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1. Introduction

1.1 Plant Phototropism and auxin transport

Plants are able to dynamically adjust their growth in response to environmental cues.
Phototropism is a light-directed growth response in which shoots reorient towards an
incoming light source, thereby enhancing light capture. Shoots typically grow toward the
light (positive phototropism), whereas young roots typically grow away from it (negative
phototropism). The resulting phototropic bending is primarily driven by an asymmetric
distribution of the phytohormone auxin, which translates light perception into differential
cell elongation and growth across different plant tissues (Fankhauser and Christie, 2015;
Liscum et al., 2020, 2014; Whippo and Hangarter, 2006).

The theoretical framework for phototropism originates from Darwin’s pioneering work.
Using grass coleoptiles, Darwin and his son demonstrated that light is perceived at the
tip of the plant and proposed that a signal transmitted from there induces bending in the
lower tissues (Darwin and Darwin 1880). This signal was later identified as the growth-
promoting hormone auxin (Went, 1935). These findings led to the Cholodny-Went theory,
which proposes that unilateral light causes auxin redistribution toward the shaded side
of the organ, generating a gradient that drives differential cell elongation and bending
(Adamowski and Friml, 2015; Christie and Murphy, 2013; Thimann, 1992; Went and
Thimann, 1937).

In monocot coleoptiles, phototropic bending occurs in sequential phases: an early, rapid
tip response to low light fluences (first positive phototropism) is followed by slower basal
growth under prolonged irradiation in a time-dependent manner (second positive
phototropism). In dicots such as Arabidopsis thaliana, hypocotyl curvature is likewise
fluence- and time-dependent but primarily occurs along the hypocotyl elongation zone
rather than through a tip-to-base mechanism (Briggs, 2014; Christie and Murphy, 2013;
Everett and Thimann, 1968; Haga and Sakai, 2023; Yamamoto et al., 2014).

In seedlings, auxin is synthesized predominantly in young aerial tissues, including the
shoot apex and young leaves, and is transported basipetally through the hypocotyl under
conditions such as overhead illumination. In contrast, upon unilateral irradiation one side
of the plant receives light (the illuminated side), while the opposite side remains deprived
(the shaded side). Under these conditions, auxin is redistributed laterally, with its
transport being diverted from the illuminated side towards the shaded side of the
hypocotyl, leading to auxin accumulation on the latter (Intro. Fig. 1) (Dela Fuente and
Leopold, 1968; Friml, 2003; Liscum et al., 2014).
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Intro. Figure 1. Auxin transport redistribution during phototropic bending

Schematic representation of a vertically growing seedling under overhead illumination (left), showing
basipetal auxin transport from the shoot apex and young leaves through the hypocotyl. Cotyledons are
indicated at the shoot apex. Upon unilateral illumination (right), auxin is redistributed laterally, moving away
from the illuminated side and accumulating on the shaded side, thereby creating an asymmetric auxin
gradient across the hypocotyl. This gradient drive differential cell elongation within the hypocotyl elongation
zone (denoted as region of cell elongation), resulting in bending toward the incoming light source. Arrows
represent the direction and relative magnitude of auxin transport. Adapted from Liscum et al. (2014).

This lateral auxin gradient promotes differential growth rates within the hypocotyl
elongation zone, resulting in plant curvature towards the incoming light source (Han et
al., 2021; Kramer and Bennett, 2006). Because phototropic bending requires directional
redistribution of auxin rather than changes in total auxin levels, the mechanisms

governing cellular auxin transport are central to understanding phototropism.

Indole-3-acetic acid (IAA) is the most abundant naturally occurring auxin and regulates
a wide range of developmental processes and environmental responses in plants
(Takubo et al., 2020). Unlike many plant hormones that are transported primarily via the
vascular system, auxin exhibits a prominent polar, cell-to-cell transport mechanism, that
enables directional signalling at the tissue and cellular level (Anfang and Shani, 2021).
According to the chemiosmotic model, IAA is predominantly protonated (IAAH) in the
acidic apoplast (pH ~5), enabling its entry into cells by passive diffusion as well as
through auxin influx carriers of the AUX1/LAX family (Blakeslee et al., 2005; Péret et al.,
2012). Upon entry into the cytosol, IAA is rapidly deprotonated to its anionic form (IAA”),
which limits its ability to passively diffuse across the plasma membrane (PM). This pH-
dependent ionization restricts auxin efflux to transporter-mediated pathways and thereby

imposes directionality on intercellular auxin movement.
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Cellular auxin efflux is primarily mediated by PIN-FORMED (PIN) and ATP-binding
cassette subfamily B (ABCB) carriers, although other transporters have also been
described (Hammes and Pedersen, 2024). Yet, the asymmetric, polar localization of PIN
proteins within the PM largely determines the direction of auxin flow and contributes to
the establishment of auxin gradients at the tissue and organ levels (Hammes and
Pedersen, 2024; Kramer and Bennett, 2006; Robert and Friml, 2009). Understanding
how auxin gradients are established therefore requires dissecting the mechanisms that

control PIN polarity, activity, and trafficking.

1.1.1 Regulation of PIN-FORMED auxin efflux carriers

The regulatory principles governing PIN activity and polarity have been largely studied
in A. thaliana root tissues. Nonetheless, these mechanisms define a general conceptual
basis for understanding how PIN polarity can be dynamically modulated in response to

environmental cues, including during hypocotyl phototropism.

PIN proteins are auxin efflux carriers named after the pin1 mutant, which exhibits
underdeveloped, pin-like inflorescences (Okada et al., 1991). A. thaliana encodes eight
PINs, classified as canonical (PIN1-4, PIN7) and non-canonical (PIN5, 6, 8), based on
sequence features and subcellular localization (Kfecek et al., 2009; Sauer and Kleine-
Vehn, 2019). All PINs are predicted to contain ten transmembrane helices; however,
canonical PINs are distinguished by a long cytosolic hydrophilic loop (HL) between

transmembrane helices 5 and 6, whereas non-canonical PINs possess a shorter HL.

Canonical PINs localize predominantly to the PM, where their polar distribution enables
long-range, intercellular auxin transport. Their extended HL functions as a regulatory
platform, integrating signals that control both transport activity and subcellular
localization (KfeCek et al., 2009; Luschnig and Friml, 2024). In contrast, non-canonical
PINs localize mainly to the endoplasmic reticulum and contribute primarily to intracellular
auxin homeostasis rather than directional auxin fluxes (Mravec et al., 2009; Sauer and
Kleine-Vehn, 2019).

Canonical PINs also exhibit distinct cell- and tissue-specific expression patterns that
shape auxin distribution: PIN1 predominates in vascular tissues, PIN2 in root epidermis
and cortex, PIN3 in columella and lateral root cells, PIN4 in the root meristem, and PIN7
in columella and early vascular/embryonic tissues. This coordinated localization and
expression patterns underlies their key roles in organogenesis and gravitropism, among

other developmental processes (Luschnig and Friml, 2024).
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Overall, PIN-mediated auxin transport is regulated at multiple levels, most prominently
through phosphorylation-dependent control of activity and polarity. Phosphorylation of
conserved serine residues within the HL of PIN1 and PIN3, have been shown to activate
auxin efflux (Huang et al., 2010; Weller et al., 2017; Zourelidou et al., 2014). These sites
are targeted by members of the so-called AGCVIII kinase family (related to mammalian
protein kinase A, protein kinase G, and protein kinase C), including the PM-associated
D6 PROTEIN KINASE (D6PK), PINOID (PID), and the related WAVY ROOT GROWTH
kinases (WAG1 and WAG2) (Barbosa et al., 2014; Bassukas et al., 2022; Zourelidou et
al., 2014). Genetic analyses demonstrated that D6PK family members are essential for
efficient basipetal auxin transport, as higher-order d6pk mutants exhibit severe transport
defects (Zourelidou et al., 2014). Accordingly, d6pkl1 double mutants show impaired
phototropic bending of hypocotyls, likely due to reduced auxin transport from cotyledons
toward the hypocotyl (Bassukas et al., 2022; Willige et al., 2013).

In addition to regulating auxin transport activity, AGCVIII kinases play a central role in
controlling PIN polarity. PID, WAG1, and WAG2 phosphorylate PINs at conserved RXS
motifs within the HL and thereby influence their polar PM localization (Bassukas et al.,
2022; Dhonukshe et al., 2010; Huang et al., 2010; Kleine-Vehn et al., 2009; Zourelidou
et al., 2014). Notably, this function is mechanistically separate from transport activation,

demonstrating that phosphorylation independently regulates PIN activity and polarity.

Moreover, PIN polarity critically depends on continuous intracellular trafficking.
Canonical PINs undergo constitutive cycling between the PM and endosomal
compartments via clathrin-mediated endocytosis (CME) (Dhonukshe et al., 2007;
Kitakura et al., 2011), allowing rapid modulation of PIN abundance and distribution at the
cell surface in response to developmental and environmental cues. Following
endocytosis, PIN proteins can be recycled back to their original polar PM domain,
redirected to an alternative PM domain (as for example, apical versus basal polarity), or
sorted into late endosomes for vacuolar and proteolytic degradation (Luschnig and Friml,
2024). Acentral regulator of basal PIN recycling is the ARF guanine nucleotide exchange
factor (ARF-GEF) GNOM, which mediates brefeldin A-sensitive recycling in root cells
(Geldner et al., 2003; Steinmann et al., 1999).

This regulatory mechanism has been extensively studied in PIN1. Notably, its
phosphorylation by PID/WAG kinases instructs recruitment of PIN1 into the apical
recycling pathway, competing with GNOM-dependent basal recycling to promote apical
PIN1 localization in root cells (Kleine-Vehn et al., 2009). Conserved serine residues (S1-

S3) in the PIN1 HL act as key regulatory sites whose phosphorylation state influences
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PIN1 polarity and directional auxin transport (Huang et al., 2010). This process is
antagonized by protein phosphatase 2A (PP2A)-mediated dephosphorylation
(Michniewicz et al., 2007), establishing a reversible phosphorylation mechanism that

dynamically tunes PIN trafficking, polarity, and auxin flux.

The HL of PIN proteins contain additional trafficking determinants that integrate multiple
sorting signals. It harbours tyrosine- and phenylalanine-based motifs that function as
endocytic signals recognized by adaptor protein complexes, including AP-2, thereby
promoting CME-driven internalization (Cheng and Wang, 2022; Dhonukshe et al., 2007;
Kitakura et al., 2011; Kleine-Vehn et al., 2011; Marcote et al., 2016; Sancho-Andrés et
al., 2016). Although functionally analogous, these motifs differ in sequence composition
and recognition mechanisms from the classical YXX® motifs described in endocytosis

of animal systems (Arora and Van Damme, 2021; Ohno et al., 1995).

PIN polarity is thus maintained by several interlinked mechanisms at the PM, including
spatially restricted endocytosis, preferential recycling into defined apical or basal
domains, and the formation of non-mobile PIN clusters with limited lateral diffusion, which

restricts their movement within the PM (Kleine-Vehn et al., 2011).

The resulting polar localization is therefore critical for directional auxin transport and
underpins growth responses such as phototropism. In this context, PIN3 plays a
particularly central role by undergoing rapid relocalization in response to unilateral light,
thereby mediating lateral auxin redistribution and driving differential growth (Ding et al.,
2011; Friml et al., 2002; Han et al., 2021).

1.1.2 PIN3 polarization upon unilateral blue light (BL)

Among PINs, PIN3 acts as a key mediator of lateral auxin fluxes during phototropism.
As shown by Ding et al., PIN3 undergoes relocalization in response to directional light,
directly linking environmental perception to lateral auxin redistribution and hypocotyl
bending (Ding et al. 2011). Specifically, unidirectional blue light (BL) triggers PIN3
polarization at the lateral PM of endodermal cells in the hypocotyl (Ding et al., 2011;
Rakusova et al., 2015). Genetic evidence indicates that PIN3 acts redundantly with PIN4
and PIN7 in regulating phototropic growth responses: while pin3/pin4/pin7 triple mutants
display severe defects in phototropic bending, pin3 single mutants show only minor

bending defects under long-term unilateral BL (Friml et al., 2002; Willige et al., 2013).

Nevertheless, analysis of DR5 reporter activity in the pin3 single loss-of-function mutant

exhibits reduced auxin asymmetry upon unilateral illumination, indicating impaired lateral
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auxin redistribution despite the presence of other PINs (Ding et al., 2011). Thus, while
PIN4 and PIN7 contribute redundantly to sustained phototropic growth, PIN3 is likely

required for proper auxin asymmetry.

In darkness, young seedlings display apolar localization of PIN3 in hypocotyl endodermis
cells (Intro. Fig. 2A; Ding et al., 2011). The endodermis is an important barrier between
the vasculature and the cortex of the hypocotyl (Cendreau et al. 1997). In endodermis
cells, the outer lateral PM faces the cortex, whereas the inner lateral PM faces the
vasculature. Upon unilateral BL exposure, PIN3 polarizes toward the inner lateral PM,
but only on the illuminated side of the hypocotyl (Intro. Fig. 2B). This relocalization
presumable redirects auxin toward the shaded side of the organ, leading to asymmetric

auxin distribution and differential growth.

PIN3 polarity requires the PID kinase and GNOM-mediated recycling. Under dark
conditions, high PID activity correlates with apolar PIN3 distribution at both inner and
outer lateral PMs of endodermal cells. Under unilateral illumination, light-mediated
repression of PID transcription occurs on the illuminated hypocotyl side, resulting in less
phosphorylated PIN3, which enters a polar GNOM-dependent trafficking pathway that
predominantly targets it to the inner lateral PM. Pharmacological and genetic evidence
suggests that PIN3 relocalization may also involve transcytosis, a mechanism defined
as the spatially restricted endocytic removal of PIN3 from one PM domain followed by
targeted recycling to an opposing domain within the same cell (Ding et al., 2011;
Luschnig and Friml, 2024).

While transcytosis has not been directly demonstrated in the hypocotyl, this mechanism
provides a plausible explanation for BL-induced PIN3 polarization to the inner lateral PM.
In this line, studies in gravity-sensing root columella cells provide direct evidence that
PIN3 undergoes GNOM-dependent transcytosis. As shown by Kleine-Vehn et al.,
gravistimulation triggers rapid PIN3 endocytosis, followed by directional recycling to the
new basal side, establishing asymmetric auxin fluxes that drive gravitropic bending
without requiring de novo protein synthesis (Kleine-Vehn et al., 2010). These findings
highlight that PIN3 polarity is dynamically regulated through environmentally responsive
trafficking pathways, with transcytosis directly demonstrated in roots but only proposed

in hypocotyls.

Although the mechanisms controlling PIN3 polarization are only partly understood, it
remains unclear how unilateral light perception selectively activates these polarization

pathways.
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Intro. Figure 2. BL-dependent polarization of PIN3 in hypocotyl endodermis cells

Schematic longitudinal section of an Arabidopsis hypocotyl, showing tissue layers from outside to inside:
epidermis (grey), cortex (white), endodermis (green), and central vasculature. (A) Dark conditions: PIN3
(dark green) shows an apolar distribution at both inner and outer lateral plasma membranes of endodermal
cells, correlating with high PID kinase activity, which phosphorylates the hydrophilic loop (HL) of PIN3. Polar
targeting of PIN3 via GNOM-mediated recycling is absent. This apolar distribution allows symmetric lateral
auxin transport (red arrows within endodermal cells). (B) Unilateral blue light: PIN3 polarizes toward the
inner lateral membrane of endodermal cells on the illuminated side (facing the vasculature), promoting lateral
auxin redistribution, presumably toward the shaded side, driving phototropic bending. PIN3 polarization is
mediated by light-dependent repression of PID transcription, which results in less phosphorylated PIN3,
which can enter a polar GNOM-dependent trafficking pathway, predominantly targeting the inner lateral PM
of endodermal cells on the illuminated side of the hypocotyl. Depicted within endodermis cells is GNOM-
mediated recycling pathways (black arrows) and the presence/absence of PID. Red arrows indicate the
direction of auxin transport. Adapted from Ding et al., 2011; Rakusova et al., 2015.

Because PIN3 relocalization must be initiated by upstream light-sensing mechanisms,
understanding how plants perceive directional BL and trigger early signalling events is
essential for linking environmental cues such as light, to asymmetric auxin transport. The

following section therefore focuses on specialized BL- photoreceptors.

1.2 Plant Photoreceptors: Phototropins and early BL signal perception

In plants, phototropic curvature is specifically triggered by the perception of blue light
(BL; ~400-500 nm), with phototropins (phot1 and phot2) acting as the primary
photoreceptors mediating this response (Briggs and Christie, 2002; Christie, 2007;
Christie et al., 2018; Fankhauser and Christie, 2015; Liscum et al., 2014). Genetic
analyses demonstrated that phototropins are essential for canonical BL-induced

phototropism, as loss of phototropin function abolishes directional hypocotyl bending
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(Doi et al., 2004; Ohgishi et al., 2004). Phototropic light perception occurs predominantly
in the upper hypocotyl, where BL rapidly activates phototropin1 and initiates signalling

events that precede curvature (Preuten et al., 2013).

In A. thaliana, additional photoreceptor families have been identified, including
phytochromes (phyA-E), cryptochromes (cry1 and cry2), UVR8, and members of the
ZEITLUPE family (De Melo and Alves, 2025; Paik and Hug, 2019). These photoreceptors
primarily regulate a broad range of developmental processes, such as seed germination,
circadian timing, and photomorphogenesis (Chen and Chory, 2011; Jenkins, 2014; Liand
Yang, 2007; Somers et al., 2000; Wang and Lin, 2020). Although cryptochromes and
phytochromes can modulate the amplitude and sensitivity of phototropic responses, they
are largely dispensable for phot1-mediated BL-induced hypocotyl curvature (Liscum et
al., 2020; Stowe-Evans et al., 2001; Sullivan et al., 2019). Accordingly, phototropins

constitute the central focus of this chapter.

Phototropins (phot1 and phot2) are PM-associated AGCVIII serine/threonine kinases
(Kong et al., 2006; Rademacher and Offringa, 2012; Sakamoto and Briggs, 2002). In
contrast to most plant photoreceptors, phototropins initiate rapid, largely non-
transcriptional BL-induced responses, enabling direct modulation of growth and cellular
processes. These responses include phototropic bending, chloroplast accumulation and
avoidance movements, stomatal opening, and leaf positioning (Briggs and Christie,
2002; Christie, 2007; Sakai et al., 2001). Phot1 primarily mediates phototropic responses
under low-fluence BL, whereas phot2 contributes more strongly under higher fluence

rates and prolonged illumination (Demarsy and Fankhauser, 2009).

Structurally, phototropins contain two N-terminal LOV (Light, Oxygen, Voltage) domains,
LOV1 and LOV2, which bind flavin mononucleotide (FMN) and function as BL-sensing
modules, followed by a C-terminal kinase domain (Briggs and Christie, 2002; Christie,
2007; Demarsy and Fankhauser, 2009). BL absorption induces conformational changes
that relieve autoinhibition of the kinase domain, resulting in phot1 activation through
autophosphorylation at conserved serine residues (Ser849/Ser851) leading to
subsequent downstream signalling (Inoue et al., 2008; Matsuoka and Tokutomi, 2005).
Despite extensive characterization of phototropin activation, the mechanisms by which

phot1 signalling is coupled to auxin transporters rearrangement remain largely unknown.

To date, only a limited number of direct substrates of phot1 have been identified. One
example is BLUE LIGHT SIGNALING 1 (BLUS1), whose phot1-dependent
phosphorylation is required for BL-induced stomatal opening (Takemiya et al., 2013).

Additional components acting downstream of phototropins include the protein kinases
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CBC1 and CBC2 (CONVERGENCE OF BLUE LIGHT AND CO3), which function in
phototropin-mediated guard cell signalling and stomatal regulation (Hiyama et al., 2017).
Moreover, phot1-mediated phosphorylation of the auxin efflux transporter ABCB19 has
been shown to inhibit its activity, thereby modulating basipetal auxin transport in the
shoot apex (Christie et al., 2011). This regulation affects auxin distribution above the
elongation zone during phototropic responses but does not directly generate the

asymmetric auxin gradient within the hypocotyl elongation zone.

Phototropins also signal through PHYTOCHROME KINASE SUBSTRATE (PKS1-PKS4)
proteins, which act redundantly as positive regulators of phototropism and leaf
positioning (De Carbonnel et al., 2010; Kami et al., 2014; Lariguet et al., 2006; Sakai and
Haga, 2012). Although PKS4 is directly phosphorylated by phot1, this modification
appears to function primarily in feedback regulation rather than being strictly required for

phototropic curvature (Demarsy et al., 2012; Schumacher et al., 2018).

Members of the NPH3/RPT2-like protein family, including NPH3 and RPT2, are likewise
phosphorylated in a phototropin-dependent manner (Sullivan et al., 2021; Waksman et
al.,, 2023), with NPH3 representing one of the earliest signalling components acting
downstream of phototropins during hypocotyl phototropism (Christie et al., 2018; Liscum
et al., 2020; Motchoulski and Liscum, 1999; Pedmale et al., 2010). Yet, how these early
signalling events are translated into directional auxin transport and growth responses

remain unresolved.
1.3 NPH3/RPT2 Like Protein family (NRLs)

The NPH3/RPT2-like (NRL) protein family in A. thaliana is named after its two founding
members, NON-PHOTOTROPIC HYPOCOTYL 3 (NPH3) and ROOT PHOTOTROPISM
2 (RPT2). The family comprises 33 members that share a conserved NPH3 domain of
unknown biochemical function (Christie et al., 2018; Pedmale et al., 2010). Many NRL
proteins additionally contain an N-terminal bric-a-brac, tramtrack, and broad complex
(BTB) domain and/or a C-terminal coiled-coil (CC) region, suggesting roles in protein-
protein interactions. Phylogenetic analyses subdivide the family into six clades, although
the biological functions of most members remain poorly characterized. To date, the three
best studied subclades are: NAKED PINS IN YUCC (NPY), RPT2/NRL PROTEIN FOR
CHLOROPLAST MOVEMENT 1 (RPT2/NCH1) and NPH3 (Christie et al., 2018).

The NPY subclade includes NPY1 (NAKED PINS IN YUCC MUTANT 1, also known as
ENP- ENHANCER OF PINOID or MAB4- MACCHI BOU-4) and its paralogs MEL1-MEL4
(MAB4/ENP/NPY1-LIKE). Members of this subclade regulate PIN-dependent auxin
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transport and associated developmental processes. Loss-of-function mutants display
defects in PIN polarity and auxin-mediated responses, including gravitropism and
organogenesis (Cheng et al., 2008; Furutani et al., 2011, 2007). MAB4/MEL proteins
function within a regulatory network involving the AGCVIII kinases that phosphorylate
PIN proteins, including PID, WAG1/WAG2, and D6PK (I. C. Barbosa and
Schwechheimer, 2014; Barbosa et al.,, 2018; Bassukas et al., 2022). PIN2
phosphorylation by PID promotes the recruitment of MAB4/MEL proteins to the PM,
forming a positive feedback loop that maintains PIN polarity by restricting lateral diffusion

and reinforcing membrane domain organization (Glanc et al., 2021).

As mentioned earlier, phototropins are also members of the plant AGC kinase family but
operate in a distinct signalling context. Their activity promotes phosphorylation of specific
downstream phototropic signalling components, including NPH3 and RPT2. Although
phototropin-mediated phosphorylation of NPY1 has been demonstrated in vitro (Sullivan
etal., 2021), in vivo evidence is currently lacking. Importantly, phototropins do not directly
phosphorylate PIN proteins, indicating that distinct AGCVIIl kinase subgroups can
independently regulate light signalling and auxin transport pathways that ultimately

converge on directional growth responses (Ding et al., 2011; Rakusova et al., 2015).

The RPT2/NCH1 subclade plays a central role in phototropin-mediated responses.
NCH1 is required for chloroplast accumulation and can physically associate with phot1,
linking it directly to phototropin signalling (Suetsugu et al., 2016). Similarly, PM-
associated RPT2 is phosphorylated in a phototropin-dependent manner (Waksman et
al.,, 2023). RPT2 contributes to BL-dependent processes, including hypocotyl
phototropism, leaf positioning, and chloroplast movement (Harada et al., 2013). Although
rpt2 mutants show near-normal phototropic bending under low-fluence BL, they exhibit
impaired curvature at higher fluence, indicating that RPT2 modulates phototropin
photosensory-adaptation (Haga et al., 2015; Inada et al., 2004; Sakai et al., 2000). RPT2
expression is light-dependent, and protein accumulation is stabilized in a phot1-
dependent manner (Kimura et al. 2020). Functionally, RPT2 inhibits phot1 BL-dependent
autophosphorylation, suggesting that it fine-tunes phot1 photosensitivity and kinase

activity by suppressing LOV1 function in a light-dependent manner (Kimura et al., 2020).

The NPH3 subclade comprises NPH3, NRL12, NRL4, and NRL23/DOT3. While NRL12
and NRL4 remain largely uncharacterized, DOT3 (DEFECTIVELY ORGANIZED
TRIBUTARIES 3) has been implicated in leaf vein patterning and vascular development,
processes tightly linked to auxin-dependent patterning mechanisms (Petricka et al.,

2008). NPH3 is the most extensively studied subclade member and a central mediator
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of phototropin signalling during phototropic growth (Christie et al., 2018; Liscum et al.,
2020; Manishankar et al., 2026; Reuter et al., 2021; Sullivan et al., 2021). In contrast to
NPY proteins, which act downstream of AGCVIII kinases to influence PIN polarity, NPH3
functions upstream of auxin redistribution in phototropin-dependent phototropic
signalling. Consistent with this role, the NPH3 monocot ortholog COLEOPTILE
PHOTOTROPISM PROTEIN 1 (CPT1) in rice is required for establishing lateral auxin
gradients that drive phototropic bending (Haga et al., 2005).

Beyond phototropism, NPH3 contributes to leaf positioning and expansion but does not
substantially affect chloroplast accumulation, avoidance movements, or stomatal
opening (Christie et al., 2018; Inoue et al., 2008; Suetsugu et al., 2016; Sullivan et al.,
2019). In the framework of phototropism, RPT2 has been shown to physically interact
with NPH3, consistent with its role downstream of phototropin activation (Haga et al.,
2015; Inada et al., 2004). In darkness, phot1 and NPH3 appear to form a PM-associated
complex, which is disrupted by BL-induced phot1 activation (Haga et al., 2015). Under
continuous or high-intensity BL (HBL), RPT2 promotes reconstitution of the phot1-NPH3
PM complex, maintaining efficient PM-level signalling (Christie et al., 2018; Haga et al.,
2015). Activation of phot2 under HBL has been suggested to stabilize NPH3 relocation
to the PM, facilitating acclimation to these conditions (Zhao et al., 2018). Yet, the precise
mechanism by which NPH3 functions downstream of phot1 to establish phototropic

responses remains unclear.

1.3.1 NPH3: light-driven and reversible cycling between the PM and
cytosolic condensates

NPH3 (also known as ROOT PHOTOTROPISM 3; RPT3) was identified in a genetic
screen for Arabidopsis mutants defective in phototropic responses, alongside NPH1
(later renamed as phot1) and NPH4 (AUXIN RESPONSE FACTOR 7, ARF7) (Harper et
al., 2000; Liscum and Briggs, 1995; Motchoulski and Liscum, 1999). Acting downstream
of phot1, NPH3 is essential for proper phototropic bending, as loss-of-function mutants
exhibit abolished curvature responses under unilateral BL (Motchoulski and Liscum,
1999).

NPH3 displays a striking and highly regulated subcellular localization pattern: it
undergoes reversible, light-dependent cycling between the PM and cytosolic,
membrane-less condensates (Reuter et al., 2021). This dynamic redistribution is a

defining feature of NPH3 function in phototropic signalling.

Structurally, NPH3 contains an N-terminal BTB domain, a central NPH3 domain, and a

C-terminal CC domain, along with multiple intrinsically disordered regions (IDRs; Intro.
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Fig. 3A). Distinct motifs of NPH3 drive its PM association in darkness as well as its light-
induced assembly into cytosolic condensates, providing a mechanistic basis for its

dynamic subcellular organization (Manishankar et al., 2026; Reuter et al., 2021).

Consistent with its role as a phot1 signalling component, NPH3 C-terminus directly
interacts with the LOV domains of phot1 (De Carbonnel et al., 2010; Motchoulski and
Liscum, 1999), as well as with PKS1 and PKS2, which are required for low-light
phototropic responses (De Carbonnel et al., 2010; Lariguet et al., 2006). NPH3 is also
proposed to act as a substrate adaptor in the CULLIN3 (CUL3)-based RING E3 ubiquitin
ligase complex (CRL3NPH3), mediating light-intensity-dependent ubiquitination of phot1
(Roberts et al., 2011), through a BTB-mediated interaction with CULLINS. Although this
pathway has been linked to phot1 endocytosis and/or proteasomal degradation,
constitutive PM anchoring of phot1 does not impair phototropism, suggesting that
ubiquitination-mediated internalization or degradation is dispensable for phot1 function

in phototropism (Preuten et al., 2015).

For years, NPH3 was considered to follow a simple phosphorylation/dephosphorylation
cycle controlling its PM association, with phosphorylation occurring in darkness and
dephosphorylation occurring under BL exposure (Pedmale and Liscum, 2007; Tsuchida-
Mayama et al., 2008). Kimura et al. identified seven phosphoserine (p.S.) residues: pS7
(or pS5), pS213, pS223, pS237, pS467, pS474 (or pS476), and pS722 (or pS723), to be
phosphorylated in darkness, independently of phot1 in etiolated seedlings (Kimura et al.,
2022, 2021). The kinase(s) responsible for establishing these dark-state phosphorylation

patterns remain unknown, representing a major unresolved aspect of NPH3 regulation.

Recent studies, however, reveal a more complex regulatory system. In dark-grown
seedlings, NPH3 predominantly associates with the PM via its C-terminal amphipathic
helix (Reuter et al., 2021). Upon BL perception, phot1 phosphorylates NPH3 in a single
C-terminal residue (S744), promoting 14-3-3 protein binding (Reuter et al., 2021; Sullivan
et al., 2021). This triggers NPH3 dissociation from the PM followed by the formation of
cytosolic, membrane-less condensates via liquid-liquid phase separation (Manishankar
et al., 2026). Simultaneously, several phot1-independent p.S. residues undergo BL-
induced dephosphorylation, representing a “general” NPH3 dephosphorylation state.
These events are not coupled to PM dissociation in etiolated seedlings, but they do
influence the efficiency of NPH3 in the process of re-association with the PM (Kimura et
al., 2021; Reuter et al., 2021).

Consistent with this, NPH3 cytosolic condensates can reassociate with the PM upon

retransfer to darkness or under prolonged BL conditions (Kimura et al., 2021; Reuter et
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al.,, 2021), demonstrating its dynamic cycling between PM and cytosol. Recent data
indicates that the recovery of the PM-associated NPH3 form (dark-state), involves the
PM-localized protein phosphatase PP2C19 (Sakai et al., 2025). Independently, Sullivan
et al. further demonstrated that the specific dephosphorylation of the phot1-targeted
residue S744 requires the combined activity of both, the protein phosphatases PP2C19
and PP2C35 (Bourgade, 2026; Sullivan et al., 2026).

The functional significance of this dynamic cycle is evident: NPH3 variants locked at the
PM (NPH3S74A unable to bind 14-3-3) or constitutively forming cytosolic condensates
(NPH32C% incapable of PM association and 14-3-3 binding) show impaired phototropic
bending (Sullivan et al., 2021; Reuter et al., 2021, Intro. Fig. 3B-C). Together, these
findings place NPH3 in a reversible pathway in which phot1-dependent phosphorylation,
general dephosphorylation, and cytosolic condensate formation are dynamically
regulated under different light conditions. This coordination ensures proper phototropic
bending and highlights the essential role of the BL-induced reversible phosphorylation in
NPH3 function. How this dynamic cycling links phot1 activation to BL-induced PIN3

polarization and lateral auxin redistribution under unilateral illumination, remains an open

question.
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Intro. Figure 3. Structural features of NPH3 and their functional impact on phototropism

(A) Domain architecture of NPH3 (wild type), highlighting the N-terminal BTB domains, the central NPH3
domain, and the C terminal containing a coil coiled (CC) domain. Intrinsically disordered regions (IDRs I-VI)
are scattered along the amino acid sequence. The C-terminal domain of NPH3 contains an amphipathic
helix (amino acids 700-713) and the blue light regulated phosphorylation site Ser744. Phot1-mediated
phosphorylation at Ser744 promotes 14-3-3s binding and correlates with BL induced changes in NPH3
subcellular localization that are required for phototropic bending, observed as approx. a 90° hypocotyl
curvature, as shown in the right panel. (B) Structure of the non-phosphorylatable NPH3%744Amutant (Reuter
et al. 2021) used in this thesis. Substitution of Ser744 by alanine abolishes phosphorylation and 14-3-3
binding, resulting in a constitutive PM-association. This mutant shows only a partially compromised
phototropic bending (+30° curvature). (C) Structure of the C-terminal truncation mutant NPH32C5! (Reuter et
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al. 2021), lacking the last 51 amino acids, including the Ser744 and the amphipathic helix that allows for PM-
association. This mutant localizes constitutively into cytosolic condensates resulting in completely abolished
hypocotyl bending (0°). Domain architectures of NPH3 and NPH3 variants were modified from Manishankar
et al. 2026.

1.4 Endocytosis in phototropism and hypocotyl growth

Endocytosis is an essential eukaryotic process that preserves PM homeostasis through
vesicle-mediated internalization of PM components (Kraus et al., 2024; McMahon and
Boucrot, 2011). Clathrin-mediated endocytosis (CME) therefore regulates the
abundance, localization, and turnover of many PM proteins in response to environmental

and developmental cues.

During phototropism, BL stimulation is associated with CME of both the photoreceptor
phot1 and downstream auxin transport components, albeit with distinct functional roles.
Although phot1 undergoes only partial CME-dependent internalization upon BL
irradiation (Kaiserli et al., 2009), constitutive PM-anchored phot1 has been shown to be
fully functional, indicating that receptor internalization under BL might not be of functional
importance (Preuten et al., 2015). In contrast, CME is essential for the BL-induced polar
relocalization of the auxin efflux carrier PIN3 in the hypocotyl, a process required for

lateral auxin redistribution during phototropic bending (Zhang et al., 2017).

Specifically, unilateral BL triggers clathrin-dependent PIN3 relocalization, as disruption
of clathrin light chains CLC2 and CLC3 impairs PIN3 polarization, thereby reducing auxin
asymmetry and phototropic curvature (Hu et al., 2021; Zhang et al., 2017).

Notably, NPH3 does not appear to be an endocytic cargo (Haga et al., 2015), but instead
undergoes light-regulated dissociation from the PM and reorganization into cytosolic
assemblies. Because phot1 signalling, CME-dependent PIN3 polarization, and NPH3
steady-state localization all involve the PM, this compartment likely serves as a
coordination platform integrating phototropin signalling, trafficking, and auxin transport

during phototropism.

The plant-specific TPLATE complex (TPC) is essential for plant CME, facilitating cargo
recognition and recruitment of endocytic machinery. Conditional impairment of the TPC,
such as induced-silencing of the TML subunit, reduces endocytosis, evidenced by
decreased FM4-64 uptake and reduced accumulation of internalized PIN1 and PIN2 in
BFA bodies (Gadeyne et al., 2014). Consequently, CME and TPC-facilitated trafficking
are essential for regulating the PM abundance and polarity of key auxin transport
components, such as PINs. While the direct molecular links between phot1 activation,

NPH3 localization, and PIN3 polarization remain unclear, coordinated endocytic activity
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contributes to the establishment of lateral auxin gradients and phototropic growth,

providing a cellular framework for the experiments described in this thesis.
1.4.1 The TPLATE Complex and CME in plants

In eukaryotes, the best-characterized endocytic pathway is clathrin-mediated
endocytosis (CME), although clathrin-independent mechanisms (CIE) also exist
(Sandvig et al.,, 2011). CME is rapid (~20-70 seconds), temperature-sensitive and
proceeds through sequential steps: (i) cargo recognition at the PM, (i) membrane
bending and remodelling, (iii) initiation and maturation of vesicle formation, (iv) vesicle
scission and release, (v) actin-mediated transport, and lastly (vi) vesicle uncoating (Intro.
Fig. 4). While many CME components are conserved in yeast and mammals, plants have

diversified key endocytic proteins (Kraus et al., 2024).

In animal and fungal systems, the heterotetrameric AP-2 complex (Adaptor Protein
complex 2. Subunits: a, B, 4, and o) functions as the canonical clathrin adaptor protein
that mediates cargo recognition and vesicle formation at the PM (Boucrot et al., 2010;
Collins et al., 2002). Single AP-2 subunit mutants in mice are lethal (Mitsunari et al.,
2005). In plants, however, AP-2 mutants are viable and internalize many PM cargos,
indicating that AP-2 is not the sole adaptor complex (Bashline et al., 2013; Di Rubbo et
al., 2013; Yamaoka et al., 2013).

Comparative analyses revealed an ancestral adaptor-like complex, TSET, present in
plants, slime molds, and some protozoa, but not in animals or yeast. TSET comprises
four core subunits (TPLATE, TSAUCER, TCUP, and TSPOON), facilitating CME without
being essential for survival (Hirst et al., 2014). In plants, this ancestral machinery has
been retained and expanded as the TPLATE complex (TPC), which was independently
identified in A. thaliana through genetic, proteomic, and cell biological approaches (Arora
et al., 2020; Gadeyne et al., 2014; Yperman et al., 2021b)

In Arabidopsis, TPC is a hetero-octameric complex composed of an inner core: TPLATE,
TASH3 (TSAUCER homolog), LOLITA (TSPOON homolog), and TML (TCUP homolog);
and an outer core including: Transducin/WD40 repeat-like proteins TWD40-1 and
TWDA40-2, along with the plant-specific AtEH1 and AtEH2 subunits (illustrated in Intro.
Fig. 4A). Functionally, the TPC serves as a central hub for cargo recognition and vesicle
initiation during CME, acting cooperatively with the AP-2 at the PM (Intro. Fig. 4B) (Kraus
et al., 2024).

While the TPC preserves the core functions of TSET, its subunits have specialized roles.

TPLATE acts as the central scaffold required for complex assembly (Gadeyne et al.,
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2014; Van Damme et al.,, 2007). TASH3 contains SH3 domains that recognize
ubiquitinated cargo and recruits other TPC subunits (Grones et al., 2022). TML binds
cargo via its y-homology domain (Hirst et al., 2014; Wang et al., 2020), whereas LOLITA
stabilizes the inner core. Outer core subunits TWD40-1 and TWD40-2 likely mediate
protein-protein interactions, in which TWD40-2 has been proposed to recruit dynamin
related proteins (DRPs) involved in vesicle scission (Bashline et al., 2015). The plant-
specific subunits AtEH1 and AtEH2 (ARABIDOPSIS THALIANA EH- CONTAINING
PROTEINS) mediate membrane-binding and remodelling. They also facilitate cargo
recruitment under high turgor pressure and contribute to autophagy, reflecting a plant-
specific adaptations (Dragwidge et al., 2024; Johnson et al., 2021; Kraus et al., 2025;
Wang et al., 2019; Yperman et al., 2021a).

A
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proteins

Intro. Figure 4.The TPLATE complex functions at early stages of plant clathrin-mediated
endocytosis

(A) Structural organization of the Arabidopsis thaliana TPLATE complex (TPC). The inner core consists of
TPLATE, TASH3, LOLITA, and TML, which together mediate complex assembly and cargo recognition at
the PM. The outer core subunits TWD40-1 and TWD40-2 likely contribute to protein-protein interactions and
clathrin coat assembly. The plant-specific AAEH1 and AtEH2 proteins mediate membrane binding and
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remodelling and support endocytosis under high turgor pressure. (B) Schematic model of clathrin-mediated
endocytosis (CME) in plants. CME proceeds through cargo recognition (pre-CME), initiation, clathrin coat pit
maturation, vesicle scission, actin-dependent transport, and vesicle uncoating. Cargo proteins are
selectively recognized at the PM by adaptor complexes. The TPC acts at the earliest stages as a scaffold
and adaptor that promotes cargo recognition and membrane bending cooperatively with AP-2. AP-2
functions as adaptor complex contributing to cargo selection and clathrin recruitment. Clathrin assembles
into a polygonal lattice (clathrin coat). Endocytic accessory proteins support coat assembly and regulatory
interactions. Dynamin-related proteins (DRPs) accumulate at the neck of invaginated pits and mediate
membrane scission. Actin filaments are required for vesicle transport. AUXILIN-LIKE proteins promote
clathrin coat disassembly, enabling vesicle uncoating and vesicle fusion with the recycling machinery or
degradation pathways. Once the uncoating process is finished, endocytic machinery components cycle back
to the PM. Schemes retrieved and adapted from Kraus et al., 2024.

Unlike AP-2, the TPC is essential for plant growth and viability. Loss-of-function
mutations in individual TPC subunits either result in male sterility and/or seedling
lethality, whereas partial impairment has been shown to affect hypocotyl length (Bashline
et al., 2015; Gadeyne et al., 2014; Grones et al., 2022; Wang et al., 2023). TPC partial
impairment reduces endocytic event density, leading to flat clathrin assemblies at the
PM, indicative of defective membrane curvature, which is essential for vesicle formation
(Gadeyne et al., 2014; Wang et al., 2021). At the cellular level, TPC foci arrive at the PM
before AP-2 and DRPs, proteins that mediate vesicle formation and scission. TPC
subunits biochemically interact with clathrin chains, AP-2 and DRPs (Kraus et al., 2024;
Reynolds et al., 2018). This temporal hierarchy places TPC at the very onset of endocytic
vesicle formation in plants (Dragwidge et al., 2024; Kraus et al., 2024; Zhang et al.,
2015). Overall, TPC represents a distinct evolutionary adaptation of the endocytic
machinery in plants, integrating cargo recognition, membrane remodelling, and
regulatory functions critical for survival and growth (Gadeyne et al., 2014; Grones et al.,
2022; Wang et al., 2021; Yperman et al., 2021b).

1.5 Aims and conceptual model of this thesis

NPH3 is a core component of phototropic signal transduction, acting downstream of the
BL receptor phot1 (Motchoulski and Liscum, 1999). While its requirement for phototropic
bending is well established, the molecular mechanisms by which NPH3 converts phot1
activation into downstream cellular responses remain poorly understood. Upon BL
exposure, phot1 phosphorylates NPH3 at Ser744, promoting 14-3-3 binding, which
triggers dissociation from the PM and assembly into cytosolic biomolecular condensates
(Manishankar et al., 2026; Reuter et al., 2021; Sullivan et al., 2021). Genetic analyses of
NPH3 mutant variants suggest that dynamic cycling between these states is essential
for proper phototropic responses (Reuter et al., 2021). However, the molecular
environments and interaction partners associated with each state remain largely
unknown, limiting mechanistic insight into NPH3 function within the phototropic signalling

pathway.
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The central aim of this thesis is to define the protein interaction landscape of NPH3 in a
subcellular localization-dependent manner. To capture proteins proximal to PM-
associated NPH3, TurbolD-based proximity labelling is employed. In parallel,
immunoprecipitation combined with Fluorescence Activated Particle Sorting (FAPS) is
used to enrich and isolate NPH3-containing condensates to identify their molecular
constituents. Together, these complementary approaches enable spatially resolved
mapping of NPH3 interactomes and direct comparison between functionally distinct

states.

To place these interaction networks in a developmental context, this work also
investigates how NPH3 contributes to directional growth responses downstream of
phototropin activation. In particular, we partially examine NPH3 relationship to the auxin
efflux carrier PIN3. By defining light-dependent NPH3 interactomes and evaluating their
connection to PIN3 polarization, this thesis aims to provide insights into how phot1
activation is translated into downstream cellular processes that drive phototropic
bending. The conceptual framework linking phot1 BL-induced activation, NPH3

dynamics, PIN3 polarization, and phototropic growth is illustrated in Intro. Fig. 5.

BL-induced phot1 activation drives changes in NPH3 subcellular localization PIN3 polarization Phototropism
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Intro. Figure 5. Conceptual framework for NPH3 function in phototropic signalling

Integrated working model of NPH3 function in phototropism, adapted from Haga et al 2015, Christie et al
2018 and Reuter et al 2021. In darkness, NPH3 (likely in a trimeric conformation, Manishankar et al. 2026)
associates with the PM, presumably close to phot1 and other unknown interaction partners (denoted as “?”).
BL activation of phot1 induces phosphorylation of NPH3 at Ser744, followed by 14-3-3 binding and PM-
dissociation. In the cytosol NPH3 transitions into biomolecular condensates via liquid-liquid phase
separation. While these light dependent changes in NPH3 localization are well established, the molecular
associations of NPH3 with other proteins at PM/cytosol and their mechanistic connection to PIN3 polarization
as well as lateral auxin transport remain unknown. This lack of a defined molecular link represents a central
knowledge gap addressed in this thesis.
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2. Material and Methods

2.1 Material

Various consumables used for this work (reaction tubes and tips) were purchased from

Eppendorf (Hamburg, Germany) or Greiner Bio-One GmbH (Frickenhausen, Germany).
2.1.1 Plasmids

Plasmids containing constructs (under the 35S promoter) were generated by Andrea
Bock, Jutta Keicher and Tanja Schmidt using Gateway Cloning system (Table 2.1)
(Reuter et al. 2021).

Table 2. 1. Gateway Cloning-based constructs used in this study.

Construct Vector Resistance Used for

prom35S::GFP:NPH3WT pH7WGF2* Spectinomycin Transient expression
prom35S::GFP:NPH35744A pH7WGF2* Spectinomycin Transient expression
prom35S::GFP:NPH34¢51 pH7WGF2* Spectinomycin Transient expression

(Karimi et al., 2007)*

Plasmids containing constructs (under different promoters) were generated using
Golden Gate Cloning system (Table 2.2), and produced by Andrea Bock, Jutta Keicher,

Tanja Schmidt, Lukas Dittiger and Atiara Fernandez.

Table 2. 2. Golden Gate Cloning-based constructs used in this study.

Construct Vector Resistance Used for
prom35SQEnhancer::mEGFP:NPH3"T BB10 Plus  Spectinomycin FRET/FLIM
prom35SQEnhancer::mEGFP:NPH35744A BB10 Plus  Spectinomycin FRET/FLIM
prom358S::14-3-3Q:mCherry BB10 Plus  Spectinomycin Transient expression
promNPH3::YFP: TurbolD:NPH3"T BB10 Plus  Spectinomycin  Proximity labelling
promNPH3::YFP: TurbolD:NPH357444 BB10 Plus  Spectinomycin  Proximity labelling
promNPH3::YFP: TurbolD:NPH3 4¢51 BB10 Plus  Spectinomycin  Proximity labelling

prom35SQEnhancer::mTurquoise2:NPH3WT BB10 Plus  Spectinomycin Transient expression
prom35SQEnhancer::mTurquoise2:NPH357444  BB10 Plus  Spectinomycin  Transient expression

Generation of

promPIN3:PIN:GFP(int) BB10 Plus  Spectinomycin o
Transgenic lines

prom35SQEnhancer::HSP70-1:GFP BB10 Plus  Spectinomycin Transient expression

prom35SQEnhancer::HSP70-1:RFP BB10 Plus  Spectinomycin Transient expression
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Plasmids containing constructs generated by external sources and used in this study are
listed in (Table 2.3).

Table 2. 3. Plasmids obtained from external sources.

Construct Vector Resistance Used for Source

prom35S::mRFP:TPLATE  pH7WGF2* Spectinomycin Transient Daniel Van Damme Lab

expression  (Ghent University- Belgium)

Daniel Van Damme Lab

Transient
prom35S::AtEH1:eGFP pH7WGF2*  Spectinomycin . (Ghent University- Belgium)
expression
(Wang et al., 2019)
promUBQ10::REM1.2:GFP  pUBN** Spectinomycin  Transient Julien Gronniers Lab

expression ZMBP- Tubingen)

(Karimi et al., 2007)*, (Grefen et al., 2010)**

Plasmids harbouring TPLATE and AtEH1 variants for yeast two-hybrid (Y2H)
experiments were synthesized and purchased from BioCat GmbH (Heidelberg,
Germany). The remaining Y2H plasmids were generated by Andrea Bock (Table 2.4) and
previously reported. All sequences derived from Arabidopsis thaliana (Col-0) unless

otherwise indicated.

Table 2. 4. Yeast Two Hybrid plasmids used in this study.

Element Vector Resistance Source/Reference

TPLATE (full length sequence) pGBKT7 Kanamycin  BioCat GmbH

Eco. Landsberg erecta 3545 bp

AtEH1(AT1G20760) N- terminal part (without pGBKT7 Kanamycin  BioCat GmbH

coiled coiled domain) 1598 bp

AtEH1(AT1G20760) N- terminal part (with pGBKT7 Kanamycin  BioCat GmbH

coiled coiled domain) 1821 bp

14-3-3Q pGADT7 Ampicillin (Reuter et al., 2021)

NPH3WT pGADT7 Ampicillin (Reuter et al., 2021)

NPH35744A pGADT7 Ampicillin (Reuter et al., 2021)
2.1.2 Plants

In this work Arabidopsis thaliana, ecotype Columbia-0 (Col-0) was used. Seeds of the T-
DNA induced loss-of-function mutant of NPH3, Arabidopsis thaliana nph3-7
(SALK 110039, Col-0 background) were originally obtained from NASC (Nottingham
Arabidopsis Stock Centre) and used for the generation of transgenic lines. Stable

transformation (via the floral dip method) and identification of homozygous lines was
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done by Jutta Keicher and Tanja Schmidt. Transgenic Arabidopsis lines generated in our

lab are listed below (Table 2.5).

Table 2. 5. Arabidopsis transgenic lines.

Independent lines

Construct Background Resistance

(published)
promPIN3::PIN3(int) Col-0 Hygromycin #17-1, #19-1
promPIN3::PIN3(int) nph3-7 Hygromycin #6-7, #8-6

#8, #17
prom35S::GFP:NPH3"T nph3-7 Hygromycin

(Reuter et al. 2021)

#19, #28
prom35S::GFP:NPH35744A nph3-7 Hygromycin

(Reuter et al. 2021)

#23, #19
prom35S::GFP:NPH34c57 nph3-7 Hygromycin

(Reuter et al. 2021)
promUBQ1o::GFP Col-0 Hygromycin (Reuter et al. 2021)

) #1, #4

promNPH3::GFP:NPH3WT nph3-7 Hygromycin

(Reuter et al. 2021)
promNPH3::YFP: TurbolD:NPH3"T nph3-7 Hygromycin #7-4, #5-10
promNPH3::YFP: TurbolD:NPH35744A  nph3-7 Hygromycin #3-6, # 7-4
promNPH3::YFP: TurbolD:NPH3 4¢%7 nph3-7 Hygromycin #13-2, #9-6

In addition, Arabidopsis transgenic lines obtained from external sources and used in this

study are listed in Table 2.6.

Table 2. 6. Arabidopsis transgenic lines obtained from external sources.

Construct/mutant Background Line(s) Source
Daniel Van Damme Lab
SALK 011079 S_9963/L124
nosh (Ghent University- Belgium)

x Col-0 S_9953/L27
(Grones et al., 2022)
Daniel Van Damme Lab
prom35S::EH1:GFP Col-0 S_10165/L1804 (Ghent University- Belgium)
O =

(AtEH1) S_8001/L1.2 (Grones et al., 2022; Wang et
al., 2019)
promLAT52:: TPLATE:GFP/ Daniel Van Damme Lab
Col-0 x tplate C59

prom35S::DRP1A:mRFP

(Ghent University- Belgium)

2.1.3 Bacteria

E. coli strains One Shot™ TOP10 (Thermo Fisher Scientific GmbH, Dreieich) and XL1-

Blue were used for plasmid transformation via the heat-shock method to enable plasmid
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propagation. The Agrobacterium tumefaciens strain GV3101(Koncz and Schell, 1986)

was used for transient transformation of N. benthamiana. For transient expression

assays, the silencing suppressor p19 strain (Win and Kamoun, 2004) was included

where indicated in the figure legends.

2.1.4 Chemical, Kits and specific materials

Following chemicals, kits and specific supplies were used during this work (Table 2.7).

Table 2. 7. Utilized chemicals. Kits and specific materials.

Used for Chemical/kit/material Manufacturer
Carl Roth GmbH + Co. KG,
2-(N-morpholino)ethanesulfonic acid (MES)
Karlsruhe

Bacterial work

3,5-Dimethoxy-4-hydroxyacetophenone
(Acetosyringone)

Sigma-Aldrich Chemie GmbH,
Taufkirchen

Ampicillin

Sigma-Aldrich Chemie GmbH,

Taufkirchen

Ethanol (EtOH)

Sigma-Aldrich Chemie GmbH,

Taufkirchen

GeneJET Plasmid Miniprep Kit

Thermo Fisher Scientific GmbH,
Dreieich

Gentamicin

SERVA Electrophoresis GmbH,
Heidelberg

Kanamycin

Duchefa Biochemie, Haarlem (NL)

LB-Agar (Luria/Miller)

Carl Roth GmbH + Co. KG,

Karlsruhe

Carl Roth GmbH + Co. KG,
LB-Medium (Luria/Miller)

Karlsruhe

Carl Roth GmbH + Co. KG,
Magnesium chloride (MgCl2) hexahydrate

Karlsruhe

Rifampicin

Duchefa Biochemie, Haarlem (NL)

Spectinomycin

Duchefa Biochemie, Haarlem (NL)

Plant work

Brefeldin A (BFA)

Thermo Fisher Scientific GmbH,

Dreieich

Hydrochloric acid (HCI)

Sigma-Aldrich Chemie GmbH,
Taufkirchen

Hygromicin

Duchefa Biochemie, Haarlem (NL)

Murashige and Skoog Medium ,Basal Salt

Mixture” (MS medium)

Duchefa Biochemie, Haarlem (NL)
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N-(3-triethylammoniumpropyl)-4-(6-(4-

(diethylamino)phenyl)hexatrienyl)pyridinium

dibromide (FM 4-64™)

Thermo Fisher Scientific GmbH,

Dreieich

PHYTO AGAR

Duchefa Biochemie, Haarlem (NL)

Potassium hydroxide (KOH)

Carl Roth GmbH + Co. KG,

Karlsruhe

Sodium hypochlorite (NaCIO + H20)

solution 12%

Carl Roth GmbH + Co. KG,

Karlsruhe

Sucrose

Carl Roth GmbH + Co. KG,

Karlsruhe

Protein work

Acetic acid

Carl Roth GmbH + Co. KG,

Karlsruhe

Albumin bovine Fraction V (BSA)

SERVA Electrophoresis GmbH,
Heidelberg

Ammonium bicarbonate (NH,HCO3)

Carl Roth GmbH + Co. KG,
Karlsruhe

Ammoniumperoxodisulfate (APS)

Carl Roth GmbH + Co. KG,

Karlsruhe

Biotin

Sigma-Aldrich Chemie GmbH,

Taufkirchen

Bromophenol blue

Carl Roth GmbH + Co. KG,
Karlsruhe

cOmplete™ (Protease Inhibitor Cocktail)

Roche Holding, Basel (CH)

Dimethylsulfoxide (DMSO)

Carl Roth GmbH + Co. KG,

Karlsruhe

Dithiotreitol (DTT)

Carl Roth GmbH + Co. KG,

Karlsruhe

Dynabeads™ MyOne™ Streptavidin C1

Thermo Fisher Scientific GmbH,
Dreieich

ECL™ Prime Western Blotting Detection

Reagent

Cytiva Europe GmbH, Freiburg

Ethylenediaminetetraacetic acid (EDTA)

Carl Roth GmbH + Co. KG,

Karlsruhe

Ethylene glycol bis(B-aminoethylether)
tetraacetic acid (EGTA)

Carl Roth GmbH + Co. KG,

Karlsruhe

Glycerol

Carl Roth GmbH + Co. KG,
Karlsruhe

Milk powder

Carl Roth GmbH + Co. KG,

Karlsruhe

Monosodium phosphate (NaH2PO4)

Carl Roth GmbH + Co. KG,

Karlsruhe

Nitrocellulose membranes (Amersham™
Protran™)

Sigma-Aldrich Chemie GmbH,
Taufkirchen
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GE-Healthcare GmbH Freiburg im
PD10 desalting columns

Breisgau

SERVA Electrophoresis GmbH,
Phosphatase Inhibitor Mix | Heidelberg

SERVA Electrophoresis GmbH,
Ponceau S Heidelberg

Carl Roth GmbH + Co. KG,
ROTIPHORESE® Gel 30 (37,5:1) Karlsruhe

Carl Roth GmbH + Co. KG,
ROTI®Nanoquant Karlsruhe

Carl Roth GmbH + Co. KG,
Sodium chloride (NaCl) Karlsruhe

Carl Roth GmbH + Co. KG,
Sodium dodecyl sulfate (SDS) Karlsruhe
Tetramethylethylenediamine (TEMED) Honeywell Fluka®, Seelze

Carl Roth GmbH + Co. KG,
TRIS Karlsruhe

Sigma-Aldrich Chemie GmbH,
Triton X-100 Taufkirchen
TWEEN® 20 Carl Roth GmbH + Co. KG,

Karlsruhe

2.1.5 Buffers and Solutions

The following buffers and solutions were used for this work. If not stated differently,

buffers and solutions were prepared by using double-distilled water (ddH-0).

Table 2. 8. Utilized buffers and solutions.

Buffer/Solution Composition

Y2 MS medium 2.2 g MS ,Basal Salt Mixture®/ Liter
pH adjusted to 5.7 with KOH
1% PHYTO AGAR

autoclaved

2x SDS sample buffer 125 mM TRIS/HCI (pH 6.8)
4 % SDS
20 % Glycerol
0.01 % Bromophenol blue
1 tablet cOmplete™ per 50 mi

10 % DTT added fresh

10x SDS Running buffer 200 mM TRIS
1.5 M Glycine
0.1 % SDS
Ammonium bicarbonate (ABC) buffer
20 mM
(final wash for mass spectrometry
pH: ~8.0

analysis)
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AS medium (Infiltration tobacco)

10 mM MgCl2
150 uM Acetosyringone
10 mM MES/NaOH (pH 5.6)

Biotin solution

2.44 mg biotin/100ml H20 (100 pM)

Blocking solution

4 % milk powder
Dissolved in 1xTBS buffer

Extraction buffer
(IP and Co-IP)

50 mM TRIS/HCI (pH 7.5)
150 mM NaCl

1 mM EDTA

0.75 % Triton X-100

1 x cOmplete™

Phosphatase Inhibitor Mix |

Extraction buffer
(Proximity Labelling)

50 mM TRIS/HCI (pH 7.5)
150 mM NaCl

1 mM EGTA

1 % Triton X-100

1 x cOmplete™

Phosphatase Inhibitor Mix |

Extraction buffer
(Crude extract)

20 mM TRIS/HCI (pH 7.0)
150 mM NaCl

1 mM EDTA

1 % Triton X-100

0.1 % SDS

10% (v/v) DTT

LB-Agar (Luria/Miller)

40 g LB-Agar /L

autoclaved

LB-Medium (Luria/Miller)

25 g LB-Medium / L

autoclaved

Ponceau S

0.1 % (w/v) Ponceau S
2 % (v/v) Acetic acid

Stripping buffer

0.2 M Glycine

0.1 % (w/v) SDS

1 % (v/v) TWEEN® 20

pH adjusted to 2.2 with HCI

TBS-T

1 x TBS buffer
0.2 % (v/v)TWEEN® 20

Transfer buffer/Towbin Buffer

25 mM Tris
192 mM Glycine
20 % v/v Ethanol added fresh

Washing buffer |

50 mM TRIS/HCI (pH 7.5)
150 mM NaCl
1 mM EDTA




0.1 % (v/v) Triton X-100

Washing buffer Il 50 mM TRIS/HCI (pH 7.5)
150 mM NaCl

2.1.6 Antibodies

Following Antibodies were used in this work.

Table 2. 9. Antibodies

Antibody Manufacturer Dilution
a-EH1 Daniel Van Damme (Wang et al., 2019) 1: 500
a-GFP (A1122) Thermo Fisher Scientific, Sindelfingen 1: 1000
a-GFP (PA1-980A) Thermo Fisher Scientific, Sindelfingen 1: 1000
a-HA High Affinity Roche Holding, Basel (CH) 1: 1000
a-Mouse Promega, Walldorf 1: 10000
a-Myc (9E1) Chromotek GmbH, Planegg 1: 1000
a-NPH3 Eurogentec, Liege (BEL) 1: 500
a-NPH3 (PS744) Eurogentec, Liege (BEL) 1: 500
a-Rabbit Promega, Walldorf 1: 10000
a-Rat Sigma-Aldrich Chemie GmbH, Taufkirchen 1: 10000
a-RFP (5F8) Chromotek GmbH, Planegg 1: 1000
a-Streptavidin Pierce™ Thermo Fisher Scientific, Sindelfingen 1: 5000
a-TurbolD (BirA*) Agrisera, Vannas, (SWE) 1: 5000

The rabbit a-NPH3 and a-NPH3 (PS744) antibodies were generated by using the
synthetic peptide NH2-PPRKPRRWRN-S(PO3H2)-IS-COOH followed by affinity
purification against the non-phosphorylated and phosphorylated peptide (Eurogentec,
Liege, BEL) (Reuter et al., 2021).

2.2 Methods
2.2.1 Cloning procedures

Cloning procedures followed standard techniques of the Gateway Cloning system
(Thermo Fisher Scientific GmbH, Dreieich) or the Golden Gate Cloning system (Binder
et al., 2014). Cloning was jointly performed by Andrea Bock, Jutta Keicher, Tanja

Schmidt, Lukas Dittiger and Atiara Fernandez.

2.2.1.1 Transformation of Escherichia coli
For plasmid propagation, One Shot™ TOP10 and XL1-Blue E. coli cells were

transformed via heat shock. 100 ul of competent cells were thawed on ice, mixed with
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plasmid, and incubated on ice for 30 min. Cells were then heat-shocked at 42 °C for45 s,
followed by addition of 900 ul LB to recover the cells and incubation at 37 °C for 1 h. 100
pl of the culture was plated on LB-agar with 100 ug/ml spectinomycin/gentamicin and
incubated at 37 °C for 1 day.

2.2.1.2 Plasmid isolation

Plasmids were isolated using the GeneJET Plasmid Miniprep Kit (Table 2.7) per the
manufacturer’s protocol. DNA concentration and quality were measured with a

NanoDrop® Lite plus (Thermo Fisher Scientific).
2.2.2 Yeast two Hybrid (Y2H)

For Y2H analyses, the vectors listed in Table 2.4 were co-transformed into the yeast
strain PJ69-4A. ADE2 reporter activity was assessed by growth of co-transformed yeast
on synthetic dropout medium lacking adenine. Experiments were repeated three times,
and no ADE2 activation was observed. Crude yeast extracts were analysed by Western

blot to verify protein expression.
2.2.3 Transient transformation of Nicotiana benthamiana

For transient expression Nicotiana benthamiana was used. The tobacco plants were
cultivated and propagated by the central greenhouse facility of the ZMBP, Eberhard Karls

University TUbingen.
2.2.3.1 Transformation of Agrobacterium tumefaciens

Competent A. tumefaciens GV3101 cells were transformed by heat shock. 100 pyl of
competent cells were thawed on ice, and the appropriate binary vector was added. The
mixture was incubated on ice for 5 min, snap-frozen in liquid nitrogen for 5 min, and then
heat-shocked at 37 °C for 5 min. Cells were recovered in 900 pl LB medium and
incubated at room temperature (RT) with gentle rotation for 3 h. 100yl of the culture were
plated on LB agar containing rifampicin, gentamicin, and spectinomycin; for p19
constructs, kanamycin replaced spectinomycin. Plates were incubated at 28 °C for 2

days.
2.2.3.2 Transient transformation of N. benthamiana leaves

Transient transformation was performed as described in (Grefen et al., 2010). From the
5 ml overnight cultures, 1 ml of transformed A. tumefaciens (see 2.2.2.1) were diluted
into 4 ml fresh LB medium containing the respective antibiotics and grown 3-4 h at 28 °C.

Cultures (4 ml) were centrifuged (2000 x g, 5min), washed with ddH,O, and
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resuspended in 1 ml AS medium (Table 8). ODeoonm Was adjusted to 0.1-0.3, and
suspensions incubated on ice for 30 min. For co-infiltration, agrobacterial cultures were
mixed in a 1:1 ratio; if p19 was included a fixed OD of 0.1 was used. Leaves of four-
week-old N. benthamiana were infiltrated abaxially with a needleless syringe, kept for
24 hin light, and then adapted for ~16 h in darkness. Leaves were either analysed under
confocal microscopy or harvested as plant material. Under dark conditions (handled
under red safety light) or after BL treatments (10 ymol m™2s™"), and subsequently frozen

in liquid nitrogen for transient expression analyses.
2.2.4 Seed sterilization and seedlings cultivation

Seed surface sterilization was performed by chlorine-gas under a fume hood. Seeds
were sterilized using chlorine gas generated by combining 12% sodium hypochlorite
solution with 37% HCI in a 10:1 v/v ratio (Table 7). Seeds (Tables 5, 6) were placed in 2
ml open microcentrifuge tubes (Eppendorf) in a sealed glass desiccator and exposed
overnight. The sterilized seeds were subsequently left opened a laminar flow hood for
complete removal of the residual chlorine gas and finally sown on plates containing half
strength MS medium (with or without sucrose supplementation, see figure legends for
each experiment). For etiolated seedling cultivation, seeds were stratified for at least two
nights at 4 °C, exposed to fluorescent white light for 4 h, and then grown in darkness
(vertically) at RT. Unless stated otherwise, three- to five-day old Arabidopsis etiolated

seedlings were used in this study.
2.2.4.1 Generation of A. thaliana transgenic lines

Stable transformation of Arabidopsis thaliana nph3-7 or Col-0 was carried out using
Agrobacterium tumefaciens-mediated transformation (see 2.2.2.1) following the floral dip
method (Clough and Bent, 1998). Transgenic lines were grown on half strength MS
plates and selected through successive generations as follows: Tq plants were screened
for hygromycin resistance; T4 plants were confirmed by hygromycin selection (and if
required genotyping); T2 lines were evaluated for a 3:1 segregation ratio of hygromycin
resistance; and Tz homozygous lines were verified by detection of the tagged protein via
Western blotting. After each selection cycle, positive plants were transferred to soil and

grown in a greenhouse under long-day conditions (16 h light/8 h dark) to obtain seeds.
2.2.5 Hypocotyl phototropism analysis

A. thaliana seedlings were grown in darkness on vertically oriented half strength MS
plates for 48-36 h. Etiolated seedlings were then transferred to an LED chamber and

exposed to unilateral blue light (0.1 umol m=2s™") for 24 h. Plates were scanned, and the
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inner hypocotyl angle of each seedling was measured using Imaged (Schneider et al.,
2012). Curvature angles were calculated as 180° minus the measured value. For each
transgenic line, at least three biological replicates were conducted (=30 seedlings per

replicate), along with the appropriate controls (Col-0 and nph3-7).
2.2.6 TurbolD-based proximity labelling Approach

To establish a proximity labelling approach, we followed several published protocols
(Arora et al., 2020; Mair et al., 2019). TurbolD fusion proteins were tested either by
transient expression in N. benthamiana or using stably transformed transgenic lines of

A. thaliana.
2.2.6.1 Biotinylation assays in N. benthamiana

Proof of principle experiments were conducted to assess TurbolD-mediated biotinylation.
Leaf tissues previously transformed with Agrobacterium (see Section 2.2.3.2) were re-
infiltrated with a biotin solution (50 or 100 uM, see 2.1 Table 8) and incubated at RT for
approximately 45 min under overhead blue light (10 pmol m™ s™). After treatment, leaf
tissues were harvested, snap frozen using liquid nitrogen, and further processed for

subsequent immunoprecipitation analysis.
2.2.6.2 Biotinylation assays in A. thaliana

Biotin treatments were performed on whole, three to five-day-old, etiolated seedlings
grown on solid half strength MS medium with and without sucrose supplementation
(specified on each figure legends). Dark-grown seedlings were handled under red safe
light, submerged in 100 uM biotin solution, and incubated for defined time intervals at RT
(either kept in darkness or under overhead BL 10 ymolm™s™). Pools of seedlings
(approximately ~100 mg) were collected and washed twice with ice cold water. After
rinsing, the plant material was gently dried and snap-frozen in liquid nitrogen. Samples
were subsequently processed for Western blot analysis. Similarly, treatments using
water (mock, O biotin ) instead of biotin solution also resulted in detectable protein

biotinylation.

2.2.6.3 Streptavidin-Affinity purification (AP) and sample preparation for Mass
spectrometry (MS)

TurbolD-based proximity labelling was carried without exogenous biotin application in
four -to-five days old, etiolated Arabidopsis transgenic lines. Protein extraction was
performed at 4°C using precooled pestles and mortars. Dark adapted samples were

processed under red safe light illumination. Pooled plant material (~ 4 g per sample) was
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ground in liquid nitrogen and mixed with extraction buffer (50 mM Tris-HCI, pH 7.0;
150 mM NaCl; 1% Triton X-100; 1 mM EGTA; 1% protease inhibitor cocktail; 1%
phosphatase inhibitor mix 1) at a 2:1 buffer-to-tissue ratio (2 ml per g tissue), yielding
~8 ml total extract. Thawed extracts were homogenized and incubated for 1 h at 4 °C on
a rotating wheel, followed by centrifugation twice at 16,000 rpm for 30 min at 4 °C,
transferring the supernatant to fresh tubes after each spin. Each sample was divided into
three triplicates (2.5 ml) for biotin depletion. For desalting, 2.5 ml of extract was applied
to PD-10 columns (GE healthcare, Sephadex G-25) pre-equilibrated with ~25ml
extraction buffer. Eluates obtained through gravity flow protocol (~3.5 ml) were collected
and incubated with pre-equilibrated Streptavidin Dynabeads™ (50 yl beads per ml
eluate) in 5 ml Eppendorf tubes for 1.5 h at 4 °C on a rotating wheel. Beads were washed
sequentially twice with Washing | (50 mM Tris-HCI, pH 7.0; 150 mM NaCl; 1% Triton X-
100; 1 mM EGTA), twice with Washing Il (60 mM Tris-HCI, pH 7.0; 150 mM NacCl), and
twice with ABC buffer (20 mM ammonium bicarbonate, pH 8.0). For each wash, 1 ml of
sample was transferred to low-binding 1.5ml tubes, beads were separated on a
magnetic rack and incubated for 10 min on a rotating wheel at 4 °C, repeating until the
full sample volume was processed. Final samples (beads only) were stored at -20°C until

delivery at the Proteome centre Tubingen (PCT).
2.2.6.4 MS and Statistical analyses used for TurbolD-based proximity labelling

PCT mass spectrometry (MS) analysis was performed with on-bead digestion, using the
iST kit (Preomics) with LysC and trypsin. Following purification, samples were adjusted
to a final volume of 20 pl, and 1 pl of a 1:10 dilution and injected for LC-MS analysis. LC-
MS/MS was conducted on a Proxeon Easy-nLC system coupled to a Q Exactive HF
mass spectrometer using a 60 min Top7 HCD method. Raw data were processed with
MaxQuant software (version 2.2.0.0) (Tyanova et al., 2016a) incorporating the
Andromeda peptide search engine, searching against the Arabidopsis thaliana database
(Arabidopsis_thaliana_allStrains_2022-12-16.fasta) with iBAQ quantification enabled.

Final peptide identification lists were processed according to (Arora et al., 2020). In which
significantly enriched proteins in bait versus control samples were identified using LFQ
intensities in Perseus software (Tyanova et al., 2016b). The MaxQuant proteinGroups.txt
file (obtained from PCT) was loaded into Perseus, and reverse hits, contaminants, and
identifications “only by site” were removed. LFQ intensity values were log,-transformed,
and samples were grouped according to bait and control triplicates using categorical
annotation of rows. Proteins were filtered to retain those with at least two valid values in

one group, and missing values were imputed from a normal distribution with default
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Perseus settings (width =0.3, downshift=1.8). A two-sample t-test was then performed
between bait and control, and results were visualized in a volcano plot. Significance
thresholds were determined using permutation-based FDR, with standard settings of
FDR =0.05 and S, =0.1 were applied to refine the set of proteins significantly enriched
with the bait.

2.2.7 Immunoprecipitation (IP) and Co-immunoprecipitation (Co-IP)

Co-IP and IP were performed following protocols modified from Park et al. (2012) and
Albert et al. (2015), using either transiently transformed N. benthamiana leaves (~500
mg) or etiolated transgenic A. thaliana seedlings (~100 mg). Dark-treated samples were
handled under red safe light illumination. Plant tissue was ground in liquid nitrogen and
extracted with extraction buffer (1 ml for N. benthamiana; 200 L for A. thaliana) followed
by overhead rotation for 1 h at 4 °C. Extracts were clarified by centrifugation at maximum
speed for 40-60 min at 4 °C. In parallel, 15-20 uL of GFP- or RFP Trap® Agarose beads
(Chromotek, Planegg) were equilibrated in the respective buffer. The resulting
supernatant was incubated with the beads for 1-1.5 h at 4 °C under overhead rotation,
followed by sequential washes (three with washing buffer | and one with washing buffer
II). Beads were then stored at -20 °C. For SDS-PAGE, 30-40 ul of 2X SDS sample buffer
was added, and proteins were denatured at 95 °C for 5 min. “Input” samples were mixed
1:1 with 2X SDS sample buffer and treated identically. Successful ColP/IP was verified

via standard SDS-PAGE, and western blotting followed by immunodetection procedures.
2.2.7.1 Crude Protein Extract Preparation

Plat material was ground using a Tissue Lyser (2 x 30 s). Samples were mixed with 2x
SDS loading buffer containing 10% DTT. Mixtures were boiled for 10 min at 95 °C, then
used for SDS-PAGE and Western blotting.

2.2.7.2 IP-GFP of NPH3AC%" condensates

For IP-GFP-MS experiments, the same protocol was applied (2.2.7), adjusting volumes
for ~4 g of four days old Arabidopsis etiolated seedlings (grown vertically in solid half
strength MS media). Final IPs triplicates from bait and control seedlings (NPH34%" and
GFP, respectively) were washed with ABC buffer (20 mM ammonium bicarbonate,
pH 8.0) and processed at the PCT. Proteins were briefly run on SDS-PAGE, subjected to
in-gel tryptic digestion, and peptides purified using stage tips. LC-MS/MS analysis was
performed on a Proxeon Easy-nLC coupled to a Q Exactive HF (60 min, Top7
PHOSPHO, HCD). Raw spectra were processed with MaxQuant v2.2.0.0 using the

Andromeda search engine against the Arabidopsis thaliana database
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(Arabidopsis_thaliana_allStrains_2024-01-30.fasta), and LFQ intensities were

statistically analysed in Perseus, as previously described in 2.2.5.4.
2.2.7.3 SDS-PAGE, Western blotting (WB) and immunodetection

Proteins were separated by standard SDS-PAGE and analysed by Western blot. Gels
(8%) were run at 15 mA at RT using a PageRuler™ prestained ladder. Proteins were
transferred to 0.45 pm nitrocellulose membranes (Amersham™ Protran™) using a TE
22 Mini Tank (200mA, 1.5h RT or 64 mA overnight 4°C) and verified with
Ponceau staining. Membranes were blocked for 1 h in 4% milk at RT, incubated with the
primary antibody for 1.5h at RT or overnight at 4 °C, washed three times with TBS-T,
incubated for 1 h (RT) with the secondary antibody, washed three times with TBS-T, and

visualized using ECL™ Prime on an Amersham ImageQuant 800.
2.2.8 Fluorescence-Activated Particle Sorting (FAPS)

These experiments were carried at Freiburg University, in the lab of Andreas Hiltbrunner.
Four-day-old etiolated transgenic Arabidopsis seedlings (~200 mg) overexpressing
GFP:NPH32%%" or HA:YFP:NOT9B, grown in solid half strength MS media, were ground
on ice in extraction buffer (150 mM NaCl, 50 mM Tris-HCI pH 7.8, 1 mM EDTA, 0.1%
Triton X-100, 10 mM MgCl,, protease and RNase inhibitors). The homogenate was
cleared by low-speed centrifugation, filtered through Miracloth, and incubated in 1 mM
CaCl;, 10 mM MgSO, buffer for 30 min before high-speed centrifugation. Supernatants
were diluted and checked under CLSM for GFP-tagged condensates. Approximately
15ml of each sample (NPH32°5' or NOT9B) were sorted by fluorescence-activated
particle sorting at the CIBSS core facility (Freiburg University). Sorted fractions (5-10 ml)
were processed with TRIzol LS to separate proteins from RNA (RNA isolation was not
performed), and proteins were precipitated from the phenol-ethanol phase, washed with
guanidine-HCI in ethanol, air-dried, and resuspended in denaturation buffer (6 M
guanidine-HCI, 50 mM Tris-HCI pH 7.5, 1-5mM DTT, 0.5% SDS). Proteins were briefly
run on SDS-PAGE, subjected to in-gel tryptic digestion, and peptides purified via stage
tips. LC-MS/MS was performed on a Proxeon Easy-nLC coupled to a Q Exactive HF
(60 min, Top7 PHOSPHO, HCD) and additionally on a Vanquish Neo coupled to an
Exploris 480 (60 min, Top20 PHOSPHO). Spectra were processed in MaxQuant v2.2.0.0
with Andromeda against the Arabidopsis thaliana database
(Arabidopsis_thaliana_allStrains_2024-01-30.fasta) with iBAQ quantification enabled
and matching between replicates. LFQ intensities were statistically analysed in Perseus,

as previously described in 2.2.6.4.
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2.2.9 Confocal laser scanning microscopy (CLSM)

CLSM was performed using an upright Leica TCS SP8 (Leica Microsystems GmbH,
Wetzlar). Imaging was carried out using transiently transformed leaves of N.
benthamiana or etiolated Arabidopsis seedlings stably expressing the protein of interest.
The “HC PLAPO CS2 63x/1.20 WATER” objective was used for all imaging. Fluorophore
detection settings were as follows: mTQS2 excitation at 448 nm, emission collected
between 450-479 nm; GFP excitation at 488 nm, emission collected between 505-520
nm; RFP excitation at 552 nm, emission collected between 600-630 nm. To minimize
signal crosstalk when detecting two fluorophores simultaneously, line sequential mode
was employed (HyD1 and HyD3 detectors). To minimize crosstalk in the detection of
three fluorophores simultaneously, sequential scanning mode was employed (HyD1 and
HyD detectors). All images within a single experiment were acquired using identical
settings and processed with Leica Application Suite X version 3.5.7.23225 (Leica

Microsystems GmbH, Wetzlar) or ImageJ.
2.2.9.1 Drug treatments

Three- to five-day-old Arabidopsis etiolated seedlings, grown vertically on half-strength
MS medium, were used in FM4-64™ (Thermo Fisher Scientific), Cycloheximide (CHX)
or Brefeldin A (BFA, Thermo Fisher Scientific) treatments, followed by CLSM analysis of

roots or hypocotyls.

For FM4-64 treatment, seedlings were incubated in 2 yM FM4-64 (in half strength MS
liquid medium without sucrose) for at least 15 min in the dark at RT, then imaged to
assess epidermal root cell trafficking and endocytosis (excitation 552 nm, emission 640-
680 nm); for seedlings expressing GFP tagged proteins, fluorescence was briefly
recorded only at the end to confirm protein presence without disturbing dark conditions.
Image analysis was performed using ImagedJ by drawing a segmented line (width = 3)
along the PM to measure fluorescence intensity, followed by a polygon selection of the
cytosolic region for intensity quantification. The ratio of PM to cytosolic fluorescence
intensity (PM/cyt) was calculated and graphs were plotted using GraphPad Prism 8.0.
For BFA treatments, 50 yM BFA (in DMSO) was applied directly to the surface of
vertically grown seedlings on half strength MS plates without sucrose. Seedlings were
either kept in darkness or, for combined BFA and BL treatments, exposed vertically to
unilateral BL (0.1 pmol m™ s™") for 1 h or 12 h following BFA application. For co-
incubations with cycloheximide (CHX), seedlings were first incubated with 100 yM CHX
for 1 h at RT in darkness, followed by immediate incubation with BFA/CHX solution for

an additional hour in darkness. CLSM analysis was performed on the hypocotyl
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endodermis after treatment. Control seedlings were treated with an equal volume of 50
MM DMSO under identical conditions. Image processing and data analysis were

performed using ImageJ.
2.2.9.2 GFP signal quantification

For GFP signal quantification in PIN3-GFP polarization analysis, CLSM-acquired images
were processed in ImagedJ using a uniform brightness threshold (min = 15; max = 99)
applied to all images. The standardized images were then visualized using the mpl-
inferno lookup table to enhance contrast. A straight line was drawn across the inner and
outer PMs of endodermal cells, and fluorescence intensities (0 - 255 a.u.) were quantified
using the Plot Profile tool. The two resulting peaks corresponded to the inner and outer
sides of the endodermal cells, representing either the BL irradiated or shaded sides of
the hypocotyl. Raw intensity values were converted to relative percentages and plotted

using GraphPad Prism 8.0.

2.2.9.3 FRET-FLIM (Férster Resonance Energy Transfer- Fluorescence Lifetime
Imaging Microscopy)

For in planta FRET-FLIM analyses, N. benthamiana leaves were examined two days
after transient transformation using a Leica SP8 confocal laser scanning microscope
(Leica Microsystems) equipped with Leica Application Suite software and a FastFLIM
upgrade from PicoQuant (Sepia multichannel picosecond diode laser, TimeHarp 260
TCSPC module, and Picosecond Event Timer). Measurements were performed following
Ladwig et al. (2015) and Glockner et al. (2022) with slight modifications. Imaging was
conducted using a 63x/1.20 water-immersion objective, focusing on the PM of abaxial
epidermal cells. Prior to FRET-FLIM acquisition, the presence of fluorophore fusions was
verified using 488 nm and 561 nm excitation for GFP and RFP, respectively. Donor (GFP)
lifetimes were recorded in donor-only expressing cells or in cells co-expressing the
indicated fluorophore combinations, using a pulsed 470 nm laser operating at 40 MHz.
Data acquisition continued until 1000 photons were collected in the brightest pixel, with
an image resolution of 256 x 256 pixels and a pixel dwell time of approximately 20 us.
Lifetime data were analysed using PicoQuant SymPhoTime software by fitting
fluorescence decay curves to a mono- or bi-exponential decay models. Mean
fluorescence lifetimes (t) were calculated from image ROls, pooled across replicates,
and plotted. FRET efficiency was derived from donor lifetime reduction in the presence

of the acceptor.
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3. Results

3.1 Proximity labelling-based identification of putative NPH3 interaction
partners

The NPH3 interactome was mapped under dark and blue light (BL) conditions to identify
spatially distinct interaction partners in A. thaliana etiolated seedlings using
complementary proteomic approaches. NPH3 PM-associated interaction partners were
identified using TurbolD-mediated proximity labelling (PL), whereas interaction partners
within cytosolic condensates were identified using Fluorescence Activated Particle
Sorting (FAPS) and GFP-based immunoprecipitation followed by mass spectrometry

analysis.

PL was selected to capture protein interactions in planta under near-physiological
conditions, enabling detection of weak, transient, low-abundance, and membrane-
associated interactions that are often lost using conventional purification-based
approaches (Mair and Bergmann, 2022). TurbolD is an engineered biotin ligase (BirA*)
that, in an ATP-dependent manner, covalently biotinylates lysine residues of proteins in
close proximity to a bait in living cells (Arora et al., 2020; Mair et al., 2019). By fusing
TurbolD to NPH3, interacting and nearby proteins at the PM were biotinylated under our
study conditions, allowing their enrichment and identification via streptavidin-based
affinity purification and mass spectrometry (Chapter 3.1). In contrast, TurbolD did not
reliably capture NPH3 interaction partners within cytosolic condensates. Therefore,
condensate-associated interactions were identified using FAPS and GFP-based

immunoprecipitation, followed by mass spectrometry analysis (Chapter 3.2).

3.1.1 Establishment of the TurbolD mediated proximity labelling approach

Firstt a Golden Gate-based cloning system allowed the generation of
YFP:TurbolD:NPH3 fusion constructs (L. Dittiger, 2020). Based on earlier studies (Arora
et al.,, 2020; Mair et al., 2019), a flexible linker between NPH3 and TurbolD was
incorporated to ensure optimal labelling efficiency. Additionally, a YFP fluorophore was
included to monitor subcellular localization. Expression was driven by the native NPH3
promoter to reflect endogenous protein levels. NPH3 was N-terminally tagged to avoid
interference with its proper localization and function (Reuter et al., 2021; Sullivan et al.,
2021). For this study, we made use of NPH3 (NPH3"T), and the variants: NPH3574A and
NPH32¢5! either associated constitutively to the PM or constitutively localizing in

cytosolic condensates, respectively (Intro. Fig. 3A-C; Fig.1A).
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TurbolD mediated proximity labelling allows for in vivo biotinylation of proteins within a
distance of ~10-35 nm of the bait (NPH3), capturing both direct partners and nearby
proteins (Fig. 1B). Correct subcellular localization of all YFP:TurbolD:NPH3 fusion
proteins was verified using transient expression in N. benthamiana leaves followed by
confocal microscopy (Fig. 1C). Both YFP:TurbolD tagged NPH3™T (in darkness) and
NPH3S7#A |ocalized to the PM in leaf epidermal cells, whereas YFP:TurbolD:NPH34C5"
localized to cytosolic condensates, as described previously for the respective GFP-
tagged NPH3 variants (Reuter et al., 2021; Sullivan et al., 2021). Notably, after 1 h of
overhead BL (10 pmol m™ s7), YFP:TurbolD:NPH3"T redistributed mostly into
condensates, while YFP:TurbolD:NPH3%#*A  remained PM-associated, likewise
consistent with prior observations. Accordingly, the N-terminal YFP-TurbolD fusion did

not modify the light-dependent subcellular localization of the NPH3 variants.

A proof of principle experiment was performed in N. benthamiana using 14-3-3Q, a
known BL-dependent interactor of NPH3T, but not of NPH35744A or NPH34¢5" (Reuter et
al. 2021; Sullivan et al. 2021). Plants transiently co-expressing YFP:TurbolD:NPH3
variants and 14-3-3Q:mCherry were dark-adapted for 16 h, treated with 50 uM biotin,
and exposed to BL (10 ymol m™2 s™) for 45 min. Confocal microscopy confirmed
expression of the fusion proteins (Supplementary Fig. S1A) and endogenous biotinylated
proteins could be detected in the crude extracts, consistent with naturally occurring
biotinylation in N. benthamiana. Immunoprecipitation of 14-3-3Q:mCherry followed by
streptavidin immunodetection revealed strong biotinylation of both NPH3"T and 14-3-3Q
after BL exposure (Supplementary Fig. S1B). These data demonstrate that the
YFP:TurbolD:NPH3WT fusion protein retains TurbolD enzymatic activity and NPH3-
mediated interaction with 14-3-3, whereas the variants NPH3574*A and NPH34C%! fail to
biotinylate 14-3-3Q (Supplementary Fig. S2). Together, these results confirm that
YFP:TurbolD:NPH3 fusion proteins retain correct localization, enzymatic activity, and

interaction specificity in planta.
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Figure 1. TurbolD-based proximity labelling approach and subcellular localization of
YFP:TurbolD:NPH3 fusion variants in N. benthamiana

(A) Golden Gate-based modular plasmid assembly allowing the expression of YFP:TurbolD:NPHS3 variants
under control of the NPH3 promoter. Assembled fusion constructs containing the endogenous NPH3
promoter, YFP fluorophore, TurbolD biotin ligase, a linker region of 24 nucleotides (nt) and NPH3 variants.
(B) Principle of TurbolD-mediated protein labelling within the effective biotinylation radius (each circle
represents ~10 nm). (C) Representative confocal microscopy images of leaf epidermal cells from N.
benthamiana transiently expressing YFP:TurbolD:NPH3 variants (under NPH3 promoter). Dark-adapted
tobacco plants were either kept in darkness or treated with overhead Blue light (10 yumol m™ s™ for 1 h).
Zoom in images show magnifications. Scale bars: 25 ym. BF: bright field. Experiments were repeated at
least three times with similar results. All fusion proteins display the correct subcellular localization.
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3.1.2 Generation and validation of A. thaliana nph3-7 lines expressing
YFP:TurbolD:NPH3 variants under control of the endogenous NPH3 promoter

Following verification of fusion proteins subcellular localization and a proof of principle in
a transient system, stable A. thaliana transgenic lines were generated using the floral dip
method (Clough and Bent, 1998). The loss of function mutant nph3-7 was used as the
genetic background. Homozygous T3 progeny was identified as previously described
(Methods 2.2.4.1).

To evaluate possible phenotypic effects of YFP:TurbolD:NPH3 variants expression,
rosette morphology and overall development were examined in four-week-old A. thaliana
plants grown under greenhouse long-day conditions (16 h light/8 h dark, 21 °C)
(Supplementary Fig. S3). Leaf number, size and rosette architecture were
indistinguishable from controls. No alterations in flower morphology or seed development

were observed (data not shown).

The selected A. thaliana transgenic lines were further examined by confocal microscopy
to confirm correct subcellular localization of the fusion proteins. Confocal imaging of
etiolated seedlings revealed that YFP:TurbolD:NPH3 variants localize to the PM of
epidermal and endodermal cells in both the hypocotyl and root (Supplementary Fig. S4).
This localization pattern is consistent with reported NPH3 expression and distribution
across A. thaliana seedlings (cotyledons, hypocotyl and root), inferred from ePLANT
transcriptomic data and partly visualized via NPH3 promoter-driven GUS staining of
etiolated seedlings (Waese et al.,, 2017; Zhao et al., 2018). In darkness, both
YFP:TurbolD:NPH3"T and YFP:TurbolD:NPH3%74A |ocalized properly to the PM in these
cell types. After 1 h of BL exposure, YFP:TurbolD:NPH3"“T relocalized to cytosolic
condensates in epidermal and endodermal cells of both organs, whereas
YFP:TurbolD:NPH34%%" exhibited constitutive cytosolic condensate formation. All fusion

proteins displayed proper localization in Arabidopsis seedlings.

Plant phototropic responses were assessed by growing seedlings in complete darkness
for three days, followed by ~16 h of unilateral BL exposure (0.1 umol m™2s™), as shown
in Fig. 2A. Wild type Columbia (Col-0) seedlings showed ~90° curvature, while nph3-7
had no response, as expected. Expression of YFP:TurbolD:NPH3"T fully complemented
the phototropism defect in nph3-7. By contrast, YFP:TurbolD:NPH357#A only partially
restores phototropic hypocotyl bending in nph3-7, while YFP:TurbolD:NPH3A%" failed to
do so at all, consistent with previous studies (Reuter et al. 2021). A comparable
expression level of the YFP:TurbolD:NPH3 fusion proteins could be demonstrated in

total protein extracts from etiolated seedlings (Fig. 2B).
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Figure 2. Phenotypic and molecular characterization of etiolated A. thaliana nph3-7
seedlings expressing YFP:TurbolD:NPH3 variants

(A) Representative images of three-day old seedlings grown in darkness on half strength MS medium and
exposed to unilateral blue light (0.1 umol m™2 s™") for 16 h (blue arrow indicates light direction). Scale bar:
1cm. Hypocotyl curvature angles was quantified using Fiji. Data from one representative biological replicate
(out of three independent experiments) are shown. In the graph: red line indicates Median angle value; n=
number of seedlings analysed. Statistical Analysis: Ordinary One Way Anova (with Tukey’'s Multiple
comparison test p < 0.05). (B) Abundance of YFP:TurbolD:NPHS3 fusion proteins (~150 kDa) in total protein
extracts obtained from three days old, etiolated seedlings (approx. 100 mg). P.S., Ponceau staining.
Antibodies used: GFP (detection of YFP fluorophore) and TurbolD (biotin ligase).

Establishing optimal biotinylation conditions is essential for reliable proximity labelling.
As shown by Mair et al. (2019), parameters such as biotin concentration, incubation time,
and application method influence labelling efficiency and specificity. After characterizing
stable A. thaliana YFP:TurbolD:NPH3 lines we optimized several parameters, including
seedling age and sucrose supplementation (data not shown). In this thesis, we present
only the results related to the optimization of exogenous biotin concentration and

incubation times, which were used to determine suitable conditions for IP-MS analysis.
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These experiments indicate that etiolated seedlings contain sufficient endogenous biotin
to support TurbolD activity, consistent with the ability of plants such as A. thaliana to
synthesize biotin de novo (Pinon et al., 2005). Biotinylation of the NPH3 bait was
detected in crude extracts from etiolated seedlings expressing YFP:TurbolD:NPH3WT
without added biotin (Supplementary Fig. S5A). Independent reassessment (M.
Crnoushev, BSc Thesis, 2025) confirmed these findings (Supplementary Fig. S5B).

Based on these results, the final pipeline for the TurbolD-based IP-MS approach
employed four- to five-day-old, whole etiolated seedlings grown on half strength MS agar
medium without sucrose (to halt any possible microbial contamination) and without
exogenous biotin application. Dark-adapted seedlings were handled under red safety
light (620-750 nm) to prevent phot1 activation, while BL-treated samples were illuminated
from above (overhead BL 10 ymol m™ s™"). Protein extraction was carried at 4 °C under
red light. The ground tissue was solubilized, clarified by centrifugation, and desalted
using PD-10 columns to remove free biotin. The resulting extracts were incubated with
streptavidin beads for affinity purification, followed by extensive washings and on-bead
digestion. Peptides were subsequently analysed by LC-MS/MS at the Proteome Centre
Tibingen (PCT). Detailed protocols are provided in Methods (Section 2.2.6.3) and

summarized in Figure 3.

Sample preparation PCT Analysis

}"0

Biotin  Streptavidin

-~
g

[ n

/¥ Biotinylated protein

Figure 3. Workflow of TurbolD-based proximity labelling and proteomic analysis used in
this thesis

Etiolated Arabidopsis seedlings expressing YFP:TurbolD:NPH3 fusion proteins were harvested without
exogenous biotin supplementation. Plant tissue was ground in liquid nitrogen with pestle and mortar, followed
by protein solubilization (at 4°C). Total extracts were cleared using PD-10 desalting columns and incubated
with magnetic streptavidin beads. After magnetic separation and multiple washes (not shown), bead-bound
proteins were analysed by the Proteome Centre Tiibingen (PCT) based on tryptic digestion and mass
spectrometry analysis. Statistical analyses were done using Perseus v2.0.10.0.
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3.1.3 Identification of putative NPH3 interacting proteins at the PM

To elucidate the NPH3 interactome at the PM we employed two NPH3 variants:
YFP:TurbolD:NPH3YT (line #7-4), and YFP:TurbolD:NPH3%74# (line #3-6), which
constitutively localizes to the PM, and analysed both under dark conditions. The A.

thaliana nph3-7 mutant was used as a negative control.

In a first large-scale experiment, biotinylated proteins were affinity-purified of etiolated
seedlings and compared with those obtained from nph3-7. Mass spectrometry identified
a total of 2,257 proteins, of which, after filtering for at least two valid Label Free
Quantification (LFQ) values from three biological replicates, 1,548 proteins were retained
for downstream analysis. Based on subcellular localization annotations (UniProt, data
not shown), approximately 19% (n = 300) were predicted to be transmembrane proteins
and 18% (n = 284) were predicted to be cytosolic. Other compartments included
plastids/chloroplasts (11%; n = 167), mitochondria (5%; n = 80), nucleus (6%; n = 87),
cell wall or secreted proteins (4%; n = 56), cytoskeleton (1%; n = 20), endoplasmic
reticulum (1%; n = 20), Golgi apparatus (1%; n = 17), and peroxisomes (1%; n = 17).
Approximately one-third of the proteins (32%; n = 500) lacked complete annotations and
could not be assigned automatically a defined subcellular localization. This distribution
reflects a broad representation of cellular compartments, consistent with the expected

scope of a proximity-labelling approach performed in plants.

Data processing followed established protocols for TurbolD-based proximity labelling in
A. thaliana, using imputation of missing values to retain potential interactors absent in
control samples (Arora et al., 2020). To identify proteins specifically enriched with the
bait, statistical analyses were performed as described in Methods 2.2.6.4, restricting the
dataset to proteins consistently detected across biological replicates. A volcano plot (Fig.
4A) was generated from the identified proteins using a permutation-based False
Discovery Rate (FDR) cutoff of 0.05 and an s, variance-stabilizing parameter of 0.1,

which balances fold-change and variability when defining significance in Perseus.

Proteins were considered enriched if they met both the log, fold-change threshold
(log,FC = 1) and statistical significance (-log;o(p) = 1.30; p < 0.05). These dual criteria,
commonly applied in AP-MS studies, balance the detection of robust interactors with
sensitivity to potential transient or low-abundance partners. Adjusted g-values are
reported to control the false discovery rate, with q < 0.05 providing stronger support for
enrichment relative to controls. Because Perseus determines significance using
permutation-based FDR and the s, parameter, rather than a fixed p-value threshold,

some proteins may appear above the significance cutoff in the volcano plot despite raw
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p-values slightly exceeding 0.05. Proteins meeting both fold-change and significance
criteria were designated as “Enriched” (E), representing high-confidence putative
interactors, whereas those consistently detected but not reaching thresholds (often due
to limited peptide coverage) were labelled as lower-confidence “Candidates” (C). These
classifications reflect the strength of statistical support and help prioritize biologically

relevant NPH3 proximity partners for follow-up validation.

Based on this approach, dark-adapted YFP:TurbolD:NPH3"T samples displayed strong
enrichment of the bait itself (NPH3/RPT3, arrowed in Fig. 4A) and several PM-connected
proteins involved in CME. Clathrin heavy and light chains, dynamin-related proteins
(DRP1A-C) and dynamin 2B (DRP2B), along with the AP-2 complex subunit , satisfied
the enrichment criteria (E). Additionally, multiple TPLATE complex components,
including: TPLATE, TWD40-1, TWD40-2, TASH3, and TML were enriched (Table 3.1).

KEGG pathway analysis of all enriched proteins (those above the enrichment threshold)
revealed a significant overrepresentation of endocytosis-related categories among the
top ten pathways in the bait. In contrast, both bait and control samples contained
abundant ribosomal and metabolic proteins, likely reflecting nonspecific or naturally

occurring biotinylation (Fig. 4B).
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Figure 4. Identification of TPLATE complex components and CME-associated proteins via
TurbolD mediated proximity labelling of NPH3"T in darkness

(A) Volcano plot of proteins biotinylated in YFP:TurbolD:NPH3 seedlings compared with nph3-7 controls
(three biological replicates per condition). Statistically enriched proteins (two-sample t-test with permutation-
based FDR < 0.05 and s, = 0.1) are shown above the significance threshold (line). The bait and selected
clathrin-mediated endocytosis (CME)-associated proteins are highlighted in dark blue. (B) KEGG pathway
enrichment analysis comparing NPH3 samples (blue, left) with nph3-7 controls (grey, right). Endocytosis-
related pathways were enriched in the NPH3 samples (grey rectangle). Circle size indicates the number of
proteins assigned to each pathway, and colour intensity represents enrichment significance (-log,, FDR).
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Table 3. 1. Statistical analysis of selected NPH3VT putative interaction partners in
Darkness (two-sample Student’s t-test)

-log,o Adjusted T-test T-test

Significant . . (raw) .
- Protein names (AGIl) Peptides : (- g-value Difference Test
enrichment Intensity value) (FDR) _ (log,FC) _statistic
NON PHOTOTROPIC
Bait HYPOCOTYL 3 24 5821800000 3.88 0.00 5.02 14.53
(NPH3/RPT3;At5964330)
AP-2 complex subunit
(E) mu, 1 (At5g46630) 11 2273800000 1.86 0.02 1.06 4.19
Clathrin heavy chain 1
(E) (At3g11130) 36 4990200000 3.76 0.00 1.45 13.52
(C) Clathrin light chain 1
(At220760) 4 393530000 1.00 0.12 1.42 2.13
Clathrin light chain 2
©) (At240060) 3 31484000 NaN 1.00 0.00 NaN
(E) Dynamin 2B
(At1g59610) 42 12789000000 1.55 0.03 1.16 3.37
(E) Dynamin-related protein 4, 13383000000 1.61  0.03 1.40 3.52
1A (At5g42080) ’ ’ ’ )
(E) Dynamin-related protein
1C (At1g14830) 28 7410600000 1.42 0.04 1.19 3.06
Protein TPLATE
(E) (At3g01780) 18 1202200000 2.30 0.01 214 5.60
(E) TASH3 (At2g07360) 15 1970200000 1.44 0.04 1.05 3.09
(E) TML (At5957460) 2 84827000 2.41 0.01 1.40 6.01
(E) TWD40-1 (At3g50590) 14 1493500000 2.05 0.01 1.42 4.75
(E) TWDA40-2 (At5924710) 21 2231800000 1.89 0.02 1.41 4.28

Protein names (+ AGI accessions) are standardized Arabidopsis identifiers. Peptides indicate the number of
unique peptides detected, providing confidence in protein identification. Raw intensity reflects protein
abundance based on MS signal. —log,o(p-value) reports two-sample t-test significance on a logarithmic
scale; higher values indicate stronger significance, with —log.o(p) = 1.30 corresponding to p < 0.05. The
adjusted g-value (false discovery rate permutation, FDR) reflects multiple-testing correction. The t-test
difference (log, fold change, log,FC) represents the magnitude of abundance change, and the t-test statistic
integrates effect size and variability. NaN values indicate that significance metrics could not be calculated
due to low peptide detection and/or missing-value imputation. Proteins meeting both statistical thresholds
(logzFC = 1 and —log,(p) = 1.30) are labelled as enriched (E). Proteins labelled (C) are biologically prioritized
candidates that did not meet statistical thresholds but were retained based repeated detection. Proteins in
bold represent subunits of the TPLATE complex.

We next analysed the constitutively PM-associated YFP:TurbolD:NPH3S7## variant
under dark conditions. Biotinylated proteins were affinity-purified from etiolated seedlings
following the same procedure and compared with nph3-7 controls. Mass spectrometry
identified a total of ~850 proteins, of which, after filtering for at least two valid LFQ values
from three biological replicates, ~600 proteins were retained for downstream analysis.

Based on subcellular localization annotations (UniProt, data not shown), approximately
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20% (n = 107) were predicted to be transmembrane proteins and 10% (n = 54) were
predicted to be cytosolic. Other compartments included plastids/chloroplasts (16%; n =
84), mitochondria (4%; n = 21), nucleus (5%; n = 27), cell wall or secreted proteins (5%;
n = 27), cytoskeleton (2%; n = 9), endoplasmic reticulum (1%; n = 6), Golgi apparatus
(1%; n = 5), and peroxisomes (1%; n = 6). Approximately one-third of the proteins (35%;
n = 186) lacked a defined subcellular annotation. Although the total number of identified
proteins was lower than in the NPH3"T dataset, the overall distribution again indicated a

broad cellular representation.

Volcano plot analysis (Fig. 5A) revealed significant enrichment of multiple CME
components in the NPH3%A TurbolD dataset (Table 3.2). The bait protein itself
(NPH3/RPT3, arrowed) was robustly detected with high peptide counts and intensity,
confirming efficient proximity labelling, although its fold-change relative to controls was
moderate. The photoreceptor phot1 was also enriched (E), consistent with NPH3 and

phot1 residing within the effective biotinylation radius of TurbolD (~30 nm) at the PM.

Several dynamin and dynamin-related proteins, including DRP2A, DRP2B, DRP1A,
DRP1B, and DRP1C, were significantly enriched (E), meeting both of our criteria.
Importantly, DRP2A and DRP2B are considered the principal dynamins mediating CME
in A. thaliana, however, members of the DRP1 family have also been reported to
colocalize with clathrin foci at the PM and to participate in endocytic vesicle formation.
Thus, DRP2 and DRP1 families act likely redundantly in endocytic processes at the PM
(Fujimoto et al., 2010; Konopka et al., 2008). In addition, core CME-associated proteins
such as clathrin heavy chains (CHC1/2) and the TPLATE complex subunits TPLATE and
TWDA40-1 were also identified but considered them as candidates (C), based on our
thresholds.

KEGG pathway analysis of the ten most enriched functional categories in our list of
enriched proteins did not show significant overrepresentation of endocytosis-related
pathways but instead indicated enrichment of ribosomal and general metabolic proteins
with the bait (Fig. 5B), suggesting substantial background biotinylation. The relatively
modest fold changes observed, despite statistically significant enrichment and low FDR
values, likely reflect the broad labelling radius and nonspecific background inherent to
TurbolD-based proximity labelling. Accordingly, these data were interpreted with caution;
nevertheless, relative to NPH3"Tin darkness, they reveal a consistent and reproducible
proximity of NPH3%7#4Ato CME machinery and TPLATE complex subunits.
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Figure 5. Identification of TPLATE complex components and CME-associated proteins via
TurbolD proximity labelling of NPH3574*A (control for darkness)

(A) Volcano plot of proteins biotinylated in YFP:TurbolD:NPH3S744Aseedlings compared with nph3-7 controls
(three biological replicates per condition). Statistically enriched proteins (two-sample t-test with permutation-
based FDR < 0.05 and s, = 0.1) are shown above the significance threshold (line). The bait, phot1, and
selected clathrin-mediated endocytosis (CME)-associated proteins are highlighted in purple. (B) KEGG
pathway enrichment analysis of proteins identified in NPH3S744Asamples (purple, left) compared with nph3-
7 controls (grey, right). Circle size indicates the number of proteins assigned to each pathway, and colour
intensity represents enrichment significance (-log,, FDR).

Consistent with these findings, previously published interaction datasets support the
proximity between NPH3 and CME or TPLATE-related proteins at the PM. For instance,
in GFP-IP-MS experiments using etiolated seedlings in darkness, GFP:NPH3"T co-
enriched with AP-2 adaptor complex (a- and y- subunits), clathrin chains, dynamin-
related proteins, and the TPC subunit TWD40-1 (At3g50590) (T. Schmidt, 2022, not
published). Similarly, Sullivan et al. (2021) reported enrichment of TPLATE in GFP
immunoprecipitates obtained from GFP:NPH3"T in darkness. Additionally, TurbolD-

based experiments using the TPC subunit AtEH1 as bait in A. thaliana cell suspension
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cultures detected strong enrichment of NPH3 (Dragwidge et al., 2024), further supporting
the proximity between NPH3 and the TPLATE complex subunits at the PM.

Table 3. 2. Statistical analysis of selected putative NPH3574A interaction partners in
Darkness (two-sample Student’s t-test)

(raw) —log,, Adjusted T-test T-test
Intensit (p- 9g-value Difference Test
Y value) (FDR) (log,FC) statistic

Significant

enrichment Protein names (AGl) Peptides

NON PHOTOTROPIC
Bait HYPOCOTYL 3 19 2028300000 2.38  0.000 3.44 7.09
(NPH3/RPT3;At5g64330)

Clathrin heavy chain
©) 1;Clathrin heavy chain 2 19 956280000 5.45  0.000 0.72 6.07
(At3g11130; At3g08530)

Dynamin-2A

(E) (A1910250) 36 1151600000 665 0000 157  7.02
) (%ngg'fg 37 7908800000 599 0000 129  9.10
) ?/{Qf\ggﬁéastg)d Profein 31 7272300000 8.68 0.000 126 3.8
® ?é"}i’g;gfl%tg)d profein g 163180000 222 0.000  1.83 532
) ?é”(iﬂig]fgg;’ profein 25 3370200000 556 0.000 144 831
) mgg’f;%g'; 10 780550000 5.88 0.000  1.00  6.18
© :‘{:);3211 ;:0")ATE 10 155190000 1.20 0.002 115 255
(C) TWD40-1 (At3g50590) 8 90535000 1.7 0.002  1.50 2.8

Protein names (+ AGI accessions) are standardized Arabidopsis identifiers. Peptides indicate the number of
unique peptides detected, providing confidence in protein identification. Raw intensity reflects protein
abundance based on MS signal. —log,o(p-value) reports two-sample t-test significance on a logarithmic
scale; higher values indicate stronger significance, with —logio(p) = 1.30 corresponding to p < 0.05. The
adjusted g-value (false discovery rate, FDR) reflects multiple-testing correction. The t-test difference (log,
fold change, log,FC) represents the magnitude of abundance change, and the t-test statistic integrates effect
size and variability. NaN values indicate that significance metrics could not be calculated due to low peptide
detection and/or missing-value imputation. Proteins meeting both statistical thresholds (log,FC = 1 and —
log1o(p) = 1.30) are labelled as enriched (E). Proteins labelled (C) are biologically prioritized candidates that
did not meet statistical thresholds but were retained based repeated detection. Proteins in bold represent
subunits of the TPLATE complex.

Altogether, both TurbolD-based experiments using PM-associated NPH3 variants
(NPH3™T in darkness and NPH3S7A constitutively at the PM) reproducibly recovered
several subunits of the TPLATE complex and other CME-associated proteins. These
results suggest that NPH3 may localize in proximity to the endocytic machinery at the

PM under dark conditions.
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3.1.4 Identification of putative NPH3 interacting proteins under BL-triggered
dynamic cycling: from PM to cytosolic condensates and back to the PM

To investigate the NPH3 interactome under blue light (BL) conditions, we analysed two
variants: YFP:TurbolD:NPH3"T (line #7-4) and YFP:TurbolD:NPH3¢%" (line #13-2), the
latter of which constitutively forms cytosolic condensates. Initial experiments with
YFP:TurbolD:NPH3A%" did not yield detectable bait enrichment relative to the nph3-7
control (Supplemental Fig. S6). No exogenous biotin was added, as endogenous biotin
in etiolated seedlings has previously been shown to support sufficient TurbolD activity.
The lack of enrichment in YFP:TurbolD:NPH3%°5" may reflect limited accessibility of
TurbolD within condensates. Consequently, subsequent proximity-labelling (PL)
analyses focused exclusively on YFP:TurbolD:NPH3“T under BL stimulation, while
alternative approaches to identify condensate specific interaction partners using the

NPH32¢5" bait were explored in Results 3.2.

To determine an appropriate BL treatment duration for PL experiments, we performed
time-course  analyses in three-day-old, etiolated seedlings expressing
YFP:TurbolD:NPH3"T. Upon overhead BL exposure (10 ymol m™2 s™"), condensate
formation increased steadily, peaking at approximately 1 h (Supplemental Fig. S7). After
3 h, most NPH3"T had relocalized to the PM in hypocotyl epidermal cells, although
condensates persisted in internal hypocotyl tissues. These observations guided the
choice of a 3 h BL exposure for TurbolD-based analyses, designed to capture interactors
during both: the PM-to-cytosolic condensate transition and subsequent PM re-

association.

PL in NPH3"T under 3 h of BL, followed by mass spectrometry, identified a total of 1,084
proteins, of which, after filtering for at least two valid LFQ values from three biological
replicates, 742 were retained for downstream analysis. Based on subcellular localization
annotations (UniProt, data not shown), approximately 11% (n = 85) were predicted to be
transmembrane proteins and 17% (n = 128) were predicted to be cytosolic. Other
compartments included plastids/chloroplasts (13%; n = 99), mitochondria (4%; n = 33),
nucleus (8%; n = 61), cell wall or secreted proteins (6%; n = 41), cytoskeleton (2%; n =
13), endoplasmic reticulum (<1%; n = 4), Golgi apparatus (<1%; n = 6), and peroxisomes
(<1%; n = 4). Approximately one-third (36%; n = 268) of proteins lacked complete
annotations and could not be automatically assigned a defined subcellular localization.

This distribution reflects a broad cellular representation.

Volcano plot analysis (Fig. 6A) revealed significant enrichment of NPH3 itself
(NPH3/RPT3, arrowed) and several TPLATE complex (TPC) subunits, including
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TPLATE, TASH3, TWD40-1, and TWD40-2, which all meet our double criteria and are
reported as enriched (E). TML was detected but did not reach the enrichment threshold,
likely due to limited peptide coverage, and is therefore reported as a candidate (C).
Components of the AP-2 adaptor complex (a- and p-subunits) and phot1, known to
phosphorylate NPH3 under BL, were consistently detected but failed to meet the dual
enrichment criteria and are classified as candidates (C). Several 14-3-3 isoforms were
observed in both bait and control samples but did not reach statistical significance,
potentially reflecting weak or transient interactions lost under prolonged BL exposure.
KEGG pathway enrichment analysis (Fig. 6B) indicated a significant overrepresentation
of endocytosis-related processes among the ten most enriched categories with the bait,
whereas the nph3-7 control was dominated by ribosomal pathways. Table 3.3
summarizes selected putative NPH3 interactors under BL, prioritized based on

enrichment and statistical support.

Comparison with the NPH3 interactome obtained in darkness (Results 3.1.3) revealed
no additional high-confidence putative interactors. Several NPH3 interaction partners
previously reported under BL conditions, including 14-3-3 proteins, CUL3, and PKS
proteins, were not identified or enriched under the conditions used in this study. RPT2
and phot2 have also been described to associate with NPH3 specifically under high-
intensity BL; because such conditions were not applied here, the absence of these
interactions was expected. Further kinases or phosphatases were also not enriched.
Interestingly, we observed continued proximity to components of clathrin-mediated
endocytosis (CME) and the TPLATE complex (TPC). Whether this proximity occurs prior
to BL-induced condensate formation at the PM or during re-association upon PM return

cannot be resolved based on our data.

While TurbolD can label both PM-associated and cytosolic interactors, including
transient ones, its efficiency depends on the physical accessibility of lysine residues and
the local molecular environment. Interactions occurring within densely packed or
sterically restricted compartments, such as NPH3%¢*" condensates, which may exhibit
gel-like rather than liquid-like properties (Manishankar, personal communication), are
therefore likely to be underrepresented. Thus, these results were interpreted with
caution. In Chapter 3.2 (Results), we use complementary approaches to identify
interaction partners of NPH32¢%" In Chapter 3.3, we apply independent analyses to test
the putative PM-associated interactions between NPH3 and selected candidates,
focusing on the TPLATE complex subunits TPLATE (core) and AtEH1.
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Figure 6. Identification of TPLATE complex components and CME components via
TurbolD proximity labelling of NPH3"T under dynamic cycling between the PM and
condensates
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(A) Volcano plot of proteins biotinylated in YFP:TurbolD:NPH3WT seedlings following 3 h of overhead blue
light (BL; 10 umol m™2 s™') compared with nph3-7 controls (three biological replicates per condition).
Statistically enriched proteins (two-sample t-test with permutation-based FDR < 0.05 and s, = 0.1) are shown
above the significance threshold (line). The bait, phot1, and selected clathrin-mediated endocytosis (CME)-
associated proteins are highlighted in blue. (B) KEGG pathway enrichment analysis comparing NPH3WT
samples (blue, left) with nph3-7 controls (grey, right). Endocytosis-related pathways were enriched in the
NPH3WT samples (grey rectangle). Circle size indicates the number of proteins assigned to each pathway,

and colour intensity represents enrichment significance (-logio FDR).
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Table 3. 3. Statistical analysis of selected NPH3"T putative interaction partners under
blue light (two-sample Student’s t-test)

-log,, Adjusted  T-test T-test
Peptides (raw) (p- g-value Difference Test
Intensity value) (FDR) (log.FC) statistic

Significant
enrichment Protein names (AGI)

NON PHOTOTROPIC

Bait HYPOCOTYL 3 22 2870300000 5.72 0.00 5.19 42.19

(NPH3/RPT3;At5g64330)
(©) AP-2 complex subunit

alpha-1-2 (ALPHA-ADR) 9 528880000 2.66 0.01 0.67 7.0
(C) AP-2 complex subunit

mu (4, At5g46630) 14 1626600000 2.18 0.01 0.58 5.2
(C) Phototropin-1

(At3g45780) 18 1946100000 1.74 0.02 0.58 3.9
(E) Protein TPLATE 18 908080000 2.87 0.01 1.77 8.0
(E) TASH3 (At2g07360) 12 549470000 3.87 0.00 2.00 14.4
(C) TML (At5g57460) 3 100090000 0.93 0.11 1.25 2.0
(E) TWD40-1 (At3g50590) 13 518610000 1.31 0.05 1.16 2.8
(E) TWD40-2 (At5g24710) 27 1309000000 3.62  0.00 1.20 12.42

Protein names (+ AGI accessions) are standardized Arabidopsis identifiers. Peptides indicate the number of
unique peptides detected, providing confidence in protein identification. Raw intensity reflects protein
abundance based on MS signal. —log,¢(p-value) reports two-sample t-test significance on a logarithmic
scale; higher values indicate stronger significance, with —logo(p) = 1.30 corresponding to p < 0.05. The
adjusted g-value (false discovery rate, FDR) reflects multiple-testing correction. The t-test difference (log,
fold change, log,FC) represents the magnitude of abundance change, and the t-test statistic integrates effect
size and variability. NaN values indicate that significance metrics could not be calculated due to low peptide
detection and/or missing-value imputation. Proteins meeting both statistical thresholds (log,FC = 1 and —
logio(p) = 1.30) are labelled as enriched (E). Proteins labelled (C) are biologically prioritized candidates that
did not meet statistical thresholds but were retained based repeated detection. Proteins in bold represent
enriched subunits of the TPLATE complex.

Summary (Results 3.1): TurbolD-based proximity labelling consistently positioned
NPH3 near PM-associated components of the endocytic machinery. Although NPH3
itself is not an endocytic cargo, its repeated association with constituents of clathrin-
mediated endocytosis (CME) points to a previously unrecognized link to PM-localized
endocytic processes. In darkness, NPH3"T localized predominantly to the PM, where
proximity labelling captured multiple subunits of the TPLATE complex, clathrin light and
heavy chains, dynamin-related proteins, and AP-2 adaptor subunits, suggesting
proximity to active CME sites. The constitutively PM-localized NPH3574A variant largely
recapitulated this profile but showed generally reduced enrichment levels. This reduction
likely reflects altered interaction dynamics, as constitutive PM association may limit

engagement with transient or highly dynamic interactors.
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Upon BL exposure, PM-associated NPH3 transiently redistributes into cytosolic
condensates before reassociating with the PM. TurbolD labelling under these conditions
again identified TPLATE complex subunits and AP-2 components as proximal proteins,
supporting a persistent spatial relationship between NPH3 and the CME machinery

across distinct light-dependent localization states.

3.2. Identification of NPH3 condensates composition

Our previous TurbolD proximity labelling attempts to characterize the interactome of
NPH3 condensates using the NPH32%" variant, which constitutively forms cytosolic
condensates, were unsuccessful (see Supplemental Fig. S6). NPH3 displays multiple
features consistent with biomolecular condensates, including multivalent interaction
capacity (Intro Fig. 3A), and hallmarks of liquid-liquid phase separation properties driving
assembly into dynamic, membrane-less cytosolic particles (Manishankar et al., 2026). In
the case of NPH3, both self-association via a C-terminal bipartite motif and interactions
mediated by the N-terminal BTB domain appear to contribute to condensate formation
(Manishankar et al., 2026; Reuter et al., 2021). However, whether condensate assembly
depends on BTB-dependent higher-order homo- or hetero-oligomers in the cytosol is

unresolved.

In plants, biomolecular condensates have recently been recognized as key regulators of
rapid and efficient responses to environmental cues (Alberti et al., 2019; Field et al.,
2023; Peng et al., 2025; Wang and Gu, 2022). |dentifying the composition of NPH3
condensates and their interaction partners is therefore critical for understanding their role
in phototropism, as well as for determining whether other interaction partners contribute
to these assemblies and potentially to signalling. The BL-dependent cycling of NPH3
between PM- association and condensate formation is essential for signalling. Functional
studies show that this dynamic cycling is required for proper phototropin-mediated
signalling: mutants locked at the PM (NPH35744A) or in cytosolic condensates (NPH34¢51)
rescue the phototropic response in nph3-7 seedlings only partially or not at all,
respectively. This indicates that neither NPH3 state alone is sufficient for full activity
(Manishankar et al., 2026; Reuter et al., 2021; Sullivan et al., 2021).

To overcome the limitations of the TurbolD approach, we applied two complementary
techniques to the NPH3%%®" variant. Since BL-induced PM dissociation of NPH3"T is
gradual and partial, PM-associated interactors cannot be clearly distinguished. In
contrast, NPH3%%5" forms exclusively cytosolic condensates independently of 14-3-3

binding, enabling selective analysis of condensate-associated interactors while
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excluding PM-associated interactions. First, Fluorescence-Activated Particle Sorting
(FAPS) was performed, which enables selective isolation and enrichment of GFP-tagged
protein fractions, coupled to mass spectrometry analysis. Second, a GFP-based
immunoprecipitation (IP-GFP) followed by mass spectrometry analysis was conducted.
The experimental design is shown in Fig. 7, with detailed protocols provided in Methods
(2.2.7.2 and 2.2.8, respectively).

p35S::GFP:NPH34¢%"

NPH3 variant
constitutively
localizing in

etiolated seedling condensates

IP-GFP FAPS

GFP agarose ; .
beads: O @ @ GFP laser-based

IP of GFP- - ) -3 sorting:
tagged proteins AN =] For condensate
and interactors l e @ \ fraction enrichment
. . Negative control:
Negative control: Mass S : - Mass NOT9B cytosolic

free-GFP Spectrometry Spectrometry granule-like

- W condensates

Figure 7. Experimental design for the proteomic analysis of NPH32%' condensates in
etiolated Arabidopsis seedlings

For these experiments, we used the previously reported transgenic line expressing GFP-tagged NPH3AC51
under the 35S promoter in the nph3-7 background (Reuter et al., 2021). GFP immunoprecipitation (IP-GFP)
using GFP-Trap agarose beads was performed to isolate GFP-tagged proteins and associated interaction
partners for mass spectrometry analysis. Negative control for this approach included a “free-GFP” transgenic
line expressing GFP under the ubiquitous UBQ10 promoter in Col-0. Fluorescence-Activated Particle Sorting
(FAPS) detects and isolates fluorescently labelled condensates based on light scattering and fluorescence
intensity, enabling high-throughput purification of defined condensate populations for mass spectrometry
analysis and characterization. Negative control for this approach included the previously reported line
expressing HA:YFP:NOT9B under the 35S promoter (Schwenk et al., 2021). The combination of these
approaches provides a highly specific and reproducible strategy to characterize the composition of NPH3AC51
condensates in Arabidopsis seedlings.

3.2.1 Fluorescence-Activated Particle Sorting (FAPS) of NPH32C%" condensates

FAPS is a flow cytometry-based technique that detects and sorts fluorescent particles in
solution. While Fluorescence-Activated Cell Sorting (FACS) is designed for intact cells,
FAPS applies the same principles to smaller or non-cellular entities such as protein

aggregates, organelles, and nanoparticles (Van Gaal et al., 2010; Zélls et al., 2012). Its
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ability to combine light scattering and fluorescence detection enables high-throughput
isolation of defined particle populations, including biomolecular condensates, as

demonstrated by the analysis of phyB photobodies from Arabidopsis (Kim et al., 2023).

To investigate potential cytosolic NPH3 interactions, we used FAPS to isolate
condensates formed by the constitutively cytosolic NPH32¢%! variant. NOT9B

condensates served as a control for cytosolic condensates.

NOT9B (NEGATIVE ON TATA 9B) is a subunit of the A. thaliana CARBON CATABOLITE
REPRESSION 4-NEGATIVE ON TATA-LESS (CCR4-NOT) complex and a homologue
of the human protein CNOT9/CAF40 (Schwenk et al., 2021). NOT9B forms cytosolic and
nuclear condensate-like granules resembling processing bodies (P-bodies), where it is
linked with deadenylase activity, RNA silencing, mRNA processing and light signalling
(Schwenk et al., 2021; Schwenk and Hiltborunner, 2022). Because NOT9B forms
cytoplasmic RNA-protein granules, it represents a suitable control for evaluating the

performance of FAPS on cytosolic condensates.

In collaboration with the laboratory of Andreas Hiltbrunner (University of Freiburg,
Germany), we performed FAPS on extracts from four-day-old, etiolated Arabidopsis
seedlings overexpressing either GFP:NPH3¢5" (Reuter et al. 2021) or HA:YFP:NOT9B
(Schwenk et al. 2021). Before sorting, we confirmed the presence of fluorescent
condensates in each extract by confocal microscopy, ensuring the suitability and
structural integrity of the samples. Each genotype was analysed in three biological

replicates.

Sorting efficiency for GFP:NPH3%%®" was high (220 million particles), whereas
HA:YFP:NOT9B exhibited moderate efficiency (<20 million particles), consistent with the
lower brightness of YFP and the generally smaller size of NOT9B foci. Sorted material
underwent combined RNA isolation and protein purification (Methods 2.2.8).
Fractionation was necessary particularly for NOT9B, which localizes to P-body like, RNA-
rich condensates. Only purified protein fractions from both bait and control samples were

denatured, transported to Tubingen, and processed for LC-MS/MS at the PCT facility.

Mass spectrometry across all samples identified 1,277 proteins. Principal component
analysis (PCA; Fig. 8A) revealed one replicate per condition as an outlier. For NOT9B,
the outlier corresponded to the sample with the lowest sorting efficiency, consistent with
reduced particle recovery. For NPH32%5' the outlier showed low total peptide intensity,
suggesting incomplete protein extraction. These replicates were removed, leaving two

biological replicates per condition for subsequent analyses.
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The results demonstrated that GFP-based FAPS effectively isolates fluorescent
condensates but is not strictly selective for cytosolic proteins, as abundant proteins from
other compartments were also recovered, likely due to mechanical disruption of
organelles during extraction or co-sedimentation of organelle remnants within the particle

size range.

After filtering for proteins with at least two valid LFQ values across samples,
approximately 260 proteins were found enriched exclusively in NPH32¢5! samples,
including the bait itself. A two-sample Student’s t-test, visualized as a Volcano plot (Fig.
8B), identified significantly enriched candidates (FDR = 0.05; s, = 0.1). Proteins were
considered enriched, compared to control, if they had a log, fold change (log,FC) = 1
and a p-value < 0.05 (-log;o(p) = 1.30), the same threshold used before in this thesis,
intended to capture potential interactors from a noisy background. For NOT9B, several
proteins involved in cytosolic mMRNA metabolism and RNA granule dynamics, including
P-body-associated factors PAB8 and PAB2 and additional RNA-binding proteins such as
RBG8 and At5g40490, were moderately enriched (Fig. 8B, purple), although one known
partner, AGO1 (Schwenk et al., 2021), was not enriched under these conditions (Fig. 8B,
turquoise). Downstream analysis for this thesis focused solely on NPH32%5" interaction

partners.

Subcellular annotation of the 260 enriched proteins indicated that approximately 21% (n
= 51) were predominantly cytosolic, whereas ~40% were annotated as plastid localized.
The large plastid fraction likely reflects the release of plastid-derived material during
tissue extraction. After manual removal of probable contaminants and non-cytosolic
proteins, 31 cytosolic candidates remained (Table 3.4). Proteins were classified as
enriched (E) if they passed the predefined enrichment threshold, or as candidates (C) if
they did not meet this criterion but were reproducibly identified in both replicates. The
resulting candidate set included ribosomal proteins (40S/60S), translation initiation
factors (elF3), elongation factors (EF1y), 14-3-3 proteins, calmodulins, cytosolic/nuclear
chaperones 70 kDa Heat Shock Proteins (HSP70-3 and HSP70-4), clathrin light chain,
and calcium-dependent protein kinase 3. Although several proteins appeared enriched
in the NPH3AC%'-FAPS dataset, only the bait (NPH3%%%") and the HSP70 isoforms
(HSP70-3 and HSP70-4) met both predefined key criteria (cytosolic localization and
enrichment threshold) and, in addition, showed high peptide recovery (Table 3.4, grey).
The high peptide recovery increases confidence in protein identification by minimizing
the likelihood of stochastic detection. To test whether HSP70 enrichment was specific to

the bait, we analysed Intensity-Based Absolute Quantification (iBAQ) values, which
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estimate protein abundance from the sum of peptide intensities normalized to the number

of theoretically observable peptides (Rozanova et al., 2021).
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Figure 8. Identification of HSP70s as NPH32¢%! condensate-associated proteins using
FAPS-based IP-MS

Four-day-old, etiolated seedlings expressing GFP:NPH3AC51 in the nph3-7 background (35S promoter, #23-
2) were used to enrich fractions containing NPH3 condensates. HA:YFP:NOT9B (35S promoter, A.
Hiltbrunner) served as a negative control. Fluorescence-Activated Particle Sorting (FAPS) was applied to
detect, quantify, and isolate fluorescent protein condensates based on laser-induced light scattering and
GFP fluorescence. Sorted condensates from three biological replicates of bait and control samples were
processed and analysed by mass spectrometry. (A) Principal Component Analysis (PCA) of FAPS-isolated
condensates revealed one replicate from GFP:NPH32C51 and one replicate from HA:YFP:NOT9B that
deviated strongly from the others (circled). (B) Volcano plot of LFQ-based Statistical analysis (t-test student)
was performed only in two biological replicates, which allowed the identification of HSP70-3 and HSP70-4
(MED37C) as enriched in NPH3 condensates compared with the HA:YFP:NOT9B control. (C) To compare
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reproducibility and relative abundance across samples, iBAQ values were log,-transformed, and plotted
across two biological replicates. Results indicate that HSP70s were found enriched exclusively with the bait
GFP:NPH3AC51,

Table 3. 4. Statistical analysis of selected (cytosolic) NPH32¢%! putative interaction
partners in FAPS experiment (two-sample Student’s t-test)

N Adjusted T-test T-test
S  Protein names Pept. T:I;:;" | n(tlzﬁ‘gi)t ( _':jll“;) g-value Differ. Test
Y P (FDR) (log,FC) statistic
. Non phototropic hypocotyl
bait 3 O HYRPTS) 33 81.9 26451000000 4.34 0.00 6.05 18.95
@ 005 ribosomal protein L3 8 446 1598100000 3.09 0.01 4.49 9.07
(C) 408 ribosomal protein S18 6 17.5 1362700000 1.20 0.06 2.25 2.55
(C)  40S ribosomal protein S20-1 4 13.9 1293100000 1.05 0.09 3.12 2.24
() 408 ribosomal protein $13-2 6 62.7 961900000 1.55 0.02 2.78 3.36
() Ras-related protein RABH1b 7 23.1 911370000 2.29 0.01 2.59 5.57
&) 908 ribosomal protein L30-3; 4 12.3 756980000 1.49 0.02 243 3.22
(E)  40S ribosomal protein S27;
071 5272 3 9.4 726480000 1.42 0.03 1.13 3.05
(€) " 60S ribosomal protein L27-2 5 15.6 617500000 1.75 0.02 217 3.89
® 405 aposomal protein S15- 5 174 560430000 247 002 3.66 6.22
) 905 ribosomal protein L 23a- 5 16.7 542570000 4.11 0.01 3.29 16.60
- L230 } . . ) .
(E) 60S ribosomal protein L13;
L15.1: L13.3 6 23.5 485880000 1.60 0.02 2.09 3.49
() 60S ribosomal protein L38 4 8.1 471070000 1.90 0.02 2.10 4.31
) 508 ribosomal protein L37a- 3 10.2 459070000 1.98 0.02 218 453
U370 ) } . ) .
(E)  Eukaryotic translation
iniiation factor 3 subunit F 5 31.9 370110000 1.34 0.03 2.11 2.86
© e o like protein GF14 9 302 357750000 2.30 0.01 2.41 5.58
(®)  60S ribosomal protein L32-1; 4 15.5 337040000 1.88 0.02 1.82 4.26
L32-2 : : : : .
(E)  Probable methyltransferase
PMTe 4 70.5 270940000 3.42 0.01 2.12 11.05
(B 408 ribosomal protein $28-2 2 7.3 266250000 2.24 0.02 2.07 5.39
(E)  Probable elongation factor 1-
gamma 2 10 46.4 249590000 1.91 0.02 1.71 433
® 408 ribosomal protein 56-2 2 22.1 248940000 2.36 0.02 2.35 5.82
® " Clathrin light chain 1 3 37.2 233980000 1.76 0.02 1.73 3.92
€)  calmodulin-5; 6; 7; 3; 2 3 16.8 214780000 2.52 0.02 2.52 6.42
(E)  Heat shock 70 kDa protein
3 (HSPTO3) 22 7141 198010000 1.63 0.02 1.15 3.57
(E)  Eukaryotic translation
nitiation factor 3 subunit A 9 113.1 196470000 3.51 0.01 1.18 11.65
(E)  Heat shock 70 kDa protein
4 (HSPT04: MED37C) 23 7141 155200000 1.52 0.02 1.79 3.30
(c) ~ ibosomalprotein L19; L19- 2 24.2 130680000 1.26 0.04 1.39 2.69
@  Celelum-dependent protein 3 58.7 120650000 4.20 0.01 1.06 17.43
() Gysteine proteinase inhibitor 2 17.5 75787000 1.27 0.04 1.04 2.71

Peptides indicate the number of unique peptides detected, providing confidence in protein identification.
(Raw) Intensity reflects protein abundance from MS signal. The T-test p-value reports the significance of
abundance differences, and the adjusted g-value (FDR) accounts for multiple testing. The T-test difference
(log;FC) represents the magnitude of enrichment, and the T-test statistic captures the strength of evidence
based on effect size and variance. S: significant enrichment: Proteins meeting both statistical thresholds
(log,FC = 1 and —log14(p) = 1.30) are labelled as enriched (E). Proteins labelled (C) are biologically prioritized
candidates that did not meet statistical thresholds but were retained based repeated detection.

iBAQ values for the two HSP70 isoforms, the bait, and the control were log,-transformed
with a small pseudocount to handle zeros; non-detected proteins were assigned the

minimum observed log,-iBAQ (~15.2). Comparison across samples showed that both
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HSP70 isoforms were detected exclusively in NPH3%%" condensates (Fig. 8C),

confirming their specific association with NPH32¢51,

Together, FAPs results suggest that HSP70 isoforms HSP70-3 and HSP70-4, are

potential interaction partners of NPH32%5! cytosolic condensates.

3.2.2 IP-GFP-based Immunoprecipitation of NPH32¢%" condensates

To further characterize potential interaction partners of NPH3%¢%" and complement the
FAPS results, which suggested an association with HSP70 isoforms, we performed GFP-
based immunoprecipitation (IP-GFP) followed by mass spectrometry. Extracts from five-
day-old, etiolated seedlings overexpressing GFP:NPH3%°5! (Reuter et al., 2021) were
incubated with GFP Trap® agarose beads to isolate GFP-tagged proteins. This allowed
the selective capture of the GFP-tagged bait protein and the co-immunoprecipitation of
interacting proteins. As a negative control, we used A. thaliana seedlings expressing
GFP under the Ubiquitin10 promoter (promUBQo::GFP, Col-0). IP fractions from three
biological replicates of both bait and control were processed at the PCT and analysed by

mass spectrometry.

A total of 252 proteins groups were identified in this experiment. Quantitative and
statistical analyses were performed in Perseus (v2.0.10.0). Principal Component
Analysis (PCA; Fig. 9A) revealed that one bait replicate was more dispersed relative to
the other two; however, retaining all replicates did not affect overall statistical outcomes,
and no replicate was excluded. Applying a filtering criterion requiring at least two valid
LFQ values per condition yielded 61 proteins detected exclusively in bait samples,
comprising 5 transmembrane (=8%), 23 cytosolic (=38%), 7 plastid (=12%), and 26

unannotated (=43%) proteins.

While common proteomics thresholds (e.g., log,FC = 1, p <0.05, used previously in this
thesis) can detect weaker interaction patterns, we applied a more conservative criteria
to prioritize high-confidence interactions with this approach. Proteins were considered
significantly enriched if they met log,FC = 2, -log;¢(p-value) =2 2 (p < 0.01), under FDR:

0.05 and s, = 0.1 criteria.

Under these thresholds, the bait (NPH3/RPT3) and the cytosolic/nuclear chaperones
HSP70-1 and HSP70-4 were retained as robust interactors (Fig. 9B). The isoform
HSP70-3, although showing moderate enrichment (log,FC = 3.82, -log,,p = 1.81), did
not meet the FDR cutoff (q = 0.09; Table 3.5) and therefore is not displayed as a

significant hit in the volcano plot, likely reflecting higher variability among replicates.
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To assess the reproducibility and specificity of HSP70s associations with NPH32¢%! we
applied the same pipeline used for FAPS, including log.-transformation of iBAQ values

for comparison across replicates (Fig. 9C).

A.

® GFP

® r e sroresrio
: nant 2 / Valta :

GFP

| / ut ® GFP

—log;o(Student’s t-test p- value)

log,FC (bait vs control)

Enrichment and Specificity of Putative
Cc NPH32C%" Condensate Interactors (IP-GFP)

30+
z |T
2 * %o T
= e L e GFP
£ 204 B
8
g ... '& ........... R R @89 - - protein not detected
g
m 10
=
o
°

0 1 1 1 1

RPT3/NPH3 HSC70-1 HSP70-4 HSP70-3

Figure 9. Identification of HSP70s as NPH32¢5! condensate-associated proteins using
GFP-based IP-MS

Five-day-old etiolated seedlings expressing GFP:NPH32C51 in nph3-7 (35S promoter, #23-2) (Reuter et al.,
2021) were used for GFP-based immunoprecipitation (IP-GFP). As a negative control, we used an
Arabidopsis line expressing GFP under the control of the ubiquitous Ubiquitin10 promoter
(promUBQ10::GFP, Col-0). IP fractions from three biological replicates of bait and control samples were
processed and analysed by mass spectrometry. (A) Principal Component Analysis (PCA) revealed that one
replicate of GFP-NPH32C51 deviated strongly from the others. (B) Volcano plot of LFQ-based statistical
analysis (t-test student) identified HSP70-1 (HSC70-1) and HSP70-4 (MED37C) as strongly enriched
compared with the free GFP control. HSP70-3 was detected only in bait samples but without significant
enrichment. (C) To compare specificity and reproducibility of our findings, iBAQ values were log,-
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transformed, and plotted across the three biological replicates, indicating that HSP70s were found enriched
exclusively with the bait GFP:NPH3AC51,

Table 3. 5. Statistical analysis of selected NPH32¢5! putative interaction partners in IP-GFP
experiment (two-sample Student’s t-test)

s  Protin pept. MOLW.  (Raw)  —logy, oS TESt o Lo
names (kba] lIntensity  (pvalue)  EpR)  (log,FC) statistic
Non Phototropic
E Hypocotyl 3 32 81.87  2.94E+10 2.94 0.00 9.19 8.30
(NPH3/RPT3)
Heat Schock
Protein 70 kDa
E  (HSP70-4/ 25 7112  7.73E+09  2.87 0.03 7.02 7.95
MED37C)
Heat Schock
Protein 70 kDa
E  (HSP70-1/ 24 71.35 3.5E+09 2.89 0.04 6.91 8.10
HSC70-1)
Heat Schock
Protein 70 kDa 24 71.14 4.74E+08 1.81 0.09 3.82 4.05
(HSP70-3)

Peptides indicate the number of unique peptides detected, providing confidence in protein identification.
(Raw) Intensity reflects protein abundance from MS signal. The T-test p-value reports the significance of
abundance differences, and the adjusted g-value (FDR) accounts for multiple testing. The T-test difference
(log2FC) represents the magnitude of enrichment, and the T-test statistic captures the strength of evidence
based on effect size and variance. Proteins were classified as significantly enriched if they met the
conservative thresholds of log,FC 2 2, —log;o(p-value) 2 2 (p < 0.01), and FDR < 0.05. Proteins fulfilling
these criteria are indicated as enriched (E).

Aside from a low-level NPH3 signal in one control replicate, likely reflecting nonspecific
binding, the analysis confirmed robust and specific enrichment of HSP70-1 and HSP70-
4 with NPH32¢%', HSP70-3 remained detectable at lower abundance but was uniquely
associated with NPH3%%" Thus, IP-GFP results suggest that HSP70 isoforms HSP70-
1 and HSP70-4, are robust potential interaction partners of NPH3%%%" cytosolic

condensates.

Chaperone proteins, such as members of the HSP70 family, have been associated as
components of various plant membrane-less assemblies, including nuclear phyB
photobodies and cytosolic condensates formed by NPR1 or Rbp47b (Bard and
Drummond, 2024; Kim et al., 2023; Kosmacz et al., 2019; Solis-Miranda et al., 2023;
Zavaliev et al., 2020). These chaperones are proposed to regulate condensate
dynamics, modulating assembly, material properties, and dispersal (Bard and

Drummond, 2024), suggesting a general role as molecular remodelers.

Consequently, interaction partners that contribute structurally to NPH3 condensate
formation could not be detected using this proteomic approach. These results suggest

that NPH32¢%" |ikely forms a single-component condensate regulated by HSP70s.

73



Summary (Results 3.2.1- 3.2.2): Complementary IP-GFP and FAPS analyses
consistently identified HSP70 chaperones, particularly HSP70-1, HSP70-3, and HSP70-
4, as components associated with NPH3%%' condensates. These findings are in line with
the broader role of HSP70s in plant membrane-less assemblies, where they act as
molecular remodelers that modulate assembly, material properties, and dispersal. Based
on our results, NPH3%%5" |ikely forms a primarily single-component condensate, whose
properties are regulated by HSP70 chaperones, including HSP70-1, HSP70-3 and
HSP70-4. Together, these observations suggest that NPH32¢%! condensates are
dynamic, actively regulated assemblies, with HSP70s potentially serving as intrinsic

modulators of condensate stability and turnover during phototropic signalling.

3.2.3 HSP70s and their partial association with NPH3 condensates

After identifying HSP70 chaperones as potential regulators of cytosolic NPH34C%!
condensates, we first analysed the differences among the isoforms detected via FAPS
and IP-GFP: HSP70-1, HSP70-3, and HSP70-4. All three proteins are predominantly
cytosolic and cluster together in A. thaliana phylogenetic analyses (Lin et al., 2001).
Amino acid sequence comparison revealed remarkable conservation among these
isoforms, with only ~2% divergence over ~650 residues (i.e., ~12 aa mismatches),
mostly from the C-terminus, predicted as a disordered region (Supplemental Fig. S8).
Given this high similarity, we focused subsequent interaction studies on HSP70-1

(At5g02500) as a representative isoform.

To assess whether HSP70s can associate with NPH3 condensates, we used transient
expression in N. benthamiana. Upon single expression, HSP70-1:GFP localized
predominantly in the cytosol with occasional PM-proximal signal, whereas
RFP:NPH3A¢% formed the expected round, dynamic cytosolic condensates (Fig. 10A).
Upon co-expression, NPH32¢%! condensates showed partial overlap with HSP70-1 (Fig.
10B). When present, HSP70-1 exhibited high mobility within NPH32°5! condensates,

consistent with dynamic exchange.

We next compared HSP70-1 behaviour in the presence of different NPH3 variants
(Supplemental Fig. S9). As previously observed, HSP70-1:RFP partially co-localized
with GFP:NPH32¢5! condensates. In contrast, GFP:NPH3S#A which remains PM-
associated, showed primarily PM-proximal overlap with HSP70-1. Blue-light activated
GFP:NPH3WT exhibited a similar pattern, with PM-adjacent co-localization and only
limited condensate-internal overlap. Immunoprecipitations of GFP-tagged NPH3 variants

co-expressed with HSP70-1:RFP recovered HSP70-1 across all variants, indicating that
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HSP70-1 can associate with NPH3 independently of its subcellular distribution under

transient expression conditions.

overlay

HSP70-1:GFP

RFP:NPH345!

HSP70-1:GFP RFP:NPH3AC5! overlay BF

Figure 10. HSP70-1 partially co-localizes with the constitutive condensate-forming
NPH34%! variant in vivo

Representative confocal microscopy images of leaf epidermal cells from N. benthamiana transiently
expressing the indicated constructs under the 35S promoter. Dark-adapted plants were maintained in
darkness prior to imaging. (A) Cells expressing HSP70-1:GFP (green) or RFP:NPH3AC51 (magenta)
individually. HSP70-1:GFP shows diffuse cytosolic localization near the plasma membrane periphery,
whereas NPH3AC51 forms round cytosolic condensates. Scale bar: 50 ym. (B) Cells co-expressing HSP70-
1:GFP and RFP:NPH3AC51 RFP:NPH3AC51 condensates are observed at the inner leaflet of the PM and
show partial overlap with HSP70-1:GFP (white arrow). Higher-magnification views of RFP:NPH3AC51
condensates reveal dynamic and partial co-localization with HSP70-1:GFP (white overlay). Scale bar
(overview): 50 um; inset scale bars provided adjacent to condensates: 2 or 5 ym. Images are representative
of two independent experiments. BF: bright field
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NPH3 contains multiple intrinsically disordered regions (IDRs) including a prion-like
domain (Manishankar et al., 2026; Reuter et al., 2021), features previously linked to
chaperone interactions (Kolhe et al., 2023). Such interactions have been shown, for

example, to inhibit protein aggregation (Chilukoti et al., 2021).

These observations place NPH3 within a growing group of plant proteins whose
condensate behaviours intersect with cytosolic chaperone networks. This is consistent
with a model in which the formation and dissolution of NPH3 condensate is triggered by
light conditions, with cytosolic chaperones modulating the material properties of

condensates (Bard and Drummond, 2024),

Summary (Results 3.2): IP-GFP and FAPS analyses identified cytosolic HSP70s as
putative interaction partners of NPH3%5" condensates, and transient assays confirmed
that NPH3 can recruit HSP70-1 in vivo. Current models position HSP70 chaperones as
key regulators of biomolecular condensates, supporting the hypothesis that NPH3 forms
a single-component condensate (formed primarily by NPH3 itself) whose properties are

modulated by chaperones.

3.3 Characterization of the interaction between NPH3 and putative
interaction partners from the TPLATE Complex

As mentioned before, NPH3 undergoes a dynamic cycling between PM-associated and
cytosolic condensates. This process is reversible, as condensates can re-associate with
the PM under favourable conditions. Our observations indicate that NPH3 predominantly
forms single-component cytosolic condensates (as no other structural protein was
identified), with HSP70 chaperones likely modulating their material properties. These

associations may reflect a potential sequestration mechanism within the cytosol.

Together, these findings suggest that NPH3 carries out a functional role at the PM, which
appears to require a transient inactivation step, mediated by PM dissociation followed by

condensate formation in the cytosol, to initiate and/or sustain phototropic responses.

The TurbolD-based proximity labelling approach identified a set of proteins proximal to
NPH3 at the PM in darkness and during the complete BL-triggered cycling process,
namely initial PM localization, followed by condensate formation in the cytosol and finally
PM re-association (Results 3.1). These datasets suggest that NPH3 is in spatial
proximity to components of the TPLATE complex (TPC) and the clathrin-mediated
endocytosis (CME) machinery. Yet, proximity labelling alone cannot distinguish between
direct and indirect associations and does not provide temporal resolution. We therefore

applied targeted interaction assays, focussing on the potential interaction between NPH3
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and the TPC, as it could provide new insights into the molecular mechanism of NPH3
function. We focused on the TPC core subunit TPLATE and the EH-domain-containing
subunit AtEH1, which is essential for both TPC association with the PM and membrane
bending during clathrin-coated pit formation (Dragwidge et al., 2024; Johnson et al.,
2021; Yperman et al., 2021a)

3.3.1 Subcellular localization of NPH3 and TPLATE in transient expression
systems

We first analysed the subcellular localization of the proteins TPLATE, AtEH1 and NPH3
to establish whether they occupy overlapping cellular compartments, a prerequisite, but
not proof of interaction. Constructs enabling constitutive expression of mRFP:TPLATE
and AtEH1:eGFP (35S promoter; provided by Prof. Dr. Daniel Van Damme) were
agroinfiltrated into N. benthamiana leaves. When expressed individually (Fig. 11A), the
TPLATE subunit localized to both the cytosol and the cell periphery in a uniform manner.
In contrast, AtEH1 formed prominent puncta close to the PM, recently described as PM

associated biomolecular condensates (Dragwidge et al., 2024).

Upon co-expression of TPLATE with AtEH1, we observed partial recruitment of TPLATE
into AtEH1 PM condensates (Fig. 11B). In Arabidopsis, AtEH1 has been shown to drive
biomolecular condensation at the PM, promoting the local enrichment of TPLATE
complex components and other endocytic proteins (Dragwidge et al., 2024). Consistent
with this, AtEH1 physically associates with the TPLATE complex and facilitates the
formation of endocytic hubs at the PM (Gadeyne et al., 2014; Wang et al., 2020, 2019;
Yperman et al., 2021b). This selective enrichment suggests that client proteins can
partition into AtEH1-driven condensates, a mechanism proposed to spatially organize
and concentrate endocytic machinery at the PM (Dragwidge et al., 2024; Dragwidge and
Van Damme, 2024).

To assess the spatial relationship between NPH3 and TPLATE, GFP-tagged NPH3
variants were transiently co-expressed with mRFP:TPLATE. In darkness, NPH3WT
localized primarily to the PM, whereas TPLATE was present in the cytosol and cell
periphery, displaying partial co-localization with NPH3"T at the PM. GFP laser exposure
activates phot1 and triggers NPH3 dissociation from the PM followed by condensate
formation (Reuter et al., 2021). Accordingly, NPH3 progressively formed condensates at
the cell periphery. After prolonged laser exposure (~10-20 minutes), partial overlap
between TPLATE and NPH3"T condensates was observed (Fig. 12). Albeit interesting,

the co-localization of TPLATE in NPH3"T condensates could also reflect overexpression
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artifacts, as TPLATE can exhibit promiscuous localization and/or binding in transient

systems (D. Van Damme, personal communication).

A. RFP BF overlay

mRFP:TPLATE

AtEH1:eGFP

AtEH1:eGFP mRFP:TPLATE zoom in

Secant view

Z-stack

Figure 11. TPLATE and AtEH1 subcellular localization in N. benthamiana: Partitioning of
TPLATE into AtEH1 PM-condensates

Representative confocal microscopy images of dark-adapted leaf epidermal cells from N. benthamiana
transiently expressing the indicated constructs under the 35S promoter. Dark-adapted plants were
maintained in darkness prior to imaging. (A) Cells expressing mRFP:TPLATE or AtEH1:eGFP individually.
TPLATE displays cytosolic and peripheral cell localization, whereas AtEH1 localizes to distinct plasma
membrane puncta. (B) Cells co-expressing mRFP:TPLATE and AtEH1:eGFP. Partitioning of TPLATE into
AtEH1 plasma membrane condensates is observed. Representative images from three independent
experiments. Scale bars: 50 ym. BF: bright field. Z-stack (maximum projection of 210 frames).

We next examined two additional NPH3 variants to further constrain the spatial context
of a potential association. We used NPH3S744A which is constitutively PM-associated due
to loss of phot1-dependent phosphorylation and NPH32¢5! which constitutively forms
condensates due to the absence of the amphipathic helix required for PM association
(Reuter et al., 2021). Co-expression of GFP:NPH35#A with mRFP:TPLATE showed
partial PM co-localization with TPLATE (Supplemental Fig. S10), similar to what was
observed for NPH3"T in darkness. In contrast, GFP:NPH3%%" co-expressed with

mRFP:TPLATE did not display detectable spatial overlap (Fig. 13). Although NPH3A¢5"

78



forms highly dynamic cytosolic condensates and TPLATE partially localizes to the
cytosol, both proteins remained spatially separated, as clearly shown in the maximum
projections (15 frames Z-stacked obtained over 3 minutes).Together, these observations
indicate that detectable spatial overlap between NPH3 and TPLATE is restricted to

regions near the PM.
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Figure 12. Partial co-localization of TPLATE and NPH3""in NPH3 condensates during
transient co-expression

Representative confocal microscopy images of dark-adapted leaf epidermal cells from N. benthamiana
transiently co-expressing mRFP:TPLATE and GFP:NPH3. Expression was driven by the 35S promoter.
Dark-adapted plants were maintained in darkness prior to BL exposure via GFP laser onset. Partial co-
localization of TPLATE and NPH3 close to the plasma membrane (PM) is observed. Secant and PM surface
views are provided. Scale bars: 50 um. Representative of ~15 independent experiments. BF: bright field.
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Figure 13. TPLATE and NPH3%% do not co-localize during transient co-expression
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Representative confocal microscopy images of dark-adapted leaf epidermal cells from N. benthamiana
transiently co-expressing GFP:NPH32¢5" and mRFP:TPLATE. Expression was driven by the 35S promoter.
Dark-adapted plants were maintained in darkness prior to imaging. NPH32C51 does not co-localize with
TPLATE. Scale bars: 50 um. Representative of ~ 5 independent experiments. BF: bright field.

3.3.2 In vivo interaction analysis of NPH3 and TPLATE

To directly test whether NPH3 and TPLATE are brought into nanometer-scale proximity
in vivo, we performed Foérster Resonance Energy Transfer using Fluorescence Lifetime
Imaging Microscopy (FRET-FLIM), This technique detects energy transfer from a donor
to an acceptor fluorophore when they are within ~1-10 nm, providing a sensitive readout
of molecular interactions. FLIM measures changes in the donor’s fluorescence lifetime,
which decreases upon FRET, and this measurement is largely independent of donor or
acceptor concentration, avoiding biases from variable protein expression levels.
Common FRET-FLIM pairs such as GFP-mCherry and their monomeric variants thereof,

are used to minimize spectral crosstalk and avoid donor fluorophore oligomerization.

FRET-FLIM analyses were performed in N. benthamiana epidermal cells transiently co-
expressing mRFP:TPLATE with either mEGFP:NPH3"“T or mEGFP:NPH35744A. Donor-
only samples served as controls (Fig. 14). Co-expression of mRFP:TPLATE with

mEGFP:NPH3"T resulted in a significant reduction of GFP fluorescence lifetime
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compared to donor-only controls (from 2.505 ns to 2.361 ns). A less pronounced but
statistically significant lifetime reduction was observed for the mMEGFP:NPH3S744A.
MRFP:TPLATE pair (from 2.471 ns to 2.386 ns). As a positive control, co-expression of
AtEH1:eGFP with mRFP:TPLATE produced an expected decrease in GFP lifetime (from
2.502 ns to 2.300 ns), consistent with the established physical association between these
TPC subunits (Gadeyne et al., 2014; Wang et al., 2019; Yperman et al., 2021b). The
observed lifetime reductions are compatible with a close molecular association between
NPH3 and TPLATE at the PM and align with the partial co-localization observed in
transient expression assays (Fig. 12; Supplemental Fig. S10). However, it is important
to note that FRET can occur when donor and acceptor fluorophores are brought into
close proximity (Foérster radius), even in the absence of a specific molecular interaction
(Laptenok et al., 2010; Long et al., 2017).

Selecting a suitable PM-resident negative control for TPLATE was challenging, as many
stably PM-localized proteins are known to be internalized via CME. We selected REM1.2
(remorin 1.2) as a PM-associated nanodomain-organizing protein (Ke et al., 2021), for
which there is currently no evidence of direct interaction with the TPC. Co-expression of
REM1.2:GFP with mRFP:TPLATE yielded a modest but statistically significant reduction
in GFP lifetime (from 2.593 ns to 2.522 ns), indicating that REM1.2 is not an optimal
negative control for our experiments. Despite this limitation, REM1.2 serves as a PM-

localized reference protein lacking known functional association with the TPC.

Taken together, the FRET-FLIM data suggest that NPH3 and TPLATE are brought into
nanometer-scale proximity to each other at the PM, a spatial arrangement fully
compatible with a direct interaction. Although transient overexpression systems can
generate proximity-driven FRET independent of binding, the magnitude of the observed
lifetime reductions suggests that the NPH3-TPLATE proximity is more likely to reflect a

biologically relevant contact than incidental spatial overlap.
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Figure 14. FRET-FLIM validation of the TPLATE-NPH3 interactions

FRET-FLIM measurements were performed on leaf epidermal cells from dark-adapted N. benthamiana
plants transiently co-expressing the indicated constructs under the 35S promoter. Dark-adapted plants were
maintained in darkness prior to BL exposure via GFP laser onset. p19 was included in all co-expressions.
For each combination, confocal images (left) confirm expression, quantitative FRET-FLIM measurements
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are shown as graphs (center), and color-coded fluorescence lifetime (FLT) images of the GFP channel are
displayed (right), reporting donor lifetimes relative to donor-only controls (color scale adjacent). In panel (A),
MEGFP:NPH3WT with mRFP:TPLATE shows a clear reduction in donor lifetime, indicating interaction, while
panel (B) demonstrates that the phospho-site mutant mMEGFP:NPH35744A similarly reduces donor lifetime.
Panel (C) presents the positive control AtEH1:eGFP with mRFP:TPLATE, confirming expected FRET,
whereas panel (D), the putative negative control REM1.2:GFP with mRFP:TPLATE, exhibits mostly green
FLT (~2.5 ns) but a small yet significant donor lifetime reduction, indicating it is not an ideal negative control.
Fluorescence decay curves were fitted with mono- or bi-exponential models using PicoQuant SymPhoTime
software, mean lifetimes (1) were calculated from ROIs pooled across replicates, and FRET efficiencies were
derived from donor lifetime reductions. Bar plots represent mean + SD across all ROls, with ROl numbers
indicated, and statistical significance was assessed by unpaired t-test with Welch'’s correction. All data was
plotted. Experiments were repeated at least three times with consistent results.

3.3.3 Biochemical validation of the NPH3-TPLATE association

Yeast two-hybrid (Y2H) analyses of the TPLATE complex (TPC) subunits identified only
a single robust binary interaction among the eight components, namely between TASH3
and LOLITA (Gadeyne et al., 2014). The inability of Y2H to detect most of other TPC
interactions indicates that these associations are not stable as isolated pairwise contacts.
Subsequent studies demonstrated that assembly of the TPC largely depends on
additional subunits acting as molecular bridges or stabilizing interfaces, interactions that
become apparent only in higher-order or native-context assays. This was revealed
through yeast three-hybrid approaches and corroborated by integrative structural and
biochemical analyses, including co-immunoprecipitation (Co-IP), affinity purification-
mass spectrometry, proximity labelling, in planta relocalization assays, crosslinking mass
spectrometry, and cryo-electron microscopy (Gadeyne et al., 2014; Yperman et al.,
2021b). Y2H assays performed in this thesis did not detect interactions between NPH3
variants and TPLATE (Supplemental Fig. S12).

Taking into consideration such restrains, we focused on Co-IP techniques to
biochemically assess the association between NPH3 and TPLATE, following transient
expression of GFP-tagged NPH3 variants and mRFP:TPLATE in N. benthamiana under
dark and blue-light conditions. Among the tested proteins (GFP:NPH3"T,
GFP:NPH35#A and GFP:NPH32¢%"), only NPH3"T and the constitutively PM-associated
NPH3S74A variant co-precipitated with TPLATE, under both conditions (Fig. 15A). In
contrast, NPH32¢%" which showed no detectable co-localization with TPLATE in confocal
imaging (Fig. 13), failed to co-precipitate TPLATE (Fig. 15A). This concordance between
microscopy and biochemistry suggests that, under transient expression conditions,
TPLATE associates only with NPH3 variants that localize to the PM.

We further tested if these associations can be reproduced in Arabidopsis. Co-IP
experiments were performed using etiolated Arabidopsis seedlings co-expressing
TPLATE:GFP (pLAT52) and DRP1A:mRFP (p35S) provided by Prof. Daniel Van Damme.
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Immunoprecipitation (IP) of TPLATE:GFP was followed by immunodetection of NPH3
using both a general NPH3 antibody and a phospho-specific antibody recognizing phot1-
mediated BL-induced phosphorylation at Ser744 (Reuter et al. 2021). IP demonstrated
that NPH3 co-precipitates with TPLATE in etiolated seedlings and further shows that the
interaction predominantly involves the dark form of NPH3, as phosphorylation of Ser744
could not be detected in the IP fraction from BL-treated samples (Fig. 15B). In addition,
the Co-IP revealed that TPLATE:GFP was also capable of co-precipitate DRP1A, a
protein also identified in our proximity-labelling approach, supporting the proximity of

NPH3 to endocytic machinery at the PM.
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Figure 15. Biochemical validation of the TPLATE-NPH3 interactions

(A) In vivo interaction of GFP:NPH3 variants (35S promoter) transiently co-expressed with mRFP:TPLATE
(35S promoter) in N. benthamiana leaves. Dark-adapted plants were either maintained in darkness (D) or
treated with overhead blue light (BL; 10umolm™s™', 40min). Crude protein extracts were
immunoprecipitated using GFP-Trap® beads, and input and immunoprecipitated proteins (IP anti-GFP
pulldown) were detected by immunoblotting. Experiments were performed at least twice with similar results.
(B) In vivo interactions of TPLATE in transgenic Arabidopsis plants ectopically expressing TPLATE:GFP
(LAT52 promoter) and DRP1A:mRFP (35S promoter; Daniel Van Damme). Three-day-old, etiolated
seedlings were either maintained in darkness (D) or treated with overhead blue light (BL; 10 pmol m™2s™,
40 min). Seedlings were harvested for crude protein extraction and immunoprecipitated using GFP-Trap®
beads. Input and immunoprecipitated proteins (IP anti-GFP pulldown) were analysed by immunoblotting.
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Col-0 seedlings exposed to BL for 40 min served as a control for the detection of NPH3 Ser744
phosphorylation mediated by phot1. Blots were probed with a general anti-NPH3 and a phospho-specific
anti-NPH3 (Ser744) antibodies. Representative results from three independent replicates are shown. P.S.,
Ponceau staining.

These experiments collectively indicate that NPH3 interacts with TPLATE under
conditions in which NPH3 is PM resident and maintained in a phot1-dependent
unphosphorylated (dark-state) form. Evidence for this association is provided by Co-IP
of TPLATE with NPH3"T and the constitutively PM-associated NPH3%74*A variant, while
the condensate-localized NPH32¢%" variant, which fails to associate with the PM, neither
co-localizes with nor co-precipitates TPLATE. FRET-FLIM analyses experiments further
support close spatial proximity consistent with an interaction between NPH3 and
TPLATE at the PM.

3.3.4 NPH3 interaction with the AtEH1 subunit likely depends on the presence
of TPLATE

After establishing that NPH3 interacts with the TPLATE core subunit at the PM, we next
asked whether NPH3 can also associate with the TPC component AtEH1, crucial for PM-
association, and whether such association depends on TPLATE. We first analysed
subcellular localization patterns and subsequently complemented these observations

with biochemical interaction assays.

Thus, we transiently co-expressed AtEH1:eGFP with either RFP:NPH3"T or the
constitutively PM-attached RFP:NPH3%7#*A variant in N. benthamiana. In darkness,
AtEH1 localized to characteristic PM-associated condensates (Dragwidge et al., 2024),
whereas both NPH3WT and NPH3%7#*A displayed uniform PM localization (Figs. 16 and
17). Upon GFP laser exposure, NPH3"T but no NPH35744A underwent BL-induced PM-
dissociation followed by condensate formation, with a fraction of those condensates
observed close to the PM, as previously reported (Reuter et al., 2021). Notably, NPH3WT
condensates did not overlap with AtEH1 PM condensates, and no partitioning of either
NPH3"WT or NPH3574A into AtEH1 PM condensates was observed under these
conditions. This behaviour contrasts with TPLATE, which robustly partitions into AtEH1
condensates (Fig. 11), indicating that NPH3 is not recruited into AtEH1 PM-condensates

when transiently overexpressed.

To complement the localization analysis, we next performed Co-IP assays in N.
benthamiana. AtEH1:eGFP robustly co-precipitated with mRFP:TPLATE, consistent with
their established interaction (Gadeyne et al. 2014; Yperman, et al. 2021). In contrast,
association between AtEH1:eGFP and RFP:NPH3"“T was weak. Although AtEH1 co-
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precipitated with NPH3"T, the signal was near the detection limit and markedly reduced
compared to TPLATE (Supplemental Fig. S11B).

To assess whether this association also occurs in Arabidopsis, we performed reciprocal
Co-IP experiments, using etiolated Arabidopsis seedlings ectopically expressing either
GFP:NPH3"T (Reuter et al., 2021) or AtEH1:GFP in combination with an AtEH1-specific
antibody (Prof. Dr. Daniel Van Damme). Endogenous AtEH1 (~110 kDa) was
reproducibly detected in GFP:NPH3"“T immunoprecipitates, and endogenous NPH3 (~80
kDa) co-precipitated with AtEH1:GFP in two independent lines, under both dark and BL
conditions (Supplemental Fig. S11A). Although these signals were consistently wealk,
their reproducibility supports the existence of an association between NPH3 and AtEH1.
Consistent with the limitations of Y2H assays for detecting TPLATE complex associated
interactions, as outlined earlier (Section 3.3.3), Y2H analyses did not reveal interactions
between NPH3 and AtEH1 truncations that avoid autoactivation (Wang et al., 2023)
(Supplemental Fig. S12).

AtEH1:eGFP RFP:NPH3 overlay

Darkness

Time ~0

Time

~2min

Time

~12min

Time
~12min

PM surface

Figure 16. NPH3"" does not partition into AtEH1 PM-condensates upon transient co-
expression

Representative confocal microscopy images of leaf epidermal cells from dark-adapted N. benthamiana
plants transiently co-expressing AtEH1:eGFP and RFP:NPH3WT, Dark-adapted plants were maintained in
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darkness prior to BL exposure via GFP laser onset. Expression was driven by the 35S promoter. AtEH1
localizes to PM condensates, while NPH3WT accumulates in condensates, adjacent to the PM after 12 min
GFP exposure. No co-localization detected. Scale bars: 50 ym. Representative of ~ 7 independent
experiments. BF: bright field.

AtEH1:eGFP RFP:NPH3S744A BF overlay

aE

Darkness

Time ~0

Time

~4min

Time

~10min

Time
~10min

PM surface

Figure 17. NPH3574A does not partition into AtEH1 PM-condensates upon transient co-
expression

Representative confocal microscopy images of dark-adapted leaf epidermal cells from N. benthamiana
plants transiently co-expressing AtEH1:eGFP and RFP:NPH3S744A Expression was driven by the 35S
promoter. Dark-adapted plants were maintained in darkness prior to imaging. NPH3S744A remains PM-
localized and does not partition with AtEH1 condensates. Scale bars: 50 ym. Representative of ~ 6
independent experiments. BF: bright field.

In our transient N. benthamiana experiments, overexpression of AtEH1 and NPH3 in the
context of limited endogenous TPLATE did not result in recruitment of NPH3 into AtEH1
PM condensates. Taken together, these results indicate that, in contrast to TPLATE,
NPH3 does not efficiently associate with AtEH1 on its own and does not partition into
AtEH1 PM condensates in transient expression assays. Given that NPH3 interacts with
TPLATE (Results 3.3.3), we therefore infer that any association between NPH3 and
AtEH1 is likely indirect and depends on higher-order TPC assembly.
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To investigate whether TPLATE facilitates NPH3 recruitment into AtEH1 condensates at
the PM, we used a triple transient expression approach. We co-expressed AtEH1:eGFP,
mRFP:TPLATE, and mTurquoise2-tagged NPH3 variants (all under p35S) in N.
benthamiana and imaged leaf epidermal cells using confocal and Airyscan microscopy
(Fig. 18). In dark-adapted cells (Time ~0), all three proteins localized to the PM, with
AtEH1 forming previously described PM-associated condensates and NPH3 being
uniformly PM-attached (Fig. 18A). After ~7 min of confocal imaging (under GFP laser
induction), we observed a clear recruitment of TPLATE into AtEH1 PM condensates (Fig.
18B, arrow number 1). At the same time, NPH3"'T condensates near the PM, partitioned
into AtEH1-TPLATE condensates at the PM (Fig. 18B, arrow number 2).

Airyscan imaging, which provides higher-resolution visualization, confirmed our previous
observations. In these experiments, AtEH1 condensates robustly recruited TPLATE to
the PM. NPH3"T displayed a mixed localization pattern. It both partitioned into AtEH1-
TPLATE PM-condensates (Fig. 18C, white arrows) and retained the capacity to form
highly mobile and independent condensates close to the PM (Fig. 18C, turquoise
arrows). Analysis of the constitutively PM-attached mutant NPH35744Arevealed its ability
to localize to discrete puncta or subregions at the PM, some of which overlapped with
AtEH1-TPLATE PM condensates (Fig. 18D, white arrow). These observations indicate
that NPH3VT can partition into AtEH1 PM-condensates in the presence of exogenous
TPLATE. NPH3%7#4A on the other hand, forms “patches” at specific PM subregions,

enabling occasional co-localization with AtEH1-TPLATE assemblies at the PM.

To further examine if NPH3 associates with AtEH1 and TPLATE under conditions in
which all three proteins are present, we analysed their interaction by Co-IP following
triple transient expression in N. benthamiana. Specifically, mRFP:TPLATE was co-
expressed with AtEH1:eGFP and either mTQS2:NPH3"T or mTQS2:NPH35744A and Co-
IP experiments were performed under dark or BL conditions (Fig. 19). In all conditions
tested, AtEH1 and NPH3 were detected in the immunoprecipitated TPLATE fraction,
indicating that all three proteins can be recovered in vivo. Consistent with the localization
data, interactions between TPLATE and AtEH1, as well as between TPLATE and both

NPH3 variants, were detectable under both dark and BL conditions.

The apparentincrease in NPH3 signal observed in the IP fraction upon BL exposure, can
be due to incomplete PM dissociation of NPH3 and moreover, can be explained by
increased partitioning of NPH3 into AtEH1-TPLATE PM condensates, a process that has

been shown to be promoted by laser exposure during imaging.
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Figure 18. Transient expression of TPLATE, AtEH1, and NPH3 reveals partial partitioning
of NPH3 into AtEH1-TPLATE PM condensates while maintaining independent NPH3
condensates

(A) Representative confocal microscopy images of leaf epidermal cells from dark-adapted N. benthamiana
plants transiently co-expressing AtEH1:eGFP, mRFP:TPLATE, and mTurquoise2:NPH3WT or NPH3S744A,
Expression was driven by the 35S promoter. Dark-adapted plants were maintained in darkness (time ~0 min)
prior to BL exposure via GFP laser onset (Time ~7 min). (B) Zoomed insets after 7 min of BL exposure,
showing individual channel merges to assess individual protein partitioning at PM puncta. Yellow arrow
indicate predominance of AtEH1. Fuchsia arrow indicates predominance of TPLATE. Turquoise arrow
indicates predominance of NPH3WT. When all channels are visualized, white arrows indicate 1): AtEH1-
TPLATE PM puncta and 2): AtEH1-TPLATE- NPH3WT containing puncta. Representative of five independent
experiments. Scale bars: 50 ym. To confirm these observations, we performed Airyscan imaging with the
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same three proteins and also included NPH35744A  Representative images were taken after ~10 min of laser
onset. (C) Co-expression of AtEH1-TPLATE- NPH3"Tindicates overlapping puncta (from the PM surface) of
all proteins (white arrows), while at the same time NPH3WT is observed forming independent condensates
close to the PM (turquoise arrows). (D) Co-expression of AtEH1-TPLATE- NPH3S744A indicates partial
overlap in AtEH1-TPLATE PM puncta (white arrow), while NPH35744A is observed localizing to “patch’-like
PM subdomains. Representative of two independent experiments. Scale bars: 50 um.
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Figure 19. TPLATE associates with NPH3 and AtEH1 under both dark and BL conditions

Co-immunoprecipitation of mRFP:TPLATE from N. benthamiana leaves transiently co-expressing
mRFP:TPLATE, AtEH1:eGFP and NPH3 variants tagged with mTurquoise2 (mTQS2). Expression was
driven by the 35S promoter. Dark-adapted plants were either maintained in darkness (denoted D) or treated
with overhead blue light (denoted BL; 10 ymol m™2s™", 1 h). Crude protein extracts were immunoprecipitated
using RFP-Trap® beads, and input and immunoprecipitated proteins (IP anti-RFP pulldown) were detected
by immunoblotting with anti-RFP, anti-GFP, and anti-NPH3. NPH3WT showed stronger co-
immunoprecipitation with  TPLATE-AtEH1 under blue light compared to darkness. Interactions with
NPH35744A were also detected enhanced under BL, when compared to darkness. Red Arrows indicate the
detection of NPH3. Representative of three independent experiments. P.S., Ponceau staining.

Summary (Results 3.3): The combined imaging and biochemical analyses support a
working hypothesis in which NPH3 associates with TPLATE at the PM. AtEH1 can
indirectly associates with NPH3 within a higher-order complex that requires the presence
of TPLATE in transient expression assays. While TPLATE robustly interacts with AtEH1
and efficiently partitions into AtEH1 PM-condensates, NPH3 is recruited into these
condensates only when TPLATE is provided in this system. This behaviour is consistent

with TPLATE likely acting as an essential adapter that stabilizes or enables NPH3
association with the TPC rather than NPH3 interacting independently with individual TPC
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subunits. The observed interactions are likely transient, underscoring the importance of

complex assembly and stoichiometry in governing NPH3-TPC association in vivo.

3.4 Impact of NPH3 on endocytosis: functional analyses and study of the
nosh mutant as a proxy

As described in the Introduction (Section 1.4.1), the TPLATE complex functions at the
early onset of endocytosis, cooperating with the AP-2 adaptor complex in cargo
recognition at the PM (Kraus et al.,, 2024; Zhang et al., 2024). Our initial proximity
labelling experiments suggested that NPH3 may interact with the TPC at the PM. We
validated interactions for the TPLATE core subunit and AtEH1 using FRET-FLIM analysis
and biochemical approaches (Results 3.3), confirming that NPH3 physically associates
with components of the endocytic machinery. These observations provided the rationale

to test whether NPH3 might influence endocytosis in vivo.
3.4.1 FM4-64 uptake in nph3-7 and nosh

The lipophilic styryl dye FM4-64 binds to the PM and is selectively internalized through
endocytosis, labelling trafficking pathways from early endosomes to the vacuole in plant
cells (Bolte et al., 2004). To assess possible differences in FM4-64 uptake between the
nph3-7 loss of function mutant and Col-0, we included the previously characterized TPC
nosh mutant, which carries a deletion of the SH3 domain in the TASH3 subunit of the
TPLATE complex (Grones et al., 2022). The nosh mutant (no-SH3 domain) represents a
viable partial loss-of-function allele that perturbs TPLATE complex function without
abolishing complete complex assembly, as loss of core TPC subunits typically results in
male sterility. Consistent with this, nosh displays reduced endocytic density and impaired
CME-driven internalization of PM-ubiquitinated cargo proteins under non-inducible
conditions (Grones et al., 2022). Therefore, we employed nosh (kindly provided by Prof.
Daniel Van Damme) as a reference for partial reduction of endocytic activity when
assessing FM4-64 uptake in nph3-7 and in Arabidopsis transgenic lines complemented
with NPHS3 variants.

Five-day-old, etiolated Arabidopsis seedlings were incubated with 2 yM FM4-64 for 15
min in darkness (at RT), and internalization was imaged in root epidermal cells by
confocal microscopy. After ~15 min, Col-0 seedlings displayed clear FM4-64
internalization, whereas nph3-7 seedlings showed reduced uptake (Fig. 20A).
Quantification of FM4-64 internalization, expressed as the ratio of cytosolic to PM
fluorescence, confirmed a significant reduction in nph3-7 relative to Col-0 (Fig. 20C). The

extent of FM4-64 internalization in nph3-7 was comparable to that observed in nosh
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(Grones et al., 2022). Expression of GFP:NPH3"T or GFP:NPH3574A in the nph3-7
background largely restored FM4-64 uptake (Fig. 20B-C), with both variants localizing to
the PM in darkness. In contrast, the constitutively condensate-localized GFP:NPH34C%!

failed to rescue FM4-64 uptake in nph3-7.

These observations indicate that the presence of NPH3 at the PM is consistent with
efficient endocytosis, although the underlying mechanistic link remains to be determined.
Notably, the observed effect may be also context-dependent, restricted to specific

developmental stages such as etiolated seedlings or growth in darkness.

3.4.2 Phototropic responses of nph3-7 and nosh

After confirming that NPH3 affects endocytosis in Arabidopsis root epidermal cells, we
asked whether TPC impairment, such as the one reported in the nosh mutant, can impact
phototropic responses in etiolated seedlings. As previously reported for nosh, the
deletion of the SH3 domain in TASH3 subunit weakens the association of the
AtEH1/AtEH2 subunits with the TPC, while the remaining six subunits (TPLATE, TML,
TASH3, LOLITA, TWD40-1, and TWD40-2) still assemble into a stable hexameric
complex. This partial destabilization reduces CME of ubiquitinated cargo, resulting in
delayed internalization and recycling of PM proteins. These trafficking delays contribute
to slower downstream signalling and reduced overall growth, which manifests as shorter

hypocotyls of etiolated seedlings (Grones et al., 2022).

The involvement of CME in phototropism is supported by studies showing that clathrin
light chain double mutants (clc2 clc3) exhibit reduced, but not abolished, phototropic
bending (Zhang et al., 2017). This partial defect indicates that CME contributes to
efficient phototropic responses, consistent with its role in redistributing auxin transporters
such as PINS3 following BL stimulation (Ding et al., 2011; Hu et al., 2021; Zhang et al.,
2017). Similarly, treatment of etiolated seedlings with brefeldin A (BFA), which interferes
with the recycling of endocytosed PM proteins including PIN3, strongly reduces
phototropic bending (Ding et al., 2011). Collectively, these observations support a role
for endocytosis and recycling of PM proteins in establishing directional growth responses
to light.
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Figure 20. FM4-64 uptake reveals reduced endocytosis in nph3-7 loss-of-function
seedlings

(A) Confocal images of FM4-64 uptake in root epidermal cells of five-day old dark-grown Arabidopsis

seedlings (grown in half strength MS media, no sucrose supplementation) incubated with 2 yM FM4-64 for
15 min in darkness. Col-0 shows clear internalization, whereas nph3-7 displays reduced uptake. Scale bars:
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10 um. BF: bright field. Insets provided. (B) Complementation analysis with GFP:NPH3WT, GFP:NPH35744A,
and GFP:NPH3AC51 transgenic lines (expression was driven by the 35S promoter). GFP:NPH3WT and
GFP:NPH3S5744A |argely restore FM4-64 internalization, while GFP:NPH3AC51 resembles nph3-7. Analysis of
the nosh mutant is not shown (L124). Scale bars: 10 ym. (C) Quantification of Cytosolic/PM fluorescence
ratios were performed using Fiji. Images were acquired using RFP excitation (554 nm). GFP laser exposure
was minimized and used only to confirm expression at the end of the experiment. Data represent four
independent biological experiments (5 to 10 seedlings each). All data was plotted. n= number of cells
analysed. Statistical Analysis: Ordinary One-way Anova with Tukey’s multiple comparisons test (p value <
0.0001=****p < 0.05 =*, p > 0.05 = no significant).

To evaluate phototropic responses in nosh, hypocotyl curvatures from etiolated seedlings
exposed to unilateral BL over 24 h (Fig. 21), were measured. At time 0 (darkness), no
obvious differences were observed among the analysed genotypes (Col-0, nph3-7, and
two independent nosh mutant lines). Early BL treatments (2h) showed reduced
hypocotyl curvature in the nosh lines relative to Col-0, whereas nph3-7 displayed no
bending, as expected. These observations likely reflect constrained hypocotyl elongation
in the nosh mutants, consistent with their shorter hypocotyl phenotype, rather than a

complete absence of directional bending.

At later time points, both nosh lines eventually reached substantial curvature (~90°),
whereas nph3-7 seedlings failed to reorient, and Col-0 achieved maximal curvature by
6 h. The diminished early bending in nosh resembles the phenotype of clc2 clc3 mutants,
in which early curvature is similarly reduced but not abolished (Zhang et al., 2017).
Critically, shorter hypocotyls prevent a clear distinction between elongation-dependent

and endocytosis-dependent contributions to early bending.

Overall, these results indicate that although nosh retains the capacity for substantial
phototropic reorientation after 24 h of unilateral BL treatment, partial CME impairment
affects hypocotyl elongation, as previously described by Grones et al., and may

consequently influence early bending kinetics.

Summary (Results 3.4): NPH3 associates with components of the TPLATE complex at
the PM and contributes to endocytosis in Arabidopsis root epidermal cells. FM4-64
uptake is reduced in nph3-7, mirroring defects observed in nosh, and only PM-localized
NPH3 variants (NPH3"T in darkness and NPH357444), but not cytosolic forms (NPH34¢5"),
restore dye internalization. In phototropism assays, nph3-7 seedlings fail to reorient
toward unilateral BL, whereas nosh seedlings achieve substantial curvature at later time
points despite reduced hypocotyl elongation. Early curvature measurements in nosh are
limited by shorter hypocotyls, preventing robust assessment of initial directional bending.
While these observations describe co-occurrence rather than causality, they indicate that
partial disruption of endocytosis correlates with reduced growth and impaired early
phototropic responses. How NPH3 mechanistically interfaces with the endocytic

machinery, and whether this interaction influences PIN3 polarization during phototropic

94



bending (Ding et al., 2011; Friml et al., 2002; Haga and Sakai, 2013) remains to be
determined.
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Figure 21. The nosh mutant exhibits altered early phototropic responses in etiolated
Arabidopsis seedlings

Three days old, etiolated Arabidopsis seedlings grown in half strength MS media (without sucrose
supplementation) (A-B) Time course of hypocotyl bending in response to unilateral BL (0.1 pmol m™ s™") in
Col-0, nph3-7, and two independent nosh mutant lines (L27 in A, L124 in B). Left panels show representative
seedlings at 0, 2, 6, 10, and 24 hours of BL exposure. Right panels show quantification of hypocotyl curvature
(degrees) over time. Error bars represent Mean + Std from three independent biological replicates (each
replicate: average of n 2 7 seedlings x genotype x time point).
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3.5. Impact of NPH3 on the polarization of PIN3 upon unilateral BL stimulus

As mentioned in the introduction (section 1.3), NPH3 has been implicated in auxin
redistribution during phototropism. In rice, a loss-of-function mutation of the NPH3
ortholog CPT1 abolishes BL-induced lateral auxin translocation (Haga et al., 2005),
suggesting a conserved role of NPH3 in linking photoreceptor signalling to auxin

transport.

To ensure consistent terminology, descriptions of PIN3 and NPHS3 localization in this
chapter follow the nomenclature established by (Ding et al., 2011). The terms illuminated
and shaded refer to the respective sides of the hypocotyl exposed or not exposed to
unilateral BL, respectively. Within individual hypocotyl endodermis cells, inner and outer
lateral membranes denote the two lateral PM domains, with the inner lateral membrane
facing the vasculature and the outer lateral membrane facing the cortex (as illustrated in
the Intro. Fig. 2)

During phototropic hypocotyl bending, PIN3, an auxin efflux carrier strongly expressed
in endodermis cells, is a major determinant of lateral auxin fluxes that redirect auxin from
the illuminated to the shaded side of the hypocotyl (Ding et al., 2011; Friml et al., 2002).
In etiolated seedlings maintained in darkness, PIN3 shows apolar localization at both
inner and outer lateral membranes of endodermis cells. Upon unilateral BL exposure,
this symmetric localization becomes asymmetric, as PIN3 is gradually depleted from the
outer lateral membrane while persisting at the inner lateral membrane facing the
vasculature. Notably, changes occur exclusively on the illuminated hypocotyl side and

are not visible at the shaded side (Ding et al., 2011).

In darkness, apolar PIN3 localization correlates with high expression of the AGC kinase
PINOID (PID). Ding et al. showed that PID, but not phot1, can phosphorylate the
Hydrophilic Loop (HL) of PIN3 in vitro and proposed that PID activity contributes to
maintaining apolar PIN3 distribution in planta. Upon unilateral BL exposure, PID
transcription is rapidly repressed at the illuminated side, coinciding with the onset of PIN3

repolarization.

Ding et al. (2011) further showed that the light-induced PIN3 polarization requires
GNOM-dependent ftrafficking. Inhibition of ARF GEF activity by brefeldin A (BFA)
abolishes PIN3 relocalization and prevents phototropic bending, consistent with a role
for GNOM in polar targeting, directing PIN3 preferentially to the inner lateral membrane.
Together, these findings indicate that light-regulated PID activity and GNOM-dependent

polar trafficking are both required for dynamic PIN3 polarization in response to unilateral
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BL. The light-induced shift in PIN3 polarization likely involves a dynamic interplay
between endocytosis, which removes PIN3 from the PM, and selective recycling and
sorting mechanisms that return internalized PIN3 to particular membrane domains. Ding
et al. also proposed that PIN3 polarization may involve transcytosis, whereby PIN3 is
internalized from the outer lateral membrane and delivered to the inner lateral
membrane, although direct experimental evidence for this process is not yet available.
GNOM-dependent trafficking is consistent with a role in mediating such recycling events,
while the precise trafficking steps and phosphorylation-dependent mechanisms remain

unclear.

Given the proposed role of NPH3 as a signal transducer linking photoreceptor activation
to the modification of auxin transport and building on our previous observations that
NPH3 participates in the modulation of endocytosis, we wanted to determine whether
NPH3 is required for the dynamic polarization of PIN3 in response to unilateral BL

exposure.

3.5.1 Generation and validation of A. thaliana nph3-7 and Col-0 lines
expressing PIN3:GFP under control of the endogenous PIN3 promoter

For these studies, PIN3 reporter constructs were generated using a Golden Gate-based
cloning strategy to allow native promoter driven expression of PIN3 carrying an internal
GFP tag. The GFP sequence was inserted into the HL at a previously described position
corresponding to the end of the first exon (hence internal tag), which has been shown
not to interfere with PIN3 activity (Ding et al., 2011; Zadnikova et al., 2010). The resulting
construct was designated promPIN3:PIN3:GFP(int) (Fig. 22A). The construct was
independently transformed into Col-0 and the nph3-7 mutant background, from which
two homozygous lines per background were selected for further analysis. Although direct
transformation into the mutant background does not replace classical genetic crossing,
this approach allowed a partial first assessment of PIN3:GFP behaviour in the absence
of NPH3.

Quantitative phototropic bending assays revealed that A. thaliana Col-0 lines carrying
PIN3:GFP(int) (#17-9, #19-1) displayed a robust phototropic response, reaching bending
angles of approximately 90°, whereas comparable nph3-7 lines (#6-7, #8-6) failed to
bend, consistent with the loss-of-function phenotype of nph3-7 (Fig. 22B). Immunoblot
analysis aimed to detect PIN3:GFP(int), by using anti-GFP antibodies on total protein
extracts from etiolated and light-grown seedlings. Our experiments detected a single
band at the expected molecular mass of approximately 100 kDa, with comparable signal

intensities across transgenic lines (Fig. 22C-D). In addition, 7- to 14-day-old plate-grown
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seedlings showed no obvious alterations in root length, lateral root number, or petiole
angle positioning (Supplemental Fig. S13). Together, these data indicate that the
internally GFP-tagged PIN3 is stably expressed and does not cause detectable
developmental abnormalities under the conditions tested, supporting the suitability of
these lines for subsequent analyses of PIN3 localization and polarization in hypocotyl
endodermis cells.
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Figure 22. Phenotypic and molecular characterization of etiolated Arabidopsis nph3-7
and Col-0 seedlings expressing pPIN3::PIN3:GFP(int)

(A) Schematic representation of the promPIN3::PIN3:GFP(int) construct generated by Golden Gate cloning.
A GFP tag was inserted in the internal cytosolic loop of PIN3 (corresponding to the end of exon 1) to preserve
localization and post-translational regulation (Zadnikova et al. 2010; Ding et al. 2011). (B) Phototropic
bending assays of three days old, etiolated seedlings (grown in half strength MS media) shows that
independent homozygous transgenic lines in the nph3-7 background (#6-7, #8-6) fail to restore phototropic
bending, whereas lines in the Col-0 background (#17-9, #19-1) display normal bending. Graphs represent
angle measurements of seedlings from one representative independent biological replicate (3 in total). n=
number of seedlings. Red line indicates Median. Statistical analysis: Ordinary One-way Anova with Tukey’s
multiple comparisons test (p < 0.05). Immunoblot analysis of PIN3:GFP fusion protein (~100 kDa) from ~100
mg of etiolated (C) and light-grown (D) seedlings confirms comparable fusion protein accumulation across
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independent lines. Data represent two independent homozygous lines per background. Supplemental Fig.
S13 shows additional phenotypic analyses.

3.5.2 Light-induced polarization of PIN3 in hypocotyl endodermis cells occurs
downstream of NPH3

To determine the contribution of NPH3 to BL-induced PIN3 polarization, etiolated
seedlings expressing PIN3:GFP(int) in either Col-0 or nph3-7 backgrounds were
subjected to unilateral BL (0.1 pmol m™2 s™") for approximately 12 h. PIN3 localization
was analysed specifically in upper- to mid-hypocotyl endodermal cells using quantitative

fluorescence intensity measurements at the inner and outer lateral PMs.

In three-day-old, etiolated Col-0 seedlings (lines #17-9 and #19-1), PIN3:GFP(int)
displayed a symmetric, apolar distribution between the inner and outer lateral
membranes under dark conditions (Fig. 23A-B). Upon unilateral BL exposure, PIN3
redistributed on the illuminated side of the hypocotyl, characterized by a depletion from
the outer lateral membrane of endodermal cells and accumulation at the inner lateral
membrane facing the vasculature. Quantification confirmed a significant increase in
PIN3:GFP(int) signal at the inner relative to the outer endodermal membrane on the BL-
illuminated hypocotyl side (one-way ANOVA, p < 0.001 ***), consistent with the
previously reported BL-induced polarization of PIN3 (Ding et al., 2011).

In contrast, two independent PIN3:GFP(int) lines in the nph3-7 background (#6-7 and
#8-6) failed to exhibit BL-induced polarization under identical conditions (Fig. 23C-D).
PIN3 remained symmetrically distributed between inner and outer lateral endodermal
membranes on the illuminated hypocotyl side, with no significant differences in
fluorescence intensity. These data indicate that NPH3 is required for BL-induced PIN3

polarization toward the inner lateral membrane of hypocotyl endodermal cells.

Brefeldin A (BFA) is a fungal metabolite that prevents recycling from endosomal
compartments back to the PM by blocking ARF-GEF-dependent vesicle trafficking,
causing cargos such as PIN1 and PIN2 to accumulate in BFA bodies (Geldner et al.,
2003; Grunewald and Friml, 2010; Kleine-Vehn et al., 2009). Remarkably, it has also
been shown that BFA inhibits light-induced PIN3 polarization (Ding et al., 2011). To test
whether the loss of PIN3 polarization in nph3-7 reflects impaired access to the GNOM-
dependent recycling pathway, we analysed PIN3 behaviour under combined BFA and

unilateral BL treatments at early (1 h) and extended (12 h) time points.
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Figure 23. NPH3 is required for BL-induced PIN3 polarization in hypocotyl endodermis

(A-B) Representative confocal images of three-day-old, etiolated Arabidopsis seedlings expressing
promPIN3::PIN3:GFP(int) in the Col-0 background (#17-9, #19-1), grown on half-strength MS media without
sucrose. In darkness, PIN3 localizes uniformly (apolar) at the plasma membrane (PM) of inner and outer
endodermal cells of the hypocotyl. After ~12 h of unilateral blue-light (BL) irradiation (0.1 umol m=2s7"), PIN3
polarizes to the inner membrane (facing the vasculature) of endodermal cells on the illuminated side, as
previously reported. (C-D) Equivalent transgenic lines in nph3-7 (#6-7, #8-6) show no detectable PIN3
polarization under the same BL treatment, with uniform lateral endodermal PIN3:GFP signal on both the
irradiated and shaded sides of the hypocotyl. White letters indicate e: endodermis, v: vasculature. Blue
arrows indicate the direction of unilateral BL irradiation; the opposite side represents the shaded side.
Quantification of PIN3:GFP intensities (graphs) was performed in Fiji. A consistent min/max threshold was
applied to all images, and the images were converted using the mpl inferno lookup table (min = 0, max =
255) to generate calibration bars. Values were then expressed as percentages. On the irradiated side, Col-
0 shows a significant asymmetric distribution between inner and outer endodermal membranes (one-way
ANOVA, ***p < 0.001), whereas nph3-7 shows no significant asymmetry. Data represent six independent
biological replicates; n = number of seedlings analysed. All data are plotted. Scale bars: 50 ym.
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In both Col-0 and nph3-7, PIN3 localized to the PM, indicating that delivery to the PM is
not affected and/or not dependent on NPH3. In Col-0 seedlings, unilateral BL in the
presence of 50 uM BFA resulted in the formation of a small number of PIN3-positive BFA
bodies in endodermal cells after 1 h (Fig. 24A), indicative of active internalization directed
into the BFA-sensitive endosomal compartments. After 12 h, both PIN3 polarity and BFA
bodies were largely absent, consistent with previous observations of reduced BFA body
formation under prolonged BL exposure (Ding et al., 2011). Col-0 DMSO-treated controls
displayed normal BL-induced PIN3:GFP(int) polarization, indicating that PIN3 polarity is

unaffected in the absence of BFA.

In nph3-7 seedlings, combined BL and BFA treatment did not produce detectable BFA
bodies at either time point (Fig. 24B), and PIN3 remained localized at the PM with some
weak dispersed intracellular GFP signal. These observations suggest that, while NPH3
is not required for PIN3 delivery to the PM, it is necessary for PIN3 polarization and for

entry into the BFA-sensitive endosomal pathway.

This interpretation is consistent with previous results presented in this thesis, including
evidenced interactions between NPH3 and components of the TPLATE complex
(TPLATE and AtEH1) and reduced bulk endocytosis in nph3-7 as assessed by FM4-64
uptake. Although these experiments do not resolve the precise trafficking step affected
in nph3-7, the data support a role for NPH3 in enabling PIN3 access to the endocytic
pathway that feeds into GNOM-dependent recycling, which is required for BL-induced
polarity.

Additional support for NPH3’s role in PIN3 internalization was obtained from preliminary
cycloheximide (CHX) + BFA experiments in darkness. This strategy tested whether
NPH3 PM localization affects PIN3 internalization from existing PIN3 PM-pools and not
de novo PIN3 protein synthesis. In dark-grown Col-0 seedlings, CHX/BFA treatment
generated a few small PIN3-positive BFA bodies, indicative of internalized PIN3. In nph3-
7, PIN3 remained largely at the PM, with only weak dispersed intracellular signal and no
detectable BFA bodies (Supplemental Fig. S14), consistent with a defect in PIN3

internalization or early endosomal sorting.

Together, our initial assessments suggests that NPH3 is required for asymmetric, BL-
induced PIN3 polarization at the endodermal cell layer. Further work will be necessary

to elucidate the underlying mechanism.

Summary (Results 3.5): Our results indicate that NPH3 is required for asymmetric, BL-
induced PIN3 polarization in hypocotyl endodermal cells. Loss of NPH3 appears to

prevent PIN3 from entering a BFA-sensitive endosomal population and disrupts GNOM-
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dependent recycling associated with BL-induced polarity. While the precise molecular
step regulated by NPH3 remains unresolved, combined genetic, pharmacological, and
imaging data support a model in which NPH3 facilitates PIN3 internalization or early
endosomal trafficking, thereby enabling its polarized redistribution in response to

directional BL.
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Figure 24. NPH3 may be required for BL-induced PIN3 trafficking into GNOM-dependent
recycling compartments

Representative confocal images from three-day-old etiolated Arabidopsis seedlings (grown in half strength
MS media without sucrose supplementation) expressing proPIN3::PIN3:GFP(int) in Col-0 (#17-9) or nph3-7
(#8-6) were treated with 50 uM BFA (left panels) or DMSO (right panels) and exposed to unilateral BL
(depicted by blue arrows, 0.1 ymol m=2 s™') for 1 or 12 h. Z-stacks were acquired following short time-lapse
imaging (2-3 min) to capture the dynamic emergence of BFA bodies; maximum-intensity projections are
shown. For each condition, a single optical scan or inset (zoom in) from the Z-stack is displayed adjacent to
the projection to illustrate BFA body morphology. (A) After 1 h in Col-0, PIN3:GFP accumulated in a small
number of PIN3-positive BFA bodies in endodermal cells (arrows), indicating that PIN3 can reach GNOM-
dependent recycling compartments. After 12 h, PIN3 polarity and BFA body formation were absent, while
DMSO controls showed normal BL-induced PIN3 polarization at the illuminated side of the hypocotyl. (B) In
contrast, nph3-7 seedlings exposed to unilateral BL showed no BFA body formation at either 1 h or 12 h but
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displayed a dispersed intracellular GFP signal. Scale bar: 25 ym. Experiments were repeated twice, with
approximately 3-5 seedlings analysed per condition per experiment.

4. Discussion

Since its identification more than two decades ago (Motchoulski and Liscum, 1999),
NPH3 has been considered an essential component of phot1-mediated signalling in the
establishment of plant phototropic responses. Although some studies have shed light on
NPH3’s post-translational modifications and structural features, the precise biochemical
mechanism by which it operates downstream of the BL-activated photoreceptor at the

PM remains largely unresolved.

Dissecting the NPH3 interactome is critical for understanding the signalling events that
underlie phototropic growth. Here, we addressed this question by defining the protein-
interaction networks of NPH3 in its two subcellular states: PM association in darkness
and cytosolic condensates, whose formation is triggered by BL irradiation. Using
complementary proteomic approaches (TurbolD-based proximity labelling, GFP-based
immunoprecipitation, and FAPS) in etiolated Arabidopsis seedlings, we identified a
reproducible set of putative NPH3-interacting proteins, exhibiting different profiles in

each subcellular compartment.

Our findings support a model in which NPH3 activity is tightly coupled to its subcellular
localization. At the PM, NPH3 is in close proximity to components of the endocytic
machinery and associates with subunits of the TPLATE complex, consistent with a role
in organizing or stabilizing molecular environments connected to clathrin-mediated
endocytosis (CME) events. Such environments are likely required for downstream
phototropic signalling events, including the BL-induced polarization of the auxin efflux
carrier PIN3 in the hypocotyl. In contrast, NPH3 BL-induced cytosolic condensates are
enriched in molecular chaperones of the HSP70 family, consistent with a sequestered,

signalling-inactive, or low-activity state.

4.1 Cytosolic NPH3 condensates: Single-component assemblies
modulated by HSP70 chaperones

Photoreceptor-mediated BL perception triggers redistribution of NPH3 from the PM to
the cytosol. Specifically, phot1-dependent phosphorylation of NPH3 at Ser744 promotes
14-3-3 proteins binding, inducing partial dissociation from the PM and subsequent
assembly into biomolecular condensates in the cytosol (Reuter et al., 2021; Sullivan et
al., 2021). The condensate state is reversible, as NPH3 can re-associate with the PM

upon return to darkness or during prolonged (~2-3 h) BL irradiation in etiolated
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Arabidopsis seedlings (Kimura et al., 2021; Reuter et al.,, 2021). For years, it has
remained unclear whether NPH3 cytosolic condensates actively participate in
phototropic signalling or instead represent an inactive state associated with signal

attenuation.

Recent structural predictions and biochemical work by Manishankar et al. (2026) provide
an important framework for interpreting our experimental approaches and observations.
The authors identified a key structural feature of NPH3 that mediates its subcellular
localization dynamics: a bipartite C-terminal motif composed of the CC domain and a
Linear Interacting Peptide (LIP) motif located at the end of the core NPH3 domain.
Together, these elements enable NPH3 homo-oligomerization and the formation of a
trimeric structure, but they contribute differently to this process. The CC domain
promotes strong oligomerization and PM association, whereas the LIP motif supports
weaker oligomerization that appears critical for the formation of cytosolic condensates
(Manishankar et al., 2026).

In addition, their work demonstrated that condensate formation also requires the N-
terminal BTB domain of NPH3. The BTB domain -known to mediate protein-protein
interactions- likely contributes to higher-order assembly by mediating interactions
between NPH3 trimers in the cytosol. However, it remained unclear whether BTB-
dependent interactions occur exclusively between NPH3 molecules or whether

additional proteins participate as structural components of these assemblies.

Previous proteomic approaches aimed to identify NPH3 interaction partners in etiolated
Arabidopsis seedlings using GFP-based immunoprecipitation under both dark and BL
conditions. These experiments were performed by Sullivan et al. (2021) and Tanja
Schmid (2022, unpublished) using GFP-tagged NPH3"T. Although only a limited number
of interaction partners were identified under BL, both studies consistently detected a
strictly BL-dependent association between NPH3 and 14-3-3 isoforms. The limited
number of co-purifying proteins therefore raised the possibility that BL-induced NPH3
condensates may largely consist of NPH3 itself and represent single-component
assemblies. Overall, these analyses did not conclusively resolve whether additional
proteins associate with cytosolic NPH3 and contribute to condensate assembly or

stability, leaving the functional role of these structures uncertain.

To address this question and to extend previous proteomic analyses, we mapped the
interaction network of a constitutively condensate-localizing NPH3 variant, NPH3%5" in
etiolated Arabidopsis seedlings. This variant lacks the final 51 amino acids of the NPH3

C-terminus, including the amphipathic helix required for PM association and the 14-3-3
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binding site (S744) (Reuter et al., 2021). Previous studies have shown that BL-induced
14-3-3 protein binding is not required for condensate assembly (Reuter et al., 2021).
Thus, the NPH3%%®" variant provided a useful system to investigate proteins associated

with only cytosolic NPH3 condensates.

Our first attempts to characterize the NPH32%5" interactome using TurbolD-based
proximity labelling were unsuccessful, as we could not observe enrichment of the bait
itself (Supplemental Fig. S6). A likely explanation is enzymatic steric occlusion caused
by the dense, gel-like material properties reported for this variant (Manishankar et al.,
2026). Such condensate environments can limit accessibility to lysine residues and

restrict the diffusion of biotin and ATP, thereby preventing efficient biotinylation.

In contrast, GFP-based immunoprecipitation of NPH32¢5" identified a distinct set of
associated proteins, most prominently several members of the HSP70 family that were
absent from GFP-only controls (Fig. 9). Consistent with this observation, FAPS analysis
independently detected enrichment of at least two HSP70 isoforms with NPH3AC5
condensates when compared against cytosolic granule-like condensates formed by
NOT9B (Fig. 8).

A systematic re-examination of the published proteomic datasets (Sullivan et al., 2021,
Supplemental Information Reps 1 and 2) reveals that two HSP70 isoforms (HSP70-1
and HSP70-3) also co-purified with the NPH3"T bait. Their abundance, however, varied
with light conditions: in the first experiment, both isoforms were primarily detected under
BL, whereas in the second experiment HSP70-3 was enriched under BL, and HSP70-1
was more abundant in darkness. Although this variability precluded definitive evidence
for a strictly condensate-specific association, the repeated detection of HSP70 proteins
across our experiments and the published datasets supports the idea that they are

context-dependent interaction partners of NPH3, primarily under BL conditions.

Our data indicates that cytosolic NPH32°5! condensates are predominantly composed of
NPH3 itself, suggesting that condensate formation proceeds independently of other
structural proteins and represents a single-component assembly. This in turn implies that
the BTB domain likely participates in homotypic interactions, potentially enabling the
crosslinking of NPH3 trimers, as supported by the structural predictions of Manishankar
et al. Consistent with this view, NPH3 condensates preferentially associate with HSP70
chaperones, supporting the idea that HSP70s modulate condensate fluidity and

reversibility.
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4.1.1 HSP70s as biomolecular condensates remodelers

In plants, molecular chaperones -particularly members of the HSP70 family- play central
roles in proteostasis by promoting proper protein folding, preventing aberrant
aggregation, and supporting protein quality control under both basal and stress
conditions (Hartl et al., 2011; Vierling, 1991). Beyond these canonical functions, HSP70s
contribute to intracellular trafficking and modulation of signalling pathways by stabilizing
or buffering regulatory proteins (Kotak et al., 2007; Sung et al., 2001; Vierling, 1991). A.
thaliana encodes at least five highly conserved cytosolic HSP70 isoforms with partially
redundant functions (Lin et al., 2001). Altered expression levels of HSP70-1 have been
shown to result in pronounced effects on plant growth and viability, reflecting their

biological relevance (Sung and Guy, 2003).

NPH3 cytosolic condensates exhibit hallmarks of liquid-liquid phase separation, likely
driven by NPH3 self-association and multivalent interactions involving intrinsically
disordered regions (IDRs) (Manishankar et al., 2026). These properties are characteristic
of biomolecular condensates. In recent years, HSP70s have emerged as key regulators
of biomolecular condensates in both plants and animals, interacting with intrinsically

disordered or partially folded protein regions (Bard and Drummond, 2024).

In animals, HSP70s can suppress the aberrant aggregation of intrinsically disordered
proteins implicated in amyloid diseases (Chilukoti et al., 2021). In plants, HSP70s have
been shown to maintain the reversibility of protein assemblies driven by IDRs, such as
cytosolic stress granules (SG) marked by Rbp47b nuclear ribonucleoproteins. SG
contain untranslated mRNAs, RNA-binding proteins, translation initiation factors, and
other IDR-containing proteins, with HSP70s chaperones transiently associating to
prevent irreversible aggregation, maintain granule fluidity, and preserve cellular function
under heat stress (Kosmacz et al., 2019). In addition, HSP70s have been also identified
as components of several nuclear and cytosolic condensates, including
PHYTOCHROME B (phyB) photobodies -dynamic hubs required for light signalling and
photomorphogenesis-, and NONEXPRESSER OF PATHOGENESIS-RELATED GENES
1 (NPR1) assemblies -essential for salicylic acid signal integration during immune
responses- (Kim et al., 2023; Solis-Miranda et al., 2023; Zavaliev et al., 2020).

The present work provides direct evidence that cytosolic NPH3%¢%! condensates are
predominantly self-assembled structures, with reproducible association with HSP70
isoforms, including HSP70-1, HSP70-3, and HSP70-4. HSP70-1:GFP partially co-
localizes with RFP:NPH32¢5! condensates in N. benthamiana (Fig. 10), observed at or

around NPH32¢5! assemblies and exhibiting rapid dynamics consistent with dynamic
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exchange (videos not shown). Co-immunoprecipitation analysis further confirms HSP70-
1 association with all NPH3 variants tested (WT, S744A, AC51; Supplemental Fig. S9).
Given the role of HSP70 proteins in protein folding, it cannot be excluded that they might
contribute to NPH3 stability by supporting proper folding across its subcellular

localizations, including the PM.

Together, these data support a model in which NPH3"T condensates can accommodate
associated proteins, such as 14-3-3s, while remaining dynamic and reversible. HSP70
chaperones likely modulate the material properties of NPH3 condensates, as previously

described for other biomolecular condensates examples.
4.1.2 NPH3 cytosolic condensates: a potential inactive signalling state?

Biomolecular condensates are crucial for spatial and temporal regulation of cellular
processes in all life forms, including plants, where they play pivotal roles in development
and environmental responses (Field et al., 2023; Peng et al., 2025). Such condensates
typically function by recruiting or sequestering specific molecular components, locally
increasing their concentration and often enhancing activity. Conversely, biomolecular

condensates can also serve to establish inactive states.

Recent studies on the auxin response factor ARF7 provide a framework for
understanding cytosolic condensates as regulated inactive signalling states. ARF7 is a
transcription factor mediating auxin-dependent gene expression and tropic responses
(Harper et al., 2000; Liscum and Reed, 2002). Structurally, ARF7 contains extensive
IDRs that promote multivalent interactions and phase separation. ARF7 forms dynamic
cytosolic condensates under low auxin, which limit its nuclear localization and
transcriptional activity. Auxin triggers dissolution of these condensates via association
with MCTPs proteins, allowing ARF7 to relocalize to the nucleus and activate signalling
outputs (Jing et al., 2022; Powers et al., 2019; Xuan et al., 2024).

Variants of NPH3 that constitutively form condensates (NPH32%" /NPH3*A) display no
phototropic bending, resembling the phenotype of the nph3-7 loss-of-function mutant
(Manishankar et al., 2026; Reuter et al., 2021). These and other observations suggest
that cytosolic NPH3 correlates with reduced signalling output, similar to the cytosolic
condensates formed by ARF7. However, no dedicated dissolution factors have been
identified for NPH3. Instead, NPH3 condensates form upon BL in response to phot1
activation, allowing HSP70 proteins to associate, likely preventing irreversible

aggregation while maintaining condensate reversibility.
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Therefore, the findings of this thesis regarding NPH3 condensate composition support
the structural and biochemical work of Manishankar et al. and collectively suggest a
model in which phase separation sequesters NPH3 in the cytosol, limiting its re-
association with the PM and providing a regulatory mechanism to balance cycling

between the membrane and the cytosol (Manishankar et al., 2026).

Such model is consistent with previous observations in which NPH3 variants displaying
prolonged cytosolic retention also exhibit impaired phototropism, highlighting the
importance of a tightly regulated cytosolic residence time (Haga et al., 2015; Kimura et
al., 2021).

Consequently, PM-associated NPH3 likely represents a basal, signalling-competent
state that predominates in darkness. This model is supported by observations in which
constitutively PM-localized variants retain partial phototropic bending (NPH3S7444),
confirming that PM association correlates with signalling output (Sullivan et al., 2019;
Reuter et al., 2021).

Consistently, our proteomic analyses indicate that PM-associated NPH3 in darkness is
proximal to CME components, supporting a role in endocytic processes required for
phototropic signalling, whereas BL-induced cytosolic condensation likely represents a

buffered inactive state during light adaptation.

4.2 PM-associated NPH3: A possible link to endocytic regulation

In darkness, hydrophilic NPH3 associates with the PM via an amphipathic helix in its C-
terminal domain that interacts with polyacidic phospholipids (Reuter et al., 2021).
AlphaFold2-Multimer predictions suggest that NPH3 homo-oligomerization at the PM
forms a trimer resembling a three-bladed propeller, with the C-termini facing the
membrane and the NPH3 core along with the N-terminal BTB domains exposed to the
cytosol (Manishankar et al., 2026). In this arrangement, NPH3’s IDRs extend from the
trimer as flexible appendages, potentially mediating dynamic and transient multivalent

interactions at the PM.

Further re-examination of the available proteomic datasets performed in darkness reveal
PM-associated candidates not previously explored. Here, IP-GFP of GFP:NPH3WT
showed co-purification with AP-2 adaptor complex subunits (a and ), clathrin chains,
dynamin-related proteins, and the TPLATE complex (TPC) subunit TWD40-1 (T. Schmid,
2022, unpublished). Similar results were reported by Sullivan et al. (2021;
Supplementary Data 2), with TPC subunits TPLATE(core) and TWD40-1 specifically

detected in GFP:NPH3"T samples, also showing higher abundance in darkness, when
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NPH3 is PM-associated. Phot1 also co-purified more abundantly under these conditions.
Yet, without functional validation at the time, the composition and organization of the

NPH3 PM interactome in darkness remained unresolved.

To address this gap, we employed TurbolD-based proximity labelling, which offers
several advantages over conventional approaches such as IP-GFP, including enhanced
sensitivity and the ability to capture transient or weak interactions in vivo (Mair and
Bergmann, 2022).

We identified several putative NPH3-associated proteins involved in clathrin-mediated
endocytosis (CME) under dark conditions. Multiple TPC subunits were enriched,
including TPLATE, TASH3, TDW40-1, TDW40-2, and TML, along with clathrin heavy and
light chains, AP-2 adaptor subunits, and dynamins/DRPs (Intro Fig. 4Aand Fig. 4). These
proteins function across multiple stages of endocytosis, from cargo recognition and
vesicle initiation (TPLATE, AP-2) to vesicle coating (clathrin, AP-2) and vesicle
maturation and scission (dynamins, DRPs), positioning NPH3 in close proximity to key

functional modules of the endocytic machinery.

These proximal putative interactions were consistently recovered with the NPH3"T bait
with partly overlapping interactors also detected for the constitutively PM-associated
NPH357A variant (Fig. 5), but not in our negative control: nph3-7. Moreover, a
subsequent proximity labelling experiment using NPH3"T after prolonged BL exposure
(3 h), capturing the transition from PM dissociation to cytosolic condensation and
subsequent PM re-association, also revealed enrichment of TPC and CME components
(Fig. 6). While the temporal resolution of this experiment does not allow assignment of
individual interactions to specific subcellular states, the consistent identification of TPC
and CME components across conditions indicates robust spatial proximity between

NPH3 and the endocytic machinery.

Recent TurbolD-based proteomic datasets using AtEH1 as bait, a TPLATE complex
subunit, independently identified NPH3 as a highly enriched proximal protein (Dragwidge
et al.,, 2024). Although these experiments were conducted in Arabidopsis cell
suspensions and do not fully reflect the biological context required for complete
phototropic responses, they do highlight NPH3’s likely overlooked connection to CME at
the PM.

A compelling explanation for such oversight derives from NPH3 not being an endocytic
cargo, confirmed by experiments showing that vesicle trafficking and cytoskeletal
networks are not required for BL-induced NPH3 relocalization into cytosolic condensates
(Haga et al. 2015; Kimura et al. 2021). Specifically, NPH3 does not co-localize with FM4-
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64-labeled endosomes or with BFA bodies following brefeldin A treatment, while
disruption of actin with latrunculin B did not affect BL-induced condensate formation.
Additionally, proteomic analyses of clathrin-coated vesicles (CCVs) from Arabidopsis cell
suspensions did not detect NPH3, strengthening that it is not internalized nor a structural

component of endocytic vesicles in vivo (Dahhan et al., 2022).

Our experiments demonstrate that NPH3 associates with the TPLATE complex subunits:
TPLATE(core) and AtEH1, in a PM-dependent localization manner. In transient
expression assays, PM-associated NPH3 variants (NPH3"T and NPH35744A) co-localized
with TPLATE and displayed significant FRET-FLIM reductions in GFP lifetime, consistent
with close molecular proximity (Figs. 12 and 14, Supplementary. Fig. S10), whereas the
constitutively condensate-forming NPH32°5' did not (Fig. 13). Co-immunoprecipitation
experiments confirmed that both NPH3"T and NPH3%#*A interact with TPLATE in N.
benthamiana and in etiolated Arabidopsis seedlings, independent of BL-induced Ser744
phosphorylation, indicating that this association occurs in the basal PM-associated state
(Fig. 15).

While NPH3 interaction with the TPC subunit AtEH1 appeared limited in transient
localization assays (Figs. 16-17), reciprocal co-immunoprecipitations revealed a weak
but reproducible association in vivo (Supplemental Fig. S11). Co-expression of TPLATE
enhanced recruitment of NPH3"T to AtEH1-containing PM-condensates, with high-
resolution imaging confirming overlap of NPH3"T and TPLATE-AtEH1 puncta close to
the PM (Fig. 18A-C), whereas NPH35744A displayed a more uniform but “patchy” PM
distribution with partial overlap to TPC subunits PM-condensates (Fig. 18D).

While these results demonstrate a PM-dependent association of NPH3 with TPLATE
complex subunits, they do not allow conclusions on the temporal sequence of these
interactions. In particular, it remains unresolved whether NPH3 is recruited to pre-existing
TPLATE-AtEH1 assemblies at the PM or whether NPH3 localization precedes and
facilitates the formation or stabilization of such assemblies. Addressing this question will
require quantitative analysis of the spatial and temporal dynamics of NPH3 and TPLATE
complex components at endogenous expression levels. Live-cell imaging approaches
with sufficient temporal resolution will be essential to determine arrival, residence, and
dwelling times at the PM. Spinning disk confocal microscopy and total internal reflection
fluorescence microscopy (TIRF-M) are well-established tools for resolving the dynamics
of plant CME components and have been successfully used to characterize the
behaviour of several TPLATE complex subunits and other CME markers at the PM

(Johnson et al., 2020; Wang et al., 2020). Application of these approaches to NPH3
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would enable a more precise temporal assignment of its association with TPLATE-AtEH1

assemblies.

Taken together, these observations are consistent with a model in which PM-associated
NPH3 in darkness is positioned to engage in potentially transient, multivalent and/or
regulatory interactions with components of the endocytic machinery, most notably the
TPLATE complex. This view provides a conceptual framework in which NPH3 might
contribute to CME at the PM, connecting phototropic signalling with endocytosis. On this
basis, the present work focused on characterizing a possible relationship between NPH3
and CME.

4.2.1 NPH3 as s potential PM-domain organizer

Plant CME occurs at discrete PM sites, where nucleation of endocytic machinery drives
membrane bending independently of cytoskeletal forces (Johnson et al., 2021; Kraus et
al., 2025, 2024). The TPLATE complex (TPC) is central to this process, forming flexible
scaffolds that remodel the PM, allowing for recruitment of downstream CME components
and PM bending (Kraus et al., 2025). Specifically, TPC subunits AtEH1 and AtEH2,
promote condensation of the complex at the PM and facilitate the dynamic recruitment
of clathrin and other endocytic machinery, directly linking biomolecular condensation to

functional CME organization (Dragwidge et al., 2024).

In darkness, both NPH3"T and NPH35744 are uniformly localized at the PM. Under BL,
NPH3WYT partially dissociates from the PM and subsequently forms cytosolic
condensates. While these condensates can be observed near the PM, they form only
after NPH3 dissociation and localize predominantly to the cytosol or the inner leaflet of
the PM. In contrast, the NPH3%744A variant, which is incapable of PM dissociation, forms

discrete patch-like subdomains at the PM.

Ongoing research indicates that NPH35744A PM-patches are spatially segregated from
specific PM cargo proteins, including PIN auxin transporters (Yeliz Idil Yigit, personal
communication). Accordingly, NPH357**and PIN3 display mutual exclusion at the PM.
Single-particle tracking photoactivated localization microscopy (spt-PALM) analysis in
Arabidopsis seedlings suggests that PIN3 lateral diffusion (the side-to-side movement
within the PM) depends on NPH3. Preliminary experiments in nph3-7 show that mEos2-
tagged PIN3 exhibits reduced lateral diffusion at the PM, suggesting increased
immobilization and/or retention at the PM. These observations are consistent with altered
PM domain organization in the absence of NPH3. Furthermore, complementation with
NPH35744A results in increased PIN3 mobility (Yeliz Idil Yigit, unpublished).
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The observed partial co-localization and biochemical association of NPH3 and TPC
subunits, together with the formation of PM patches, suggests that NPH3 may stabilize
CME components at specific membrane regions without serving as a cargo or structural

element.

To test whether NPH3 influences CME, we performed FM4-64 uptake assays in root
epidermal cells of Arabidopsis etiolated seedlings (Fig. 20). The nph3-7 mutant exhibits
reduced endocytic uptake, comparable to the previously reported nosh mutant, which
carries a deletion in the TPC subunit TASH3 and shows impaired CME due to defective
internalization of ubiquitinated PM cargo (Grones et al., 2022). Complementation with
GFP:NPH3"T fully restores FM4-64 uptake, whereas GFP:NPH3S744A provides only
partial rescue, while NPH32¢%" fails to restore uptake. These results indicate that PM-

associated NPH3 is required to maintain local CME activity.

Despite the partial reductions in endocytosis, nph3-7 mutants show minimal
developmental defects compared to TPLATE complex null mutants, which are severely
impaired or non-viable since CME processes are essential for growth and development
(Gadeyne et al., 2014; Wang et al., 2021). Partial CME deficiency, as observed in nosh,
impairs early phototropic bending but does not abolish it (Fig. 21), similar to clc2 clc3
double mutants, indicating that a reduction in bulk endocytosis alone cannot account for
the strong phototropic defects of nph3-7. Instead, the reduced FM4-64 uptake observed
in nph3-7 roots is more consistent with disrupted spatial organization of PM-localized
CME rather than a general failure of the endocytic machinery. Accordingly, the spatial
organization of PM-associated NPH3 appears to be critical for directional growth and
PIN redistribution. Moreover, the partial rescue of FM4-64 uptake by NPH3S"A further
suggests that functional PM domain organization may rely on both, membrane

association and particular molecular conformations and/or protein interactions.

NPH3 has been proposed to function as a substrate adaptor in a CUL3-based E3
ubiquitin ligase targeting phot1 for BL-induced ubiquitination (Roberts et al., 2011).
However, this role is debated, as constitutively PM-anchored phot1, which cannot be
internalized, does not impair normal phototropic responses (Preuten et al., 2015). These
observations suggest that NPH3-mediated ubiquitination of phot1, whether for
internalization and/or degradation pathways, may not have functional relevance in

phototropism.

Yet, ubiquitination is a well-established signal for endocytic sorting of PM proteins in
plants (Grones et al., 2022). In this context, NPH3-dependent phot1 ubiquitination and

its possible contribution to CME converge conceptually on membrane trafficking
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pathways. Our proximity labelling analysis did not detect CUL3 or other previously
reported NPH3 interactors, including PKS proteins. Nevertheless, we cannot exclude
that these interactions are more prominent under different developmental contexts, such

as in light-grown seedlings.

A related NPH3-domain containing protein NRL5, recently implicated in drought
tolerance, display GTPase-like activity in vitro linked to its core NPH3 domain, influencing
trafficking mechanisms and NRL5 polar localization (Upadhyay-Tiwari et al., 2024).
Although it remains unclear whether other NRL family members possess bona fide
intrinsic GTPase activity, these observations suggest the hypothesis that NPH3 may act

as an organizer of endocytic processes through GTPase-mediated mechanisms.

Globally, the convergence of genetic, cell biological, and biochemical evidence supports
a model in which NPH3 might function as a dynamic PM-domain organizer, coordinating
discrete endocytic subdomains to translate environmental light cues into directional
growth responses. Building on this framework, parallels can be drawn with other PM-

associated proteins that organize defined subdomains to regulate PIN polarity.

4.2.2 Parallels with Two Self-Reinforcing PIN Polarity Modules

Evidence from other PM-associated proteins in plants supports the concept that defined
PM subdomains are critical for correct PIN protein dynamics. In A. thaliana, the AGC
kinase PAX (PROTEIN KINASE ASSOCIATED WITH BRX, also known as AGC1-3)
associates with the scaffolding protein BRX (BREVIS RADIX) and localizes to specific
polar PM subdomains in root protophloem cells. This localization is dependent on
PIP5Ks (PHOSPHATIDYLINOSITOL-4-PHOSPHATE 5-KINASEs), which generate
phosphatidylinositol 4,5-bisphosphate (PIP2)-enriched nanodomains that recruit the
BRX-PAX complex and spatially exclude PIN1 to surrounding PM regions (Marhava et
al., 2020). Morphologically, this arrangement has been described as “muffin- and donut-
like,” with PIN1 forming a donut-shaped pattern at the PM and the PAX-BRX complex
forming a muffin-like focus in the centre. Together, BRX and PAX recruit PIP5K to
reinforce the polarity of all three proteins at the PM. This self-reinforcing polarity module
creates PM regions with locally reduced PIN1 abundance, which is essential for proper
protophloem differentiation, illustrating how PM subdomains locally control PIN
localization, lateral mobility, and polarity (Marhava et al., 2020). In this regard, the
authors also proposed that the module may generate a localized hotspot of clathrin-
mediated PIN endocytosis, potentially explaining the complementary “donut-like” pattern

of PIN1 localization.
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Consistent with this, PINs lateral diffusion is tightly constrained by these subdomains,
where local lipid composition, protein-protein interactions, and the actin cytoskeleton
restrict or permit mobility, allowing polarity to be maintained or modified (Kleine-Vehn et
al., 2011). Furthermore, constitutive internalization via CME, predominantly at the edges
of polar subdomains, reinforces PIN segregation and sustains dynamic polarity
(Dhonukshe et al., 2007; Kitakura et al., 2011; Kleine-Vehn et al., 2011). Together,
constrained diffusion and targeted CME enable PIN proteins to redistribute while
remaining confined to defined PM regions, ensuring spatially precise auxin flux and rapid

adjustment of polarity in response to developmental or environmental cues.

A second example of a self-reinforcing PIN polarity module involves MAB4/MEL proteins
and the AGC kinases PID and D6PK, which restrict the lateral diffusion of PIN2 by
promoting the formation of a multiprotein complex at the PM of root epidermal cells.
Specifically, PIN2 recruits MAB4/MEL proteins to the PM, where phosphorylation by PID
and D6PK stabilizes these associations, creating a positive feedback loop that restricts
lateral diffusion and establishes specific polar PM domains (Glanc et al., 2021).
Consistently, the absence of MEL proteins leads to increased PIN2 internalization,

highlighting their role in stabilizing PIN2 PM-localization (Furutani et al., 2011).

Notably, MAB4/MEL proteins belong to the NPH3/RPT2-like (NRL) protein family (see
Section 1.3), while PAX, PID, and D6PK kinases belong to the AGC plant kinase family,
which also includes phot1 (Barbosa and Schwechheimer, 2014; Rademacher and
Offringa, 2012). Members of both AGC kinase and NRL protein families have therefore
been implicated in PIN regulation across cell types, suggesting that key mechanistic
features of PIN polarity control may be conserved among NRL proteins. However, the
molecular basis, extent, and specificity of this conservation remain unresolved, and
distinct AGC kinases likely modulate these interactions in a context-dependent manner
to produce different signalling outputs (Christie et al., 2018; Reuter et al., 2021; Sullivan
et al., 2021).

In this context, parallels with established PIN polarity modules support the idea that
NPH3 may function as a PM domain organizer. Similar to other NRL- and AGC kinase-
associated modules that generate specialized PM subdomains controlling PIN diffusion
and endocytosis, NPH3 could contribute to the spatial organization of discrete endocytic

domains at the PM, further modulated by a BL-dependent interaction with phot1.

4.2.3 NPH3-mediated PIN3 polarization: the potential missing link in plant
phototropism
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BL-induced polarization of the auxin efflux carrier PIN3 in hypocotyl endodermis cells is
a central step in establishing asymmetric auxin flux during phototropism (Ding et al.,
2011; Han et al., 2021).

In darkness, PIN3 is distributed apolarly across the PM of hypocotyl endodermis cells,
with the outer lateral membranes facing the cortex and inner lateral membranes facing
the vasculature (Intro. Fig. 2). Upon unilateral BL, PIN3 redistributes toward the inner
lateral PM specifically on the illuminated side, suggesting a capacity to divert basipetal
auxin transport toward the shaded side to generate the auxin gradient essential for
hypocotyl bending (Ding et al., 2011). Importantly, the BL-induced PIN3 polarization is
abolished in phot1 mutants, demonstrating that changes in polarity and resulting auxin
asymmetry occur downstream of phot1-dependent light perception (Ding et al., 2011).
Despite this, the molecular link between phot1 BL-induced activation and BL-induced

PIN3 polarization remains unclear.

Current models suggest that PIN3 polarity is established through dynamic membrane
trafficking, involving clathrin-mediated endocytosis and GNOM-dependent recycling. In
darkness, phosphorylation of the hydrophilic loop of PIN3 by the AGC kinase PID
influences membrane targeting that correlates with its apolar distribution. Unilateral BL
exposure represses PID transcription (at the illuminated side of the hypocotyl), reducing
PIN3 phosphorylation and favouring inner lateral targeting through GNOM-dependent
polar trafficking. Transcytosis mechanisms may further reinforce this polarity by
redirecting internalized PIN3 from outer to inner lateral membranes. Pharmacological
evidence supports a ftrafficking-based mechanism for PIN3 polar redistribution.
Treatments with Brefeldin A (BFA), a fungal inhibitor that blocks ARF-GEF-dependent
vesicle trafficking such as that mediated by GNOM, blocks both PIN3 polarization and

phototropic bending, whereas proteasome inhibition has no effect (Ding et al., 2011).

Our data position NPH3, a direct substrate of phot1, within this regulatory network. At
the PM, NPH3 associates with components of the CME machinery, including subunits of
the TPLATE complex, suggesting that it may define spatial sites of endocytic
internalization. This scenario may explain the apparent spatial segregation observed
between NPH3 and PIN3 at the PM, as NPH3-marked regions may correspond to sites

where PIN3 is selectively internalized.

In Col-0 seedlings, unilateral BL triggers PIN3 redistribution toward the inner lateral
membrane, while nph3-7 mutants largely retain apolar PIN3 (Fig. 23). Combined BFA
and BL treatment produces intracellular PIN3-positive compartments in Col-0 but not in

nph3-7, and preliminary BFA-CHX experiments indicate that these compartments
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originate from endocytosed PIN3 rather than newly synthesized protein (Fig 24;
Supplementary. Fig. S14). Consistent with FM4-64 uptake assays, these results suggest
that NPH3 promotes efficient PIN3 endocytosis.

Together, these observations suggest that NPH3 links phot1 activation to dynamic PIN3
redistribution. Upon BL perception, phot1-dependent phosphorylation and subsequent
sequestration into cytosolic condensates reduce NPH3 availability at the PM and its
endocytosis-related function. This reduction in localized endocytic activity, combined with
repressed PID activity, likely favours polar GNOM-dependent recycling trafficking,

reinforcing PIN3 polarity and directional auxin flux.

Despite this mechanistic framework, several critical questions remain. It is still unclear
how NPH3 associates with the endocytic machinery (whether this occurs through its
IDRs or through other domains or binding partners), and whether its role in endocytosis
is specific to PIN3 or could also influence other functionally redundant PIN proteins.
Perhaps most importantly, it remains to be established whether the NPH3-marked
patches at the PM correspond to clathrin-mediated endocytosis hotspots, and if so,
whether these sites actively promote PIN3 internalization and/or restrict its lateral
diffusion across the membrane, thereby creating mutually exclusive domains as
previously observed (Yeliz Idil Yigit, unpublished). Addressing these gaps will require
quantitative, high-resolution imaging of NPH3 and endocytic markers at the PM, along
with spatiotemporal tracking of PIN3 trafficking, and functional correlation with auxin
transport. These approaches will clarify how NPH3 coordinates phot1 activation with

dynamic, spatially controlled PIN3 polarization during phototropism.

4.3 NPH3 Integrated Model

Our findings support a model in which NPH3 functions as a PM-domain organizer, linking
phot1-mediated BL perception to spatially regulated endocytosis and PIN3 trafficking,
thereby supporting phototropic responses (Fig. 25).

In darkness, NPH3 associates with the PM through its C-terminal amphipathic helix and
oligomerization motifs, in proximity to endocytic machinery while associated with
TPLATE complex (TPC) components. These associations, combined with its capacity to
form PM-subdomains, likely define regions of the PM competent for endocytosis that
maintain a basal internalization landscape. In nph3-7 mutants, phototropic bending is
impaired, bulk endocytosis is reduced, and PINS fails to redistribute under unilateral BL,

highlighting the functional importance of NPH3 in coordinating PM trafficking.
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Upon BL exposure, phot1 phosphorylates NPH3, enabling 14-3-3 proteins binding and
partial dissociation from the PM. This redistribution is accompanied by the subsequent
formation of cytosolic condensates, reducing NPH3 availability at the PM and limiting its
activity. Condensates are largely self-assembled, reversible, and their fluidity is likely
modulated by HSP70 chaperones. The gradual, light-dependent redistribution provides

dynamic regulation of NPH3 localization across the cell.

NPH3 subcellular dynamics operate alongside PID kinase activity and GNOM-
dependent recycling to shape PIN3 polarization. In darkness, PIN3 is largely apolar,
whereas unilateral BL allows GNOM-mediated polar recycling to bias PIN3 toward inner
lateral membranes of endodermal cells on the illuminated side. NPH3'’s positioning at the
PM may help define where and when trafficking events occur supporting polarized PIN3

distribution.

Overall, our integrated model positions NPH3 as a potential dynamic PM-domain
organizer that responds to light cues, contributing to PIN3 trafficking, by modulating
endocytic and therefore recycling processes in a spatially regulated manner. This model
integrates NPH3’s BL-triggered redistribution, condensate formation as a potential
inactivation mechanism, and nph3-7 phenotypes, providing a conceptual framework
connecting phot1 perception with PIN3 polarization and phototropic growth, while
offering a coherent explanation of how subcellular localization contributes to light-

dependent growth responses.

4.4 Limitations and Future Directions

This study provides mechanistic insight into NPH3 as a potential PM-domain organizer,
yet several limitations warrant consideration. TurbolD-based proximity labelling captures
proteins in spatial proximity, including weak, transient, or indirect interactions, but cannot
distinguish direct physical contacts, making follow-up validation essential. Endogenous
biotin in plants can amplify non-specific labelling, emphasizing the importance of
appropriate experimental conditions and negative controls; here, the nph3-7 mutant
allowed NPH3-dependent differences to be detected, although weak or indirect

interactions may be overrepresented.

Transient expression systems, such as N. benthamiana, can introduce mislocalization or
altered complex assembly dynamics, critical for the study of protein-protein interactions.
Furthermore, the absence of stable Arabidopsis lines co-expressing NPH3 with
TPLATE/CME markers or HSP70 isoforms restricted the assessment of these

relationships under native expression.
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In the future, the generation of such stable lines will serve as essential tools to determine
the functional relevance of the protein interactions uncovered in this thesis. This is
particularly critical for investigating the dynamics between NPH3 condensates and
HSP70 chaperones.

Furthermore, these transgenic lines will enable quantitative live-cell analysis of PM
subdomain formation along with NPH3 dynamics based on endocytic markers.
Monitoring these kinetics across specific cell types and tissues will clarify whether NPH3
functions exclusively in defined hypocotyl regions, such as the endodermis, or operates
as a more global signalling module. In this context, analysis of PIN3 polarization should
be repeated using Arabidopsis lines generated by crossing with nph3-7, with sufficient

biological replicates to ensure robust and reproducible validation of our findings.

From an evolutionary perspective, NPH3 represents a land-plant adaptation, with
orthologs absent in green algae (Christie et al., 2018). Its integration with plant-specific
CME machinery, including the TPLATE complex, and interactions with AGC kinases such
as phot1 -and potential indirect links to PID- suggest co-option of conserved modules for
light-responsive, auxin-linked signalling. Model systems with reduced NRL complexity,
such as Marchantia polymorpha, offer a suitable platform to dissect the biochemical and
evolutionary basis of the potential PM-domain organizer function of NPH3 (Suetsugu et
al., 2016).

Future work should integrate experimental and evolutionary approaches, examining
NPH3 orthologs alongside the required reporter lines to determine how PM-associated
NPH3 subdomains coordinate clathrin-mediated endocytosis and PIN3 trafficking to
enable directional phototropic responses. Elucidating these mechanisms will provide
understanding into how NPH3 integrates environmental cues with developmental

processes to fine-tune plant directional growth.

118



Shaded side Irradiated side
——1

1AA-

g )

PIN3 auxin
efflux carrier

Hypocotyl growt!

e

NPH3 trimer

BL-photopreceptor

)
——
|
|

14-3-3 proteins

_ GNOM -
§
D
("]

usp70s  Molecular chaperones

-
e

l outer

Figure 25. Integrated model of NPH3 function linking phot1 activation, endocytic
regulation, and PIN3 polarization during phototropism
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Model adapted from Ding et al. 2011 for the hypocotyl phototropic response, including the findings of this
thesis and the potential role of NPH3 in PIN3 polarization.

In darkness (represented as the shaded side of the hypocotyl), NPH3 (trimer) associates with the plasma
membrane (PM) via its C-terminal amphipathic helix and oligomerization motifs (not shown). At the PM,
NPH3 is located close to the phot1 BL receptor (shown) and in proximity to clathrin-mediated endocytosis
(CME) machinery while interacting with components of the TPLATE complex (not shown), locally promoting
endocytic competence without serving as a core structural constituent. NPH3 localizes to distinct PM
subdomains, promoting spatially restricted CME-competent domains while displaying mutual exclusion with
PIN proteins at the PM. Additionally, high activity of the AGC kinase PID in darkness promotes PIN3
phosphorylation at its hydrophilic loop, which correlates with apolar (or symmetric) PIN3 distribution at the
PM. Red arrows indicate auxin transport direction via PIN3 efflux carrier activity, and the central red arrow
denotes basipetal auxin transport. Auxin: Indole-3-acetic acid (IAA). PIN3 undergoes dynamic cycling
between CME internalization and GNOM-mediated recycling, targeting PIN3 to the lateral PM (inner and
outer) of endodermis cells in the hypocotyl. Black arrows indicate GNOM-mediated recycling pathways,
whereas turquoise arrows indicate the potential role of NPH3 in influencing PIN3 internalization from the PM
(feeding into GNOM-dependent pathways). Differences in arrow thickness represent relative magnitude
changes of PIN3 internalization impacting GNOM-mediated recycling activity between conditions.

Upon blue light (BL) perception (occurring at the irradiated side of the hypocotyl), phot1 is activated and
phosphorylates NPH3 at Ser744, enabling binding of 14-3-3 proteins and partial dissociation from the PM.
This generates two dynamic NPH3 populations: a reduced PM-retained pool, while the majority of NPH3 is
sequestered in cytosolic condensates as a ftransient inactivation mechanism. NPH3 condensates are
characterized by being predominantly single-component assemblies whose material properties, driven by
phase separation, are modulated by HSP70 family chaperones, likely preventing irreversible aggregation
and maintaining dynamic exchange. Additionally, under BL conditions, PID transcription is repressed by light,
leading to less PIN3 phosphorylation. This event, combined with reduced NPH3 influence in PIN3
internalization, both converge in favour of GNOM-mediated polar trafficking of PIN3, targeting preferentially
to the inner lateral PM of endodermis cells of the illuminated side of the hypocotyl. PIN3 polarization supports
auxin transport diversion towards the shaded side of the hypocotyl. NPH3 condensates are reversible, as
they can reassociate with the PM under favourable conditions. Thus, light-driven cycling of NPH3 between
the PM and cytosolic condensates provides a mechanistic framework linking photoreceptor activation to
spatial control of PIN3 membrane trafficking, allowing its polarization and resulting in directional growth
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5. Summary

Phototropism directs plant shoot growth toward a light source by establishing a lateral
auxin gradient. This process relies on the modification of the polar localization of PIN-
FORMED (PIN) auxin efflux carriers, such as PIN3, at the plasma membrane (PM). Blue
light (BL) perception by phototropin1 (phot1) initiates this response; however, the
mechanisms linking phot1 to auxin transport remain unknown. The plant-specific protein
NON-PHOTOTROPIC HYPOCOTYL 3 (NPH3) acts immediately downstream of phot1
activation and is essential for phototropic bending. In darkness, NPH3 localizes
predominantly to the PM, whereas BL induces phot1-dependent phosphorylation at
Ser744, enabling the binding of 14-3-3 proteins and triggering partial dissociation from
the PM. Following release, NPH3 assembles into biomolecular condensates in the
cytosol. Remarkably, cytosolic NPH3 can re-associate with the PM upon return to

darkness or prolonged BL exposure.

Yet, how this dynamic NPH3 cycling contributes to phot1 signalling and what biochemical

function NPH3 has remain unclear.

To address this, we mapped the protein-interaction networks of NPH3 in its two distinct
subcellular localizations: at the PM and within cytosolic condensates. Using
complementary proteomic approaches, including TurbolD-based proximity labelling,
GFP-based immunoprecipitation, and Fluorescence-Activated Particle Sorting in
etiolated transgenic Arabidopsis seedlings, we identified reproducible but distinct sets of
putative NPH3 interaction partners in each compartment. These results suggest that

NPH3 activity is closely linked to its subcellular localization.

Proteomic analysis of NPH3 condensates indicates that they consist predominantly of
NPHa3 itself and are also enriched in general regulators of condensate dynamics, namely
molecular chaperones of the HSP70-family. Validation through partial co-localization and
co-immunoprecipitation in a transient plant expression system supported that NPH3 can
associate with HSP70-1 in condensates. These observations, together with structural
predictions, suggest that NPH3 likely forms a single-component condensate that serves
to transiently sequester (and thus inactivate) NPH3 in the cytosol, thereby delaying its

re-association with the PM.

In contrast, PM-associated NPH3 appears to perform a distinct biochemical function.
Here, our proteomic analyses indicate that NPH3 is in close proximity to the endocytic
machinery, in line with a potential role in organizing or stabilizing molecular environments

that promote clathrin-mediated endocytosis (CME) at the PM. We focused on two
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putative NPH3 interaction partners, the subunits TPLATE and AtEH1 of a CME-adaptor
known as the TPLATE complex. Interactions between NPH3 variants and TPLATE or
AtEH1 were investigated by transient co-expression and co-localization studies, Forster
Resonance Energy Transfer using Fluorescence Lifetime Imaging Microscopy (FRET-
FLIM), and targeted co-immunoprecipitation. Our results indicate that NPH3 associates
with TPLATE and AtEH1 at the PM. In addition, cell biological experiments were
conducted to elucidate the physiological significance and functional consequences of
these interactions. In Arabidopsis nph3-7 loss-of-function mutants, phototropic bending
is abolished, bulk endocytosis is reduced, and PIN3 fails to polarize under unilateral BL,
supporting a potential role for NPH3 in coordinating membrane trafficking. NPH3-
organized molecular PM environments likely facilitate the BL-induced polarization of
PIN3 in hypocotyl endodermis cells, required for the establishment of the lateral auxin

gradient.

The results presented in this thesis support a model in which NPH3 functions as a
dynamic PM-domain organizer, contributing to PIN3 trafficking through spatially
regulated endocytic processes at the PM. The formation of NPH3 cytosolic condensates
as a result of phot1-dependent phosphorylation likely serves as an inactivation
mechanism that supports signal attenuation and proper PIN3 dynamics at the PM, which

are necessary for phototropic growth.

6. Zusammenfassung

Phototropismus bezeichnet das gerichtete Wachstum von Pflanzensprossen zu einer
Lichtquelle hin und wird durch den Aufbau eines lateralen Gradienten fir Auxin
ausgelost. Letzterer beruht auf der Modifikation der polaren Lokalisation von PIN-
FORMED (PIN) Auxin-Efflux-Transportern, wie zum Beispiel PIN3, an der
Plasmamembran (PM). Die Wahrnehmung von blauem Licht (BL) durch Phototropin1
(phot1) initiiert die phototrope Reaktion; die Mechanismen, die phot1 mit dem Transport
von Auxin verknupfen, sind jedoch ungeklart. Das pflanzenspezifische Protein NON-
PHOTOTROPIC HYPOCOTYL 3 (NPH3) wirkt unmittelbar ,downstream*‘ der phot1-
Aktivierung und ist fir das phototrope Reaktion essentiell. Im Dunkeln lokalisiert NPH3
Uberwiegend an der PM, wahrend BL eine phot1-abhangige Phosphorylierung an
Ser744 induziert, die die Bindung von 14-3-3-Proteinen ermdglicht und eine partielle
Dissoziation von der PM zur Folge hat. Im Cytosol bildet NPH3 biomolekulare
Kondensate aus. Bemerkenswerterweise kann cytosolisches NPH3 bei Transfer in

Dunkelheit oder nach langerer BL-Exposition wieder an die PM assoziieren.
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Bislang ist nicht bekannt, wie diese NPH3 Dynamik zur phot1-Signalweiterleitung

beitragt und was die biochemische Funktion von NPH3 ist.

Um dies zu adressieren, haben wir die Protein-Interaktionsnetzwerke von NPHS3 in
seinen unterschiedlichen subzelluldren Lokalisationen bestimmt: an der PM und
innerhalb zytosolischer Kondensate. Mithilfe komplementarer Proteomik Verfahren,
einschliellich TurbolD-basiertem ,Proximity Labelling’, GFP-basierter
Immunprazipitation und ,Fluorescence-Activated Particle Sorting’ in etiolierten
transgenen Arabidopsis-Keimlingen, identifizierten wir reproduzierbare, aber
unterschiedliche Gruppen von potentiellen NPH3-Interaktionspartner in jedem
Kompartiment. Diese Ergebnisse deuten darauf hin, dass die Aktivitat von NPH3 eng mit

seiner subzellularen Lokalisation gekoppelt ist.

Proteomische Analysen der NPH3-Kondensate zeigen, dass diese uberwiegend aus
NPH3 selbst bestehen und darlber hinaus molekulare Chaperone der HSP70-Familie
angereichert sind, welche als generelle Regulatoren der Dynamik von Kondensaten
bekannt sind. Die Validierung durch partielle Kolokalisierung und Ko-Immunprazipitation
in einem transienten Pflanzenexpressionssystem bestatigte, dass NPH3 mit HSP70-1 in
Kondensaten assoziieren kann. Diese Beobachtungen deuten unter Einbezug von
Strukturvorhersagen darauf hin, dass NPH3 wahrscheinlich ein sogenanntes
Einkomponenten-Kondensat ausbildet, das dazu dient, NPH3 voriibergehend im Cytosol
zu sequestrieren (und damit zu inaktivieren), wodurch seine Reassoziation mit der PM

verzogert wird.

Im Gegensatz dazu scheint PM-assoziiertes NPH3 eine eindeutige biochemische
Funktion zu erfillen. Hier zeigen unsere proteomischen Analysen, dass sich NPH3 in
unmittelbarer Nahe zur endozytischen Maschinerie befindet, was auf eine mogliche
Rolle bei der Organisation oder Stabilisierung molekularer Umgebungen hindeutet, die
die Clathrin-vermittelte Endozytose (CME) an der PM férdern. Wir konzentrierten unsere
Untersuchungen auf zwei potentielle Interaktionspartner, die Untereinheiten TPLATE
und AtEH1 eines CME-Adapters, der als ,TPLATE Komplex' bezeichnet wird.
Interaktionen zwischen NPH3 Varianten und TPLATE oder AtEH1 wurden durch
transiente Ko-Expression, Ko-Lokalisationsstudien, Forster-Resonanz-Energie-Transfer
mittels Fluoreszenzlebensdauer Mikroskopie (FRET-FLIM) und gezielte Ko-
Immunprazipitation untersucht. Unsere Ergebnisse zeigen, dass NPH3 mit TPLATE und
AtEH1 an der PM assoziiert. Dartber hinaus wurden zellbiologische Experimente
durchgeflhrt, um die physiologische Relevanz und die funktionellen Konsequenzen

dieser Wechselwirkungen aufzuklaren. In Arabidopsis nph3-7 loss-of-function Mutanten
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ist die phototrope Krimmung unterbunden, die Endozytose reduziert und PIN3
polarisiert bei einseitiger BL-Bestrahlung nicht, was auf eine wahrscheinliche Rolle von
NPH3 bei der Koordination des intrazellularen vesikuldaren Membrantransports
(,membrane trafficking’) hinweist. NPH3-organisierte molekulare PM-Umgebungen
erleichtern wahrscheinlich die BL-induzierte Polarisierung von PIN3 in den
Endodermiszellen des Hypokotyls, die fir die Etablierung des lateralen Auxin-

Gradienten erforderlich ist.

Die in dieser Arbeit prasentierten Ergebnisse stutzen ein Modell, in dem NPH3 als
dynamischer PM-Domanen-Organisator fungiert und durch rdumlich regulierte
endozytotische Prozesse an der PM zum vesikularen Transport von PIN3 beitragt. Die
Bildung cytosolischer NPH3-Kondensate infolge phot1-abhangiger Phosphorylierung
dient wahrscheinlich als Inaktivierungsmechanismus, der die Signalweiterleitung
abschwacht und eine angemessene PIN3-Dynamik an der PM unterstitzt, die flr

phototropes Wachstum erforderlich ist.
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9. Supplementary Information
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Supplemental Fig. S 1. Proof of principle: YFP:TurbolD:NPH3"T biotinylates 14-3-3Q upon
BL treatment in transiently transformed N. benthamiana leaves

(A) Representative confocal images of leaf epidermal cells from dark-adapted N. benthamiana transiently
co-expressing YFP:TurbolD:NPH3 and 14-3-3Q:mCh (under the 35S promoter). Scale bar: 50 ym. (B) In
vivo biotinylation of 14-3-3Q and YFP:TurbolD:NPH3 transiently co-expressed in N. benthamiana leaves.
Plants were dark-adapted for 16 h, treated with 50 uM biotin, and exposed to 45 min overhead blue light
(BL, 10 ymol m™2 s7"). Controls included non-infiltrated N. benthamiana leaves, with and without biotin
supplementation. Crude extracts were immunoprecipitated using RFP beads. Immunoprecipitation of 14-3-
3Q:mCh was followed by streptavidin immunoblotting. Endogenous biotinylated proteins are indicated by (*).
Input and immunoprecipitated proteins (IP a-RFP) are shown. Robust biotinylation of NPH3 and 14-3-3Q
after BL (+biotin) confirms TurbolD enzymatic activity and interaction specificity. P.S: Ponceau Staining.
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Supplemental Fig. S 2. Proof of principle: YFP:TurbolD:NPH3 variants fail to biotinylate
14-3-3Q upon BL treatment in transiently transformed N. benthamiana leaves

In vivo biotinylation of 14-3-3Q and YFP:TurbolD:NPH3 variants (driven by the NPH3 promoter) transiently
co-expressed in N. benthamiana leaves along with 14-3-3Q:mCh (under the 35S promoter). Plants were
dark-adapted for 16 h, treated with 50 uM biotin, and exposed to 45 min overhead blue light (BL, 10 ymol
m~2 s7"). Crude extracts were immunoprecipitated using RFP beads, and immunoprecipitation of 14-3-
3Q:mCh was followed by streptavidin immunoblotting. A TurbolD antibody was used to verify the expected
molecular sizes of the NPH3 variants. Input and immunoprecipitated proteins (IP a-RFP) are shown. 14-3-
3Q was biotinylated only by YFP:TurbolD:NPH3, no biotinylation signal was detected for the other NPH3
variants. P.S: Ponceau Staining.
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Supplemental Fig. S 3. Vegetative growth phenotype of Arabidopsis nph3-7 expressing
YFP:TurbolD:NPH3 variants

Rosette morphology of 4-week-old plants (T3s) expressing TurbolD-NPH3 fusions compared to Col-0 and
nph3-7 controls, grown under long-day greenhouse conditions (16 h light/8 h dark, 21 °C). No differences
were observed in leaf size, number, or rosette architecture.
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Supplemental Fig. S 4. Subcellular localization of YFP:TurbolD:NPH3 fusion proteins in
etiolated Arabidopsis nph3-7 seedlings.

(A) Schematic representation of hypocotyl and root tissues highlighting epidermis and endodermis modified
from (Preuten et al. 2013). (B)-(C) Representative confocal microscopy images of three-day-old, etiolated
seedlings hypocotyls and roots, expressing YFP:TurbolD:NPH3 variants (under NPH3 promoter). Plants
were grown in darkness on half strength MS medium plates. Fusion protein localization was observed in the
epidermis and endodermis (white arrows) of hypocotyls and roots. All plants were maintained in darkness,
except for seedlings expressing YFP:TurbolD:NPH3WT exposed to 1h of overhead blue light (BL, 10 umol
m~2s™") prior imaging. Scale bars: 50um.
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Supplemental Fig. S 5. Etiolated seedlings contain high endogenous levels of biotin that
support proximity labelling without exogenous application of biotin.

(A Immunoblot analysis of three-day-old, etiolated Arabidopsis nph3-7 seedlings expressing
YFP:TurbolD:NPH3 (#5-10) (grown on half-strength MS) under control of the NPH3 promoter. Col-0 and
nph3-7 served as controls. Crude extracts were probed with aStreptavidin (aSA) or aTurbolD antibodies.
Naturally occurring biotinylation is depicted by (*). P.S.: Ponceau S staining. Seedlings were kept in darkness
and incubated with 50 uM biotin for the indicated durations (except for time 0, in which no biotin was added).
The red arrow marks the bait (~150 kDa). Biotinylated proteins, including NPH3, were detected without
exogenous biotin (red rectangle), indicating sufficient amounts of endogenous biotin to enable TurbolD
activity. (B) Immunoblot analysis (M. Crnoushev, 2025) of transgenic Arabidopsis thaliana nph3-7 lines
expressing YFP:TurbolD:NPH3 variants (NPH3 WT left #7-4; NPH3S744A right #3-6) under the NPH3
promoter. Four-day-old, etiolated seedlings were grown on half-strength MS supplemented with 0.5%
sucrose. Crude extracts were probed with aSA or aTurbolD antibodies. Black arrows indicate endogenous
biotinylated proteins; blue and red arrows mark YFP:TurbolD:NPH3 and YFP:TurbolD:NPH3S744A
respectively. Biotinylated NPH3 baits were detectable without exogenous biotin (red rectangles).
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Supplemental Fig. S 6. Proximity labelling approach in YFP:TurbolD:NPH3%5" did not
yield enrichment of the bait

A proximity labelling approach was applied to etiolated Arabidopsis seedlings expressing the constitutively
forming condensates variant YFP:TurbolD:NPH32C5! (under NPH3 promoter, line #13-2). No added biotin.
Volcano plot of identified proteins obtained after Mass spectrometry analysis of YFP:TurbolD:NPH3AC51
seedlings compared with nph3-7 controls (three biological replicates for each, bait and control). Proteomics
analysis showed that the bait protein (NPH32C51 /RPT3) was not enriched compared to the negative control
(under threshold). Given this lack of enrichment, no further statistical analysis was performed, as any
apparent differences could not be confidently attributed to the TurbolD fusion protein.
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Supplemental Fig. S 7. Time-course analysis of YFP:TurbolD:NPH3"" subcellular
localization under BL

Representative confocal microscopy images of three-day-old, etiolated Arabidopsis seedlings expressing
YFP:TurbolD:NPH3 (under NPH3 promoter). Seedlings were exposed to overhead blue light (BL, 10 pmol
m~2 s™") for the indicated time. As a control, dark-adapted seedlings were also imaged (darkness), including
the RT (Re-Transferring) to darkness for 1h of seedlings previously exposed to 1h of BL. NPH3 condensates
were most abundant between 15-60 min BL exposure. Z-stack imaging at 3 h revealed that NPH3 largely
returned to the PM in epidermal cells, while condensates persisted in inner hypocotyl tissues. Scale bars:
25 um.
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Supplemental Fig. S 8. Multiple sequence alignment shows high conservation among
HSP70s isoforms identified in our proteomic approaches

Multiple sequence alignment of HSP70-1 (AT5G02500; UniProt P22953), HSP70-3 (AT3G09440; UniProt
065719), and HSP70-4 (AT3G12580; UniProt Q9LHAS8) shows that these isoforms are highly conserved.
The alignment highlights strong conservation within the characteristic nucleotide-binding domain (NBD;
amino acids ~9-386), while subtle sequence variations are present in the C-terminal region (amino acids
618-651), located in a predicted disordered region. Prominent differences are indicated by a red rectangle.
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Supplemental Fig. S 9. Transient co-expression of NPH3 variants with HSP70-1 reveals
differential co-localization patterns and a consistent association via Co-IP

Representative confocal microscopy images of dark-adapted leaf epidermal cells from N. benthamiana
transiently co-expressing (A) HSP70-1:RFP (under 35s promoter) showing localization in the cytosol and
cell periphery. (B) HSP70-1:RFP and GFP-tagged NPH3 variants (under 35S promoter): GFP:NPH3AC51,
GFP:NPH35744A and GFP:NPH3WT exposed to blue light (BL, 10 uymol m™ s™") for 45 min. Partial co-
localization between HSP70-1:RFP and GFP:NPH3AC51 is observed in cytosolic condensates. In contrast,
weaker and more occasional co-localization is detected between HSP70-1:RFP and GFP:NPH3WT after BL
exposure, primarily near the plasma membrane (white arrow). GFP:NPH35744Ashows only sporadic overlap
with HSP70-1:RFP at the cell periphery. (C) Co-immunoprecipitation experiments using GFP Traps® to
immunoprecipitate GFP-tagged NPH3 variants reveal association with HSP70-1 (detected with a-RFP) with
all tested NPH3 variants (IP fraction), indicating that HSP70-1 can physically associate with NPH3
independently of its subcellular localization.
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Supplemental Fig. S 10. Partial co-localization of TPLATE and NPH35744A at the PM during
transient co-expression

Representative confocal microscopy images of dark-adapted leaf epidermal cells from N. benthamiana
transiently co-expressing mRFP:TPLATE and GFP:NPH3S744A, Expression was driven by the 35S promoter.
Dark adapted plants were kept in darkness prior imaging. Partial co-localization of TPLATE and NPH35744A
at the plasma membrane (PM) is observed. Secant and PM surface views are provided. Scale bars: 50 pm.
Representative of ~15 independent experiments. BF: bright field.
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Supplemental Fig. S 11. Biochemical validation of the weak AtEH1-NPH3 interaction in
planta

(A) In parallel experiments: In vivo interaction of GFP:NPH3WT with endogenous AtEH1, or AtEH1-GFP with
endogenous NPH3, in dark (D) or blue light (BL, 10 umolm™s™)-treated, three-day-old, etiolated
Arabidopsis seedlings grown on half-strength MS medium without sucrose supplementation. Expression
was driven by the 35S promoter. Crude protein extracts were immunoprecipitated using GFP-Trap® beads
(IP aGFP), and input and immunoprecipitated proteins were detected by immunoblotting using aGFP or
aAtEH1/aNPH3 antibodies as indicated. Endogenous AtEH1 was co-immunoprecipitated from GFP:NPH3
IPs, whereas endogenous NPH3 was co-immunoprecipitated from AtEH1-GFP IPs. Ponceau S (P.S) staining
shows protein loading. AtEH1 antibody and AtEH1-GFP lines were kindly provided by Prof. Dr. Daniel Van
Damme. Experiments were performed on a single blot; therefore, controls (Col-0 and nph3-7) appear only
with GFP:NPH3. Repeated twice with similar results. (B) In vivo interaction of RFP:NPH3 variants (35S
promoter) transiently co-expressed with AtEH1:eGFP (35S promoter) in N. benthamiana leaves. Dark-
adapted plants were maintained and handled in darkness for these experiments. Crude protein extracts were
immunoprecipitated using RFP-Trap® beads, and input and immunoprecipitated proteins (IP anti-RFP
pulldown) were detected by immunoblotting. Red arrow indicates mRFP:TPLATE. Experiments were
performed at least twice with similar results.

145



SD-TLA

AD-NPH3
(pPGADT?)
BD-EMPTY
(pGBKTT)
NPHSS?44A
(pPGADT7)
BD-EMPTY
(pGBKTT)

A SD-TL SD-TLA SD-TL

AD-NPH3
(pGADTT)
BD-TPLATE
(pPGBKT7)
AD-NPH3
(pGADT7)
BD-AtEH1(-CC)
(PGBKT7)

AD-NPH3 SD-TL SD-TLA
(pGADT7)

BD-AtEH1(+CC) AD-EMPTY
(PGBKT7) (PGADTT)
BD-TPLATE
(pGBKT7)
AD-NPH35744A AD-EMPTY
(PGADTY) (PGADT7?)
BD-TPLATE BD-AtEH1(-CC)
(PGBKTT) (pGBKT7)

AD-EMPTY
(pPGADT7)
BD-AtEH1(+CC)
(pGBKTT)

AD-NPH35744A
(pPGADTT)
BD-AtEH1(-CC)
(pGBKT7)
AD-NPH3S744A
(pGADT7)
BD-AtEH1(+CC)
(PGBKT7)

=
3
3

NPH3s744A

C

cC
TPLATE
AEH1-C
AIEH1+CC

AEH1-

AEH1+CC
NPH3 WT
+14-3-3 Q2

i
r
I
i
1
!
:

NPH3INPH3SI’4—4A BOkDa

AL
(pGADTT) i e
BD-14-3-3Q L ) 4 aMyc
(PGBKT7) 8 :

-

TPLATE ~130kDa  AtEH1+CC ~65kDa <
AtEH1-CC ~55kDa 14-3-30 ~30kDa g

Supplemental Fig. S 12. Yeast two-hybrid analysis of NPH3 variants with TPLATE and
AtEH1 (C-terminal truncated variants)

(A) Yeast two-hybrid growth assays to test interactions of NPH3 or NPH35744Awith TPLATE, AtEH1-CC, or
14-3-3Q on selective medium (SD-TLA). SD-TL plates serve as growth controls. No growth was observed,
except for the previously reported interaction of NPH3 and 14-3-3. (B) Negative controls with AD-NPH3 or
AD- NPH3S744A co-expressed with BD-empty vector. (C) Negative controls with AD-empty vector co-
expressed with BD-TPLATE or BD-AtEH1-CC/ BD-AtEH1+CC. (D) Immunoblot verification of prey (HA-
tagged NPH3/ NPH35744A) and bait (Myc-tagged TPLATE, AtEH1-CC, or 14-3-3Q) expression in yeast
extracts. aHA and aMyc antibodies were used for detection, Ponceau S (P.S) indicates loading. Colour coded
arrows indicate the protein sizes.
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Supplemental Fig. S 13. Phenotypic characterization of PIN3-GFP lines growth under light
conditions (Long Day)

(A) Primary root length of 7-day-old seedlings in Col-0 (#17-9, #19-1) or nph3-7 (#6-7, #8-6) backgrounds
measured using Fiji. Statistical analysis (Ordinary One-way ANOVA with Tukey’s multiple comparisons test,
p < 0.05) shows no significant differences among lines. Scale bar: 1 cm. (B) Petiole angle of 7-day-old
seedlings reflects genotype-specific differences, with nph3-7 mutants displaying the expected reduced
angle, consistent with previous reports (Sullivan et al., 2021). (C) Lateral root formation in 14-day-old
seedlings shows no detectable differences between genotypes.
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Supplemental Fig. S 14. Preliminary: NPH3 may be required for BFA body formation from
pre-existing pools of PIN3 in darkness

Representative confocal images from three-day-old, etiolated Arabidopsis thaliana seedlings (grown on half-
strength MS medium without sucrose supplementation) expressing pPIN3::PIN3:GFP(int) in Col-0 (#17-9)
or nph3-7 (#8-6). Seedlings were pretreated with 100 uM cycloheximide (CHX) for 1 h (and kept in darkness)
to inhibit de novo protein synthesis, followed by treatment with 100 uM CHX + 50 uM brefeldin A (BFA) and
maintained in darkness for 1h. For control conditions, DMSO was used instead. In Col-0, PIN3 accumulated
in intracellular BFA bodies under CHX + BFA treatment (white arrows), indicating that pre-existing PIN3 can
undergo BFA-sensitive trafficking in darkness. In contrast, nph3-7 seedlings failed to form BFA bodies under
the same conditions and instead displayed a diffuse or continuous plasma membrane periphery adjacent
PIN3:GFP signal (marked with a white brace), suggesting impaired entry of PIN3 into BFA-sensitive recycling
compartments. DMSO-treated controls showed comparable PIN3:GFP localization in both genotypes. Scale
bar: 25 ym. Experiments were repeated once, with approximately 3-5 seedlings analysed per condition.
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