𝑚

𝑖𝑖=1

 

In this formula, xj is the position of the respective molecule j that is sampled at N discrete times at 

different timepoints ti. The values for tlag are defined as interval distance (m) multiplied with Δt, 

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 tlag on either a linear-linear or 

log-log scale [103].  

 

 

 

 

 



Introduction 18 
 

 

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:  

𝑀𝑀𝑀𝑀𝑀𝑀 �𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙� = 4𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙 
𝛼𝛼 

The introduction of the power law with α, the so-called anomalous exponent, allows for the 

description of biological systems. Active transport or flow gradients result in 𝛼𝛼 > 1, as the molecule 

is pulled in a certain direction, while 𝛼𝛼 < 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 detect it [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 

in recent years. 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 chapter 3.1.1 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]. 
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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, I collaborated with 

Dr. Sven zur Oven-Krockhaus from the Institute of Physical and Theoretical Chemistry at the 

University of Tübingen. 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, I 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, I 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, I 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 mEos3.2 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 ½ 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 a result, 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 µm²/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) of 0.0203 ± 0.00617 μm²/s for RLP44‐PA‐GFP and 

0.0205 ± 0.00587 μm²/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 

(PHS1ΔP) (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 mEos3.2). 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-mEos3.2, 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-mEos3.2. 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-mEos3.2 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-mEos3.2 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-mEos3.2 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-mEos3.2 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. 

It 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-IP). 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. 
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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 AHA2 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, AHA2, and BAK1. 

Subsequently, FRET-FLIM experiments were carried out to examine the association between 

QSK1 and BAK1 and between QSK1 and AHA2. For the proposed QSK1-BAK1 interaction, the 

FRET-FLIM approach revealed a strong association. In contrast, the interaction between QSK1 and 

AHA2, predicted as a low-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 
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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, Bücherl, 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]. Bücherl, 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 Bücherl, 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) Glöckner 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 

is introduced 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, R0 (i.e., Förster 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 r10%. 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 r10% 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-mTRQ2/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 mTRQ2 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 mTRQ2 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) Großeholz 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 Großeholz 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 AHA2 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 

AHA2, 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 
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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, 

AHA2 and BRI1, respectively. The direct involvement of CNGC10 in the fast BR response pathway 

was analyzed by pH measurements using two independent Arabidopsis cngc10 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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