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To the reader

At the beginning of my master thesis, two projects were proposed to me. As a result, my master
thesis involves two separate projects and, thus, two different chapters.
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Chapter I. Investigating the link between phase separation in RBP1 and its
response to stress

Abstract

Plant signaling responses can be triggered by diverse forms of abiotic stress, which are
increasingly escalated by climate change. Therefore, deciphering how plants perceive and react
to stress is becoming a highly necessary field of study. NtRBP1, a previously suggested to phase-
separate in heat stress glycine-rich protein, provides a possible link between stress response and
phase separation. The aim of my thesis was to investigate the properties of RBP1 that drive phase
separation in stress response, employing (i) an in silico approach to assess its phase separation
propensity and to identify possible post-translational modifications or disorder-to-order
substitutions that disturb biomolecular condensation, (ii) a site-directed mutagenesis approach
for the in vitro characterization of these predictions and (iii) a cell biology approach to uncover
how phase separation is functionally linked to stress response and how it affects subcellular
localization. My results showed that the predicted SUMOylation-deficient mutant RBP1%5°® did
not show strikingly different subcellular localization patterns during heat and cold stress, nor it
affected alternative splicing, but was successfully purified with RBP1 for further in vitro phase
separation experiments. Additionally, in silico disorder prediction tools highlighted its phase-
separation propensity and similarity to prion-like examples of amino acid composition. Finally,
substitutions that alter predicted disorder-to-order (RBP1Y11%) transition and phosphorylation site
conservation (RBP1'%F), showed irregular subcellular localization patterns both in room
temperature conditions and after heat stress, underlining the importance of further investigation
for their functional impact. Overall, my findings provide insights to how phase separation and
stress response are potentially linked, and highlight the importance of a more in-depth
investigation of structural and functional changes in RBP1.

Kedalato I. Atepelvnon tng oxeong tng RBP1 pe tnv aAAayn ¢daong oe
OUVORKEG KaTamovnong

MepiAndin

Ol pnxaviopol onuatodotnong twv GuTWV Pmopel va evepyomotnBoulv amnod Stapopes HopdEC
oBLoTikoV OTPEC, OL OTOLEG KALLOKWVOVTOL OAOEVA KOL TIEPLOCOTEPO OO TNV KALLOTIKN aAlayh. H
NtRBP1, pta mAolola o€ YAUKIVEG TIPpWTEIVN TTOU TPOoNYOUUEVWC ixe mpotaOel mwe mpoxwpd ot
aAAayn daong oe ouvOnKeg BEPULIKAG KATATIOVNONG, TPOTELVEL pLa TiBavr) ouvdeon HeTaL TG
amoKpLoNG 0 oUVONKeC Katamovnong kot oto ¢awvopevo alhayng ¢aong. O okomog Tng
SUMAWUATIKAC Hou gpyacioc Atav va Stepsuviow TG 8Lotnteg tng RBP1 mou mpowBolv tnv
aAlayn ddaong oe ouvBnkeg otpeg, akoAouBwvtag (i) pia BlomAnpodoplky TPOCEyyLoN, YO TNV
EKTINON TNG TAoNG Tpog aAlayr GAONG KOL TOV EVIOTLOMO TOOVWY HETA-UETOPPACTIKWV



TPOTIOTOLCEWY, AVIIKATAOTACEWV ] LOPLAKWY OAAAYyWV TTou 0dnyouv amo aotadbr os otabepn
doun kat Siatapdccouv tnv aAlayn ¢aong (ii) po mpoogyylon TPOKANCNC ONUELAKWY
METAAAGEEWV YLO TOV in Vitro Xapaktnplopo autwv Twv TpoPAéPewy kal (iii) plo mpoogyyion
KUTTOPLKNG BLoAoylog, ylo va EpEUVOW TIWE 0 SLaXWPLOUOG PACEWY CUVOEETAL AELTOUPYLKA UE
TNV AmoKpLon OTO OTPEC KAl TWG E€MNPEAlEL TOV UTIOKUTTOPLKO €VTOTOMO tng RBP1. Ta
amnoteAéopatd pou E8etfav OTLTo petdMaypa anwAetog coupoiAiwong RBP1K>R §ev mpokdAeoe
ONUAVTIKEC OSLOPOPEG OTOV UTIOKUTTOPLKO EVIOTIOUO Ot OUVONKeG Bepuikng kat Yuxpng
KOTATIOVNONG, OUTE EMNPEACE TO EVAAAOKTLKO HATIOUA, AAAG ammopovwOnke padl pe tnv RBP1 yua
METayevEaTepa in vitro melpapata. EmutAéov, BLOMANPodopLKEG AVAAUCELS UTIOYPAUULOAY TNV
taon ywa aAlayr ¢Aaong Kal tn opoloTNTA TNG OULWVOELKNG TNG ouoTacnG e pdwovs . TENoG,
UTIOKATAOTAOELG TIou Seiyvouv petdBaocn amd aoctadr oe otabepfi Soury (RBP1MMF) A kot
erumAéov ouvtnpnuéveg Béoelg pwodopuliwong (RBP1Y12F), é6eiav aocuvhBiota mpdtumna
UTTOKUTTOPLKOU €VTOTILOHOU o€ cuvBOnkeg Bepuokpaciag Swuatiou kat Bepuikng katamndvnong,
UTIoypaUpilovTag TNV avaykn yla TEPAITEPW OLEPEUVNON TNG AELTOUPYLKAG TOug emidpaonc.
JUVOAIKA, TOL OTTOTEAECUATA LOU TIAPEXOUV TIEPALTEPW TIANPOPOPLEC YLO TOV TPOTIO LIE TOV OTIOL0
cuvbovral Suvntika n oAhayr ¢aong Kal n armdkpLon 0To OTPEG, EVW UTIOYPOUUI{ouV Tn onuaacia
™¢ Babutepng Slepelivnong Twv SOULKWYV Kal AELToupyLlkwy aAlaywv tng RBP1.

Chapter Il. Unraveling the role of Kin7.3 in blue light signaling
Abstract

Blue light (BL) photoreceptors are necessary components of signaling processes in plants,
regulating the growth of plants to the most optimal position for survival and growth. Modern
vertical farms utilize light-emitting diode lights with customized light to maximize efficiency,
underlining the importance of deciphering the inner workings of BL response. My study aimed to
contribute to the understanding of how Kin 7.3, a motor-based microtubule protein that was
found to associate with BL photoreceptor PHOT]1, is involved in blue light (BL) induced signaling
response. Specifically, my thesis combined two approaches (i) genetic studies to explore the
impact and the mechanism of PHOT1- dependent response to BL and (ii) cell biology experiments
to study the effect of Kin7.3 on PHOT1 localization patterns and microtubule reorganization.
Results showed that loss-of-function mutants display insensitivity to BL-induced bending, which
poses a key phototropic response. Furthermore, PHOT1 distribution patterns at the plasma
membrane (PM) appeared altered by the lack of Kin7.3, with PHOT1-GFP to present increased
levels and retardation in internalization. Additionally, lack of Kin7.3 seems to affect microtubule
BL-induced organization, with microtubules showing resistance to revert from a longitudinal to
a transverse pattern of organization after BL-induced reorientation. Combined with experimental
evidence suggesting that Kin7.3 affects the phosphorylation status of PHOT1, these assays
collectively highlight Kin7.3 as a novel component of the PHOT1-dependent signaling.



KedpaAato Il. O podocg tne Kwveoivng 7.3 otnv amokpLon oTo UTAE
Pwg
MepiAndin

Ol pwtolmodoyxeig umAe pwtog eival amapaitntol yia Tig Stadikaocieg onuoatodotnong ota Gputa,

puBpuilovtog TNV avantuén Twv GUTWV yLa va eTITUYXAavouv T BéAtiotn Béon ywa emBiwon Kot
avamntuén. Iuyxpoveg ¢GAPUEG TAPAYWYNAC XPNOLUOTIOLOUV CUCKEUEC EKTOUTHG GWTOG LE
TMPOCOPUOCUEVO dwWC yla peyloTonmoinon tng anddoong, umoypaupilovtag tn onpacia tng
anokpunrtoypddnong Tou pnxoviacuol omokplong oto UmAe ¢ws. H moapovoa SUTAWUATLKN
gpyaocia otoxePe oto va CGUUPBAAEL OTNV KATOVONGN TOU TPOTIOU HE Tov omolo n Kwveoivn 7.3, pa
MPWTEIVN TOU KLWElTalL MAVW OTOUC ULKPOOWANViokoug, PpEBnke va oOxetletal e TOV
dwrtolmodoyéa tou pmie pwtog Gwrotpomivn 1 (PHOTL). Zuykekpluéva, n SUMAWUATIKA HOU
gpyaocia ouvdloaoe 6U0 mpooeyyioelg (i) yEVETIKEC LEAETEG yLa VA SLEPEVUVHOEL TOV QVTIKTUTTIO Kall
TOV UNXQVLOUO TG anokplong tng Gwtotportivng 1 oto pre dwg Ko (ii) melpauata KUTTAPLIKAG
Bloloyiag, yla va peletrosl tny enidpacn tng Kwveoivng 7.3 ota mPOTUTIa KUTTAPLKOU EVIOTILOUOU
¢ Qwrtotportivng 1 Kal Thv avadlopyavwon Twv HKpoowAnviokwv. Ta amoteAéopata £6et€av
OTL OL GUTIKEG OELPEG e HETAAAAEELC amwAELOC AstToupyilag Sev KAUMOVTaL 0TO UMAE ¢wg, Tou
anotelel Baoik GWTOTPOTIKA AMOKPLON TwWV GUTWV. EmumAéov, Ta MPOTUTO KATOVOUNG TNG
Qwrtotporivng 1 otnv KuTTapLkA HEUPBpavN mapatnpnOnkayv ennpeacpéva amnod tnv EAAePn tng
Kweoivng 7.3 oe dutikég oslpég PHOT1-GFP, mapouactdlovrog avénpéva enineda ékppacng otnv
TMAQOUATLKA HepBpdavn kal miBavn kabuotépnon otnv evdokUtwaon tou urtodoxéa. EmumAéoy, n
£Mewn tne Kiveoivng dpaivetal va emnpedlel Tnv avadlopyavwaon TwV UKPOOWANVIOKWY O& UTTAE
dwe, wote va punv emovadEpovral and eva SLapnkn og £vo eYyKAPoLo TTPOTUTIO 0pyAVWaONG TTou
TipokaAsital amno to unie pwc. e cUVSUACHO LE TIELPAUATIKA oToLXela TTou uTtoSnAwvouy OTL N
Kweolvn 7.3 emnpedlet tnv dwodopuAiwon tng Puwtotpomivng 1, ta amoteAéoparta
ovadelkviouv GUANNOYLIKA TNV cuppetox tng Kweoivn 7.3 otnv onpatodotnong pEow TNG
Quwrtotporivng 1.
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Introduction -Chapter |

Biomolecular condensates -definition matters

Compartmentalization in biological systems is a key point in the spatiotemporal organization of
signaling and has long been conventionally linked to membrane-bound organelles. Mitochondria,
for example, contain a chemical environment necessary to make ATP!, and lysosomes carry
components necessary for the destruction of other proteins.>®> However, cells also harbor
organelles that lack a delimiting membrane, held together via weak interactions between
components and in a highly dynamic organizational state.*> Hence, further sub-division and a local
organization are established via non-membrane-bounded supramolecular assemblies, highly
diverse in their physical properties, molecular compositions, subcellular locations, and functions
-also known as Biomolecular Condensates.® They are reported to be composed of proteins, nucleic
acids, and other molecular components within the nucleus (e.g., nucleolus, nuclear speckles) and
the cytosol [e.g., stress granules (SGs), processing bodies, the centriole],” ranging in size from 20
nm (interchromatin granules) up to 1-6 um (P granules) in diameter.®° The protein components
of condensates have been classified as either scaffold, which have been defined as the proteins
that drive reversible condensate formation, or clients, proteins that preferentially partition into

condensates.!%!

Liquid-liquid phase separation -the ‘hows’ and the ‘whys’

Active formation and dissolution of these condensates are employed through liquid-liquid phase
separation (LLPS) for many functions, such as stress response due to environmental stimuli®*?,
regulation of gene expression?3, or control of signal transduction.’*> Key parameters of LLPS are
the concentrations of the molecular components (Figure 1A), the valency, and strength of
interaction between molecules, the starting nucleation or seeding event (the biomolecular origin
of LLPS) and changes due to environmental parameters such as ionic strength and pH, or
thermodynamic parameters such as changes in temperature.’® When solutions
of macromolecules undergo LLPS, they condense into a dense phase that often resembles liquid
droplets, and this dense phase coexists with a dilute phase (Figure 1B).Y” LLPS is driven through
the exchange of macromolecule/water interactions for macromolecule/macromolecule and

water/water interactions, under conditions that make this exchange energetically favorable.®

Non-strictly liquid -the space between us

Even though these biomolecular condensates are often referred to as liquids, some can also be
solid, a liquid—gel, a solid—gel, a crystalline—solid, a semi-crystalline—solid, or liquid—crystalline,
depending on local spatial ordering and preferred intermolecular orientations (Figure 1C). These
two latter factors arise from hierarchies of interactions with different spatial extents and
directional preferences, such as long-range electrostatics, multipolar interactions, hydrogen
bonds, forces, and short-range interactions involving pi-systems®*, on which multiple bioinformatic


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/macromolecule

tools base their phase-separation prediction algorithms.'® Multivalency can play an important role
in three different conformations: (i) folded proteins, with well-defined interaction surfaces, can
form oligomers with stereospecific interactions; (ii) folded domains can be associated through

flexible linkers to generate linear multivalent proteins and (iii) intrinsically disordered regions
4,17,19

(IDRs) can serve as scaffolds for multiple, specific linear motifs.
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Figure 1. (A) Phase separation depends on multiple factors, including concentration, ionic strength, pH, macromolecular
interactions and temperature?®, (B) Interchanging between a droplet and a dilute phase, which applies to droplets inside
the nucleus and the cytoplasm?’, (C) Terminology and examples of biomolecular condensates, with liquid-liquid and
liquid-solid considered most important for phase separation in biological systems.1?

Truths and lies about IDRs

Traditionally, IDRs were considered to be passive segments in protein sequences that served as
“links” for structured domains. However, it is now well established that IDRs can actively
participate in diverse processes mediated by proteins.?’ IDRs affect the ability of proteins to fold
into stable tertiary structures under physiological conditions, thus enabling them to swiftly
interconvert between distinct conformations to serve their biological function.?! A very recent
study about Covid-19 underlines the biological implications of IDRs in LLPS, reporting that SARS-
CoV-2 nucleocapsid (N) protein binds to the SG proteins such as GTPase-activating protein-binding
proteins 1 and 2 (G3BP1/2), undergoing LLPS through its N-terminal intrinsically disordered region
(IDR) with G3BP1 into SGs. 22 In terms of amino acid composition, IDRs often do not have many
aromatic and aliphatic amino acids, which typically compose the core of folded domains, and do
not adopt a single folded structure for the optimal single low-energy state. Instead, they could be
punctuated by serine, glutamine, asparagine, and glycine (where glycine is counted with polar
residues, because its properties are dominated by its polar backbone in the context of a protein),
which phase separate homotypically in vitro.”® These proteins assert a range of conformations

with similar energies, determined by the primary sequence of the IDR.?*2¢



The importance of motifs -the case of RGG/RG

Arginine is a positively charged residue known to mediate hydrogen bonding and amino-aromatic
interactions, and it is frequently found in protein motifs.2’ RGG motif and repeats are often
clustered together with RG amino acids, implying that they may represent a single RGG/RG motif.
RGG/RG repeats are usually found in three region types; low complexity regions, intrinsically
disordered regions (IDRs) composed mainly of limited amino acid variation, or as part of
intrinsically disordered proteins (IDPs).?® The glycines in RGG/RG motifs likely contribute to the
conformational flexibility for employing local structural elements necessary for RNA binding, also
through pi-stacking with the peptide bond.?*-3! RGG/RG repeats have also been shown to mediate
protein-protein interactions and to be crucial for the recruitment of proteins to multiple types of
membrane-less organelles or biological condensate.3*3* Arginine and glycine provide unique
properties to associate with phase separation 3°, both having the potential to form long-range pi-
pi stacking interactions, an interaction module that can be used to predict phase separation
propensity.3*

Sequence- it’s not always bad to be 2D

Despite little conservation in amino acid sequence alignments, IDRs share sequence-distributed
molecular features, such as biophysical properties, repeats, and short linear motifs, likely due to
natural selection and linked to biological importance.?®3’ Every different protein conformation, as
a result of the IDR domain, can result in specific binding activities and properties for its partner.®
Approximately two-thirds of IDRs structurally solved adopt a distinct secondary structure,
without excluding that some surfaces retain flexibility of dynamism, even when bound.*®*
Perturbations of conditions that affect cell state can modulate the optimal conformation, thus
indirectly control protein-protein interactions without the direct mode of conventional

interfacing, shown through various examples.*>™*

Proteins and RNA- the value of bonding

Protein-protein networks are dynamic, organized into functional nodes or hubs.** In humans,
approximately 30% of these hubs contain RNA-binding proteins (RBPs), which in turn contain
disordered motifs.*® The formation of these hubs is highly correlated with IDRs in proteins.*’” One
potential function of biomolecular condensates is RNA synthesis, processing, metabolism,
expression, and silencing in different subcellular locations, mediated at least in part by RNA
Binding Proteins (RBPs) contained within them.%*5! RNA-binding proteins (RBPs) are essential
chaperones that interact with RNA via one or multiple globular RNA-binding domains
(RBDs).>2 RBPs are important regulators of all steps of the mRNA life cycle, such as transcription,
pre-mRNA processing, localization, translation, and decay, therefore highly impacting gene
expression patterns. This, in turn, can affect cell fate determination, tissue identity, and organism
development®3, since specific RBPs that harbor mutations are reported to cause severe
phenotypes or lethality.> The functional characteristics of RBPs indicate that a variety of RNA-
binding domains (RBDs) facilitate direct interactions between RBPs and their target mRNAs.>®



RRM -thinking inside the box

RBDs include various motifs, such as the RNA recognition motif [RRM, also known as RBD or
ribonucleoprotein (RNP) domain], the hnRNP K homology (KH) domain, the zinc finger motif, the
pentatricopeptide repeat (PPR) motif, Asp-Glu-Ala-Asp (DEAD) boxes, Pumilio/FBF (PUF) domains,
and the double-stranded RNA binding domain (dsRBD).*° The RRM was originally reported in
the late 1980s, when it was shown that mRNA precursors (pre-mRNA) and heterogeneous nuclear
RNAs (hnRNAs) constantly form complexes with proteins ®, an abundant motif in all life kingdoms,
mainly in eukaryotes but also found in prokaryotes and viruses.’? The RRM domain is
approximately 90 amino acids in length, harboring a central, conserved sequence of eight residues
consisting of mainly aromatic and positively charged amino acids, specifically Lys/Arg-Gly-
Phe/Tyr-Gly/Ala-Phe/Tyr-Val/lle/Leu-X-Phe/Tyr, where X can be any amino acid.’*®® Further
studies revealed another, less conserved consensus sequence, lle/Val/Leu-Phe/Tyr-lle/Val/Leu-X-
Asn-Leu, establishing these different motifs as RNP1 and RNP2, respectively.®* RRM folds into four
- strands and two a-helices, while the surface area of the B-sheet is responsible for the RNA
interaction. The P1 strand contains the conserved hexapeptide RNP2 (ribonucleoprotein
consensus sequence 2) and the B3 strands the highly conserved octapeptide RNP1.%

GRPs -Rich but in Glycine

Glycine-rich proteins (GRPs) are involved in abiotic and biotic stress response, distinguished by
their high glycine content (up to 70%), with repetitive amino acid distributed motifs.® GRP-
encoding genes are commonly found in many eukaryotic species.®’” Glycine-rich GRP-1 from
Petunia hybrida was the first identified protein of this superfamily, with 252 out of 384 total amino
acids glycine residues. The highly variable expression and subcellular localization patterns of these
GRPs indicate that these proteins are main actors in various physiological processes, not just cell
wall plasticity as they were originally described. *>®® Based on domain features, the GRPs can be

GRP classes Characteristic features

Class | Signal peptide followed by high glycine-content region with
(GGX), repeats

Class Il Signal peptide and presence of a characteristic cysteine-rich

C-terminal domain

Class Il Signal peptide and contain lower glycine content (in
comparison to other GRPs classes), the oleosin domain is the
signature motif for their sub-group

Class IV RNA-binding GRPs, glycine-rich domain with
RNA-recognition motif (RRM) or a cold shock domain (CSD),
CCHC zinc-fingers might be also present in their structure,
four sub-groups: (IVa) RRM motif besides the glycine-rich
domain, (IVb) single RRM and CCHC zinc-finger motif, (IVc)
cold shock domain and two or even more zinc-fingers, (IVd)
two RRM motifs

Class V Signal peptide followed by GGX/GXGX motif or only
GGX/GXGX motif without signal peptide

Figure 2. Summary of glycine-rich protein classes, based on their structural properties. Reprinted by Czolpinska, M. and
Rurek, M. %8


https://www.frontiersin.org/people/u/483874

divided into five classes ®, although others differentiate them into four.®” Class I-Ill GRPs share
typical N-terminal signal peptides, although featuring different motifs in their glycine-rich
domains. Class IV of GRPs feature nucleic acid-binding domains, most of which are RNA-binding
domains.” Specifically, the RRM in Class IV functions in transcription and post-transcriptional
modifications, thereby regulating multiple metabolic pathways.5>’! A different set of GRPs with a
high glycine content but mixed patterns of repeats from eucalyptus’?> and other genomes
proposes the introduction of a new class of GRPs (Class V) (Figure 2).

Post-translational modifications -Lost in post-translation

Post Translational Modifications (PTMs) modulate critical biological processes such as protein
signaling, localization, and degradation’®, characterized as additions of functional groups (e.g.,
phosphoryl, methyl, acyl, glycosyl, alkyl, etc.) or subtler chemical changes such as oxidation,
deimidation, and deamidation that alter the physical or chemical properties of amino acids.”
Arginine methylation and serine, tyrosine, and serine/threonine phosphorylation are the most
well-studied PTMs that adjust phase separation of RBPs. Arginine methylation impairs phase
separation by reducing cation—pi interactions between arginine and aromatic amino acids.**7>7®
Other PTMs, including PARylation, ubiquitination, lysine acetylation, SUMOylation (from SUMO,
Small Ubiquitin-related Modifier), and O-linked GlcNAcylation have been linked to phase

separation in other proteins and may also impact RBPs.677.78

SUMO -wrestling inside the cell

SUMO is reportedly involved in regulating a wide variety of proteins in many pathways and it can
regulate protein function beyond degradation.”®# Proteomic studies have identified more than
1000 target proteins in the Arabidopsis proteome, shedding light on the pivotal role of this PTM.5!
In plants, SUMO has been linked to various biological processes, such as DNA repair, chromatin
modification/remodeling, transcriptional regulation, RNA metabolism, growth, flowering, light

@ SUMO E1 E2 E3/E4

POOL SAE1/2 SCE1 Siz1

MMS21(HPY2)
PIAL1/2

Figure 3. Simplified representation of the SUMO machinery and cycle. SUMO modules (S) are activated by the E1 enzyme
SAE1/2 heterodimer, by hydrolyzing ATP. SUMO is transferred to the E2 enzyme SCE1, enabling target protein (T)
recognition together with the E3 enzyme. The SUMOylated target protein is post-translationally modified, but can also
be reversely modified by deSUMOylating proteases (DSP). Detached SUMO re-enters the SUMO pool of the cell. SAE1/2,
SCE1, SIZ1, MMS21 and PIAL1/2 stand for the Arabidopsis homologs of the SUMO conjugation enzymes and OTS1, ASP1
for DSPs. Adapted from Zeilder. 89



signaling, abiotic stress responses, and responses to pathogen infection.®288 SUMO-specific
enzymes attach SUMO enzymes in an ATP-dependent manner, commencing an enzymatic
cascade that resembles ubiquitylation.®® Approximately 60% of Arabidopsis proteins share the
SUMO consensus motif (cKxE/D; c a large hydrophobic amino acid residue; K, the acceptor lysine;
X, any amino acid; E/D, glutamate or aspartate), although multiple targets identified in proteomics
studies were SUMOylated at non-consensus sites.®!

SUMO -inside or outside the nucleus ‘ring’

Insights into biomolecular condensates suggest that SUMO’s ability to facilitate protein-protein
interactions can contribute to phase separation®, while also data from modeling SUMO:SIM
(SUMO Interacting Motif) interactions in engineered proteins present the sufficiency of this PTM
for driving phase separation in vitro.!* Promyelotic leukemia (PML) nuclear bodies (NBs), for
example, are an archetype of membrane-less organelles that concentrate proteins at shell-like
structures within the nucleus, thought to be followed by multivalent SUMO-SIM interactions of
the PML scaffold and partner proteins, thus forming biomolecular condensates.?>*! Cytoplasmic
SUMOylation of a target protein may also inhibit its nuclear import. For example, in the case of c-
Myb (transcription factor), cytosolic c-Myb is found solely SUMOylated, while nuclear-localized c-
Myb is found in unmodified form.?? In another example, the transcription factor ATF7 is regulated
by SUMOylation and presents subtle effects in the rates of nuclear import.*®

Alternative splicing -it’s ok to be different

The regulation of alternative splicing (AS) of thousands of genes plays a central role in
determining the phenotype of a cell. During splicing, 5' and 3’ splice sites, serving as borders of
introns in a pre-mRNAs, coupled with the branch site (a consensus sequence residing near the 3’
splice site) are recognized by various proteins associated with well-characterized noncoding RNAs
(Uridine-rich small nuclear RNAs or snRNAs). The spliceosome, a large molecular complex, is
assembled sequentially by five small nuclear ribonucleoproteins (snRNPs) (U1, U2, U4, U5, and
U6) and their associated proteins (snRNP).”> Amongst the developmental and physiological
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Figure 4. IDPs collaborate with AS and PTMs to produce an IDP-AS-PTM toolkit. This proposed toolkit is valuable in
complex context-dependent cell signaling and regulation. Reprinted from Zhou et. al. 100



strategies that plants employ to retain their developmental plasticity and respond to diverse
conditions, AS produces multiple mRNAs from the same gene, through the variable selection of
splice sites or retention of introns during precursor-mRNA (pre-mRNA) splicing.®* The proteomic-
mediated identification of RBPs as the predominant group among SUMO conjugation targets
underlines the importance of this PTM at distinct steps of mMRNA metabolism.®® Combined with
the phase-separation propensity of IDRs and SUMOylation, AS could be linked in a wider IDP-AS-
PTM system that addresses the complexity of cell sighaling and regulation (Figure 4).%’

AtGRP7 -slavery is not dead yet

Regulation of AS in different cell types and under different conditions depends on sequence
elements in pre-mRNAs and the interactions of RBPs, which differentiate in terms of
concentration and activity.”* There is no simple division of positive and negative splicing
regulators, as this behavior frequently depends on the location of the binding site relative to the
regulated exon, or even the protein levels of specific RBPs. A prime example of the latter, AtGRP7,
is a GR-RBP that autoregulates its expression and plays a key role in splice site selection within
the AtGRPS8 transcript, favoring the production of an alternatively spliced, unstable transcript.®®
By forming a negative feedback circuit, AtGRP7 undergoes circadian oscillations, proposing a

|ll

“slave” oscillator in Arabidopsis that receives temporal information from a central “master”

oscillator, retains the rhythmicity by negative feedback, and feeds it to the output pathway by
regulating a subset of clock-controlled transcripts. ° AtGRP7 has been extensively studied for its

functional impact on various processes, such as abiotic’?®12 bjotic response!®

98,99,104

, regulation of
circadian rhythm , but also post-translational modifications responsible for its effect on AS
via the RALF1-FER pathway.® FERONIA (FER) is a receptor-like kinase (RLK) that functions as a
versatile signaling receptor for the rapid alkalinization factor (RALF) peptides (e.g., RALF1 and
RALF23). FER binds to RALF and becomes autophosphorylated, acting in an inhibitory manner for
the plasma membrane H*-ATPase activity, increasing apoplastic pH, and reducing cell
elongation.'% The phosphorylation AtGRP7 by RALF1-FER signaling alters the RNA binding ability
of AtGRP7 and results in changes to AS patterns.

GR-RBP1 and AtGRP7- we’re more alike than you think

Nicotiana tabacum GR-RBP1 is highly similar to AtGRP7, a ~16 kDa protein that contains an RRM
domain (85 residues), followed by a glycine-rich region of roughly the same length.'%” Sequence
alignment shows that NtGR-RBP1 is highly conserved, with orthologous in Arabidopsis and Zea
mays sharing 76% and 73% amino acid identity, respectively, and ~40% homology evident to its
mouse, human, and bacterial counterpart (Figure 5). Similarly to the involvement of AtGRP7 in
stress responses, the levels of Nt-RBP1 mRNA were found upregulated in response to cold stress,
modulated in salt stress, while wounding caused no apparent effect.’®® Also, NtGR-RBP1 was
reported as an RNA chaperone in melting nucleic acid assays 7, thus a protein that instructs the
proper folding of the misfolded target RNAs and further rescues the translation under cold
stress. 10°
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GR region -1 want to break free

The glycine-rich region of NtRBP1 appears to mediate intermolecular self-association with the
RRM domain, while NMR RRM resonances are severely broadened and displaced in the context
of full-length NtGR-RBP1.1%7 This proposes a continuous interchange between free and GR-bound
states of the RRM domain, with the GR region exchanging conformations in between a fully
unfolded and a structured polypeptide, akin to a molten globule. A small number of arginines
distributed within the GR sequence raises the question of whether they could be considered as
RGG/RG motifs and, thus, affect the conformational properties of RBP1 in this context-dependent
manner. A similar percentage of tyrosines (Y) in the GR tail with arginines (R) proposes an
additional type of region, the GYR region.'%” Studies of AtGR-RBP7 nuclear localization show that
the GR region facilitates transportin-mediated nuclear import!°, which could also be functionally
applied for the proposed GYR region of NtGR-RBP1.



Aim of study -Chapter |

The aim of my thesis was to investigate the link between phase separation and stress response
in RBP1. This work is built on preliminary results from Dr. Moschou’s lab, suggesting that RBP1
shows phase-separation properties in heat stress. However, the mechanisms that promote phase
separation remain elusive. Therefore, | followed:

(i) an in silico approach to predict phase-separation propensity and possible alterations
in RBP1

(ii) an in vitro site directed mutagenesis approach to apply the predicted in silico changes

(iii) a cell biology approach to assess the functional and subcellular localization impact of

mutated RBP1



Results -Chapter |

Previous work in Dr. Moschou’s lab generated transgenic N.tabacum RBP1 (overexpressors
35S::RBP1) and knockout (CRISPR) lines and characterized their phenotypes in growth and abiotic
response. Overexpression lines of RBP1 show a ‘greener’ phenotype and early flowering
(unpublished data and Karapidaki'!?). NtRBP1 is phylogenetically related to the Arabidopsis cold-
stress response related GRP7 protein, with a high degree of homology according to Clustalw?!?
(Figure 6A), pointing to its possible involvement in mediating stress response. Preliminary results
of fluorescently tagged, transiently expressed in N.benthamiana 35S::GFP-RBP1 showed that
RBP1’s function is possibly regulated through phase separation (Figure 6B). It was also
demonstrated that RBP1 relocalized more prominently to the inside of the nucleus upon stress
responses (unpublished data). Phase separation of proteins is often linked to PTMs that might
change their material properties and/or interaction partners.”> SUMOylation is a prominent
biological mechanism in protein regulation, while several examples pointing to its impact in phase
transitions of proteins.?

By assessing these previous observations and based on existing literature on phase separation, |
aimed to investigate whether this PTM is involved in the phase separation properties of RBP1. By
implementing the SUMOylation prediction tool SUMOgo!*3, | discovered NtRBP1 Lysine 55 as a
putative site of possible SUMOylation (Figure6A). However, it is important to note that Lysine 58
was also predicted as the second most probable putative SUMOylation site (out of two results),
albeit with a much lower score (K58=0.16 versus K55=0.44). Therefore, | decided to follow a
targeted mutagenesis approach on NtRBP1, by selecting K55R as a possible candidate for
SUMOylation and investigate its possible effect in phase separation inhibition or negation of
nuclear localization.

To investigate the effect of K55R, | performed site-directed mutagenesis (Supplemental figures,
S1A), introducing a point mutation in position 55 and substituting Lysine with Arginine, which
creates a ‘SUMO-dead’ mutant due to the lysine-to-arginine conservative substitution.!'*
Afterwards, | transiently expressed in N.benthamiana epidermal leaves fluorescently labeled
35S::GFP-RBP1 and 35S::GFP-RBP1%*°® and compared their localization patterns by confocal
imaging at 96h post-infiltration (Figure 6C), with the valuable help of Dr. Moschou in the imaging
capturing process. First, we observed that, when samples were exposed to room temperature
(RT) conditions, both GFP-RBP1 and GFP-RBP1%**® showed droplet formation in leaf epidermal
cells, possibly due to mechanical stress by the placement of coverslip above the specimen (Figure
6C, top). Supportive evidence of this finding was the time course experiments analysis by
collaborators, which showed RBP1 droplet formation induced by mechanical stress. Collectively,
these data suggest that RBP1 might be involved in a wider spectrum of stress-related responses.
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Next, we found that heat stress treatment (37°C, 30min) induced the formation of ring-like GFP-
NtRBP1 structures (Figure 6C, upper middle), reminiscent of ER-PM contact sites.!® Major
differences were not distinguished regarding the formation of the ring-like structure between WT
and RBP1*°®R However, we found that GFP-RBP1 formed prominent condensates inside the
nucleus (Figure 6C, left lower middle). Additionally, we came across an uneven pattern of GFP-
RBP1*>°R huclear distribution (Figure 6C, right lower middle). Since stress response is a well-known
trait of homologous AtGRP7*'%, we also tested how GFP-RBP1 and GFP- RBP1*°°f respond to stress.
Results show that cold stress promotes ring-like structure formation of GFP-RBP1, with some
mesh-like array points that could reflect a possible association with Golgi apparatus®*’(Figure 6C,
bottom left). Interestingly, we observed more pronounced droplet formation in GFP-RBP1**°R,
especially close to the PM (Figure 6C, bottom right).

To discover the effect of RBP1 in transcriptome regulation, RNA-seq analysis was previously
performed in Dr. Moschou’s lab using the overexpressors and CRISPR RBP1 lines (unpublished
data, Dr. Moschou’s lab). Results showed that RBP1 is involved in AS, particularly favoring 3’ splice
sites. Since RBP1*>*f seems to affect protein propensity for phase separation to some degree, my
next goal was to investigate whether K55R affects RBP1 function in alternative splicing. Thereby,
| performed a ratiometric assay by employing a splicing probe that was designed inside the lab
(Supplemental Figures, S1B). The design is based on the exon skipping properties of PTB3 with a
substrate, namely PSP in design, featuring a GFP-tag and an RFP-tag flanking PSP on the left and
right border, respectively. PSP contains an exon (exon2) with a stop codon that, when it is
alternatively spliced, promotes the expression of RFP-tag and the diminution of the GFP signal
compared to the complete absence of alternative factors, due to partial alternative splicing. Thus,
ratiometric calculation of the two fluorescent tags is predicted to indicate the exon-skipping levels
in the cells.

Using the aforementioned splicing probe, | performed a similar experiment using PTB3, GRP7
(both known to be involved in alternative splicing, albeit in specific conditions) 18 RBP1,
RBP1*°F and empty Agrobacterium (GV3101) as a negative control. Then, | compared the effect
of RBP1 and RBP1**? in alternative splicing. My results showed that the presence of these
constructs caused statistically significant differences in the RFP/GFP ratio compared to the
negative control GV3101, illustrating that both RBP1 and RBP1***} can induce exon skipping
(Figure 6D & Supplemental Figures, S1C). Yet, RBP1*>*f appears to promote alternative splicing
similarly to RBP1. Collectively, to test the effects of the splicing probe, further repeats of this assay
are necessary for more clear conclusions.

To show that a protein can phase separate, it isimportant to perform further in vitro experiments
based on literature guidelines.'® Therefore, | purified recombinant RBP1 and RBP1***R from
bacterial cultures, useful for future in vitro phase separation assays. In further detail, | inserted
RBP1 and RBP1**F into a PGAT4 vector (T7 promoter), suitable for bacterial expression, and
performed Immobilized Metal Affinity Chromatography (IMAC) using Ni beads. Both constructs
were expressed in E.coli cultures and induction of protein expression with IPTG was initiated at
0D~0.6, in 28°C for 3 h. SDS-page showed that RBP1 (Figure 6E) and RBP1%5°} (Supplemental
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Figures, S1D) were both located in the supernatant soluble fraction and were successfully eluted
(E2,E3) in large quantities and good levels of purity. When expressed in bacterial cells, RBP1
showed an unexpected electrophoretic shift to higher molecular weight (~¥22kDa instead of
16kDa), possibly due to the high Glycine content that interferes with SDS mediated
denaturation.’® Future experiments will involve the analysis of single protein RBP1 and RBP1***R
properties in presence of different buffer conditions, following recent protocols established in the
lab.

Although the structural information of whole protein is still elusive, the RNA-binding domain of
N. tabacum RBP1 has been characterized through NMR analysis before!?” and the K55 resides
inside this domain (Figure 7A, top). Further structural characterization is inhibited by the
intrinsically disordered glycine-rich domain at the tail region of RBP1. To gain further insight on
RBP1 structure and function, | performed in silico analysis of phase separation predictions for
RBP1. Pi-pi interactions between (but not strictly) aromatic rings are important for promoting
phase separation!® and Pi-pi prediction tool*® places the glycine-rich region of RBP1 above the
threshold P score, highlighting the intrinsically disordered propensities of the protein (Figure 7A,
upper left). Protein state diagram prediction by CIDER*?! places RBP1 close to the Janus sequences
area, further supporting in silico predictions that RBP1 phase separates (Figure 7A, middle). A
comparative analysis of RBP1 amino acid sequence with prion-like proteins or domains shows that
RBP1 shares a composition bias similar to prion-like proteins (Figure 7, bottom). Taken together,
these results support the intrinsically disordered properties of RBP1 by sequence and amino acid
group analysis, which could drive phase separation and its specific functions in stress.

Another useful disorder prediction tool is PONDR, which functioned as the first tool designed
specifically for the prediction of protein disorder.’?? Substitution of Tyrosine (Y) with
Phenylalanine (F) appeared to change the disorder status of the protein in position 114 (Figure
7C, square) and 129 (Supplemental Figures, S1E,F). Based on such IDR predictions, | introduced
two single, individual conservative mutations of Tyrosine (Y) to Phenylalanine (F) at the positions
Y114 and Y129 (Figure 6A), expected to alter the IDR properties of RBP1 and aimed to examine its
effects on phase separation. Interestingly, a recent paper showed that GRP7, the close homolog
of RBP1 in A.thaliana is activated through its phosphorylation by the receptor kinase FERONIA at
the position $139'%, while Y129 of RBP1 is located in a conserved position with GRP7-5139.
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Following the same point-mutation pipeline for K55R, | investigated the localization patterns of
RBP1Y1% and RBP1Y1%F by transient expression in N.benthamiana and confocal microscopy. Both
mutants showed nuclear localization in RT (Figure 7D, top). Concerning the GFP-RBP1"'*F mutant,
heat stress produced more concentrated ring-like structures (Figure D, left upper middle),
homogenous distribution in the nuclear compartment (absence of puncta) (Figure 7D, left lower
middle), and irregular aggregates (Figure 7D, bottom left). The aggregates were observed in some,
but not all samples and could be related to the disorder-to-order transition of droplets to their
stabilization to aggregates.’?® Our analysis also showed that, while the RBP1 and K55R mutant
presented nuclear localization (Figure 7C) in RT and ring-like structures during heat stress, the
RBP1Y1%F presented ring-like structures in RT (Figure 7, right upper middle). Additionally, following
heat stress, we observed a mostly cytoplasmic localization of the GFP-RBP1Y12%F, with few droplets
dispersed inside the leaf pavement cells (Figure 7D, bottom right). A more uniform distribution
(fewer puncta) of GFP- RBP1"12%F was observed inside the nucleus (Figure 7C, right lower middle).

Overall, we conclude that the GFP-RBP1'* and GFP-RBP1'?*" mutants present distinct
localization patterns in RT and stress response conditions, possing questions about the specific
impact of these substitutions in RBP1 function. For instance, the impact of these substitutions in
the role of RBP1 in alternative splicing is highly relevant for future studies. Despite results
suggesting that RBP1 is a general stress response protein in comparison to cold-stress related
GRP7, more experiments are necessary to elucidate the functional role, the phase separation
properties, and the effect of PTMs regarding RBP1.
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Discussion

Plant stress responses are comprised of molecular and cellular processes that are triggered by
diverse forms of stress and limit the distribution, growth, and development of plants.??* Regarding
the adverse effects of abiotic stresses, exacerbation of stress parameters due to climate change
is predicted to lead to an increased frequency.'”® Unraveling the roles and functions of stress
response proteins is becoming a more and more necessary field of study and RBP1 is involved in
a seemingly wide spectrum of stress stimuli. AtGRP7, also known for showing increased
expression induced by cold stress, is a close homolog of NtRBP1 (Figure 6A). In N. tabacum,
transgenic lines of 35S::RBP1 and CRISPR rbpl lines show a ‘greener’ phenotype and early
flowering, the latter of which is an indicator of stress.'?® Preliminary results in Dr. Moschou’s lab
have shown more nuclear localization of RBP1 during heat stress, while also transient expression
of GFP-fused RBP1 displays droplet formation as a general response to stress stimuli (Figure 6B).

PTMs, especially SUMOylation, are reportedly involved in phase separation.” RBP1 K55 was
selected according to the results obtained by the in silico prediction tool SUMOgo*** and GFP-
RBP1 and GFP-RBP1'*>® were investigated side-by-side by performing site-directed mutagenesis.
Transient expression of these two constructs did not show major differences in the subcellular
distribution in RT (Figure 6C, top), but heat stress produced ring-like structures (Figure 6C, upper-
middle) and seemed to favor GFP-RBP1 nuclear distribution compared to uneven GFP-RBP1%>5}
distribution inside the nucleus (Figure 6C, lower middle).

In contrast, cold stress produced the same ring-like structures in GFP-RBP1 (Figure 6C, bottom
left) and induced droplet formation in GFP-RBP1*>*f, RBP1¥5>® was able to show liquid-liquid phase
separation properties through droplet formation during cold stress, which is contradictive to the
temperature-dependent threshold that usually favors higher temperatures for phase separation
of proteins. However, a possible interactor that associates with RBP1 more optimally during cold
stress could be responsible for droplet formation or due to cytoplasmic immediate rise in cytosolic
free calcium concentration ([Ca2+]cyt)!?” that impacts droplet formation due to electrostatic
forces. Further examination is required to distinguish between the effect of this substitution in a
cell biology aspect and temperature effects in phase separation properties of a protein that is
homologous to cold-induced GRP7. Furthermore, mass spectrometry analysis is in progress, to
give some insight into possible interactors of RBP1.

RNA-seq analysis from Dr. Moschou’s lab has shown that RBP1 is probably involved in AS,
especially favoring the 3’ splice site (unpublished data). By using the splicing probe that was
previously designed in Dr. Moschou’s lab, | chose a ratiometric analysis focusing on the alternative
splicing effect of RBP1 and RBP1*°°F, Both proteins seemed to promote alternative splicing in a
significantly different manner than negative control GV3011 (Figure 6D), while PTB3 and GRP7
were not found significantly altered. However, PTB3 has been previously found not to show major
AS regulatory function compared to splicing factors PTB1 and PTB2.1'® GRP7 was reported to
promote AS in response to RALF1-FERONIA complex activation, thereby the type of abiotic stress

might not produce the same impact in AS.1%
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Immobilized Metal Affinity Chromatography (IMAC) using Ni beads lead to the purification of
RBP1 and RBP1***R in large quantity and good levels of purity (Figure 6E). Purified protein is
necessary for performing several in vitro phase separation. For example, contrast-based imaging
methods, such as phase contrast and DIC that do not require extrinsic fluorophores could be
performed, or quantitive approaches like FRAP (fluorescence recovery after photobleaching) and
FLIP (fluorescence loss in photobleaching) to obtain quantitative information about the dynamics
of fluorescently labeled components localized within phase-separated bodies.'?®

The RNA-binding domain of N. tabacum RBP1 has been characterized through NMR analysis
beforel®” (Figure 7A, top). In silico data support that RBP1 is a putative phase separating protein,
at least driven by the IDR of the glycine-rich tail. Pi-pi interactions®® show a high protein score of
disorder for RBP1 phase separation (Figure 7A, middle left) and CIDER (Figure 7A,middle right), by
calculating many different parameters associated with disordered protein sequences, places RBP1
close to Janus sequences, i.e collapsed or expanded sequences, where their behavior may depend
on other factors (salt concentration, ligand binding, cis-interactions etc.).!?! Although PLDs and
other disordered regions often display low sequence conservation, general sequence features,
such as amino acid composition, are often conserved. 312 Adapting the same amino acid division
into categories from Powers et al.13°, RBP1 shares a composition bias similar to prion-like proteins,
showing similarity to PLD scaffolds that drive biomolecular condensate formation.

PONDR is a useful and long-established tool for disorder prediction.'?? By changing Tyrosines to
Phenylalanines, a common substitution choice loss of phosphorylation, or else phospho-dead
mutants, the disorder status of RBP1 is significantly changed from order to disorder (Figure 7B) in
Y114F mutant, while Y129F shows the same disorder-to-order change and its impact is supported
by a reported phosphorylation site in GRP7.1% Transient expression of GFP- RBP1Y'**F and GFP-
RBP1Y1%Fin N. benthamiana showed same nuclear localization patterns in RT (Figure 7D, top).
However, GFP- RBP1Y1*fF formed more condensed ring-like structures and aggregate formation
during heat stress, which could be related to the droplet-to-aggregate transition (Figure 7D, left
column). GFP- RBP1Y12F showed ring-like formations in RT and less nuclear puncta during heat
stress (Figure 7D, right column). Overall, further studies following the same pipeline as K55R
mutant (splicing probe, protein purification) are needed in order to elucidate the specific effects
of these mutations to phase separation and function.

17



References

1. Friedman, J. R. & Nunnari, J. Mitochondrial form and
function. Nature 505, 335-343 (2014).

2. Luzio, J. P., Pryor, P. R. & Bright, N. A. Lysosomes: fusion
and function. Nat Rev Mol Cell Biol 8, 622—632 (2007).

3. Hyman, A. A., Weber, C. A. & Jilicher, F. Liquid-Liquid
Phase Separation in Biology. Annu. Rev. Cell Dev. Biol. 30, 39-58
(2014).

4. Boeynaems, S. et al. Protein Phase Separation: A New
Phase in Cell Biology. Trends in Cell Biology 28, 420-435 (2018).

5. Shin, Y. & Brangwynne, C. P. Liquid phase condensation in
cell physiology and disease. Science 357, 4382 (2017).

6. Banani, S. F., Lee, H. O., Hyman, A. A. & Rosen, M. K.
Biomolecular condensates: organizers of cellular biochemistry. Nat
Rev Mol Cell Biol 18, 285-298 (2017).

7. Mitrea, D. M. & Kriwacki, R. W. Phase separation in
biology; functional organization of a higher order. Cell Communication
and Signaling 14, 1 (2016).

8. Monneron, A. & Bernhard, W. Fine structural
organization of the interphase nucleus in some mammalian
cells. Journal of Ultrastructure Research 27, 266—288 (1969)

9. Brangwynne, C. P. et al. Germline P Granules Are Liquid
Droplets That Localize by Controlled
Dissolution/Condensation. Science 324, 1729-1732 (2009)

10. Wang, J. et al. A Molecular Grammar Governing the
Driving Forces for Phase Separation of Prion-like RNA Binding Proteins.
Cell 174, 688-699.e16 (2018).

11. Banani, S. F.et al. Compositional Control of Phase-
Separated Cellular Bodies. Cell 166, 651-663 (2016).

12. Hyman, A. A., Weber, C. A. & Julicher, F. Liquid-Liquid
Phase Separation in Biology. Annu. Rev. Cell Dev. Biol. 30, 39-58
(2014).

13. Li, P. et al. Phase transitions in the assembly of
multivalent signalling proteins. Nature 483, 336-340 (2012).

14. Wheeler, J. R., Matheny, T., Jain, S., Abrisch, R. & Parker,
R. Distinct stages in stress granule assembly and disassembly. Elife 5,
e18413 (2016).

15. Su, X. et al. Phase separation of signaling molecules
promotes T cell receptor signal transduction. Science 352, 595-599
(2016).

16. 16. Snead, W. T. & Gladfelter, A. S. The Control
Centers of Biomolecular Phase Separation: How Membrane Surfaces,
PTMs, and Active Processes Regulate Condensation. Molecular Cell 76,
295-305 (2019).

17. Zhang, Y., Xu, B., Weiner, B. G., Meir, Y. & Wingreen, N. S.
Decoding the physical principles of two-component biomolecular
phase separation. eLife 10, 62403 (2021).

18. Oldfield, C. J. & Dunker, A. K. Intrinsically Disordered
Proteins and Intrinsically Disordered Protein Regions. Annu. Rev.
Biochem. 83, 553-584 (2014).

18

19. Oldfield, C. J. & Dunker, A. K. Intrinsically Disordered
Proteins and Intrinsically Disordered Protein Regions. Annu. Rev.
Biochem. 83, 553-584 (2014).

20. van der Lee, R. et al. Classification of intrinsically
disordered regions and proteins. Chem Rev 114, 6589-6631 (2014).

21. Bah, A. & Forman-Kay, J. D. Modulation of Intrinsically
Disordered Protein Function by Post-translational Modifications. J Biol
Chem 291, 6696-6705 (2016).

22. Wang, J., Shi, C., Xu, Q. & Yin, H. SARS-CoV-2 nucleocapsid
protein undergoes liquid—liquid phase separation into stress granules
through its N-terminal intrinsically disordered region. Cell Discov 7, 1—-
5(2021).

23. Chong, P. A., Vernon, R. M. & Forman-Kay, J. D. RGG/RG
Motif Regions in RNA Binding and Phase Separation. Journal of
Molecular Biology 430, 4650-4665 (2018)..

24. Das, R. K., Ruff, K. M. & Pappu, R. V. Relating sequence
encoded information to form and function of intrinsically disordered
proteins. Current Opinion in Structural Biology 32, 102-112 (2015).

25. Jensen, M. R., Ruigrok, R. W. & Blackledge, M. Describing
intrinsically disordered proteins at atomic resolution by NMR. Current
Opinion in Structural Biology 23, 426-435 (2013).

26. Mittag, T. & Forman-Kay, J. D. Atomic-level
characterization of disordered protein ensembles. Current Opinion in
Structural Biology 17, 3-14 (2007).

27. Thandapani, P., O’Connor, T. R., Bailey, T. L. & Richard, S.
Defining the RGG/RG Motif. Molecular Cell 50, 613-623 (2013).

28. Romero, P. et al. Sequence complexity of disordered
protein. Proteins: Structure, Function, and Bioinformatics 42, 38-48
(2001).

29. Phan, A. T. et al. Structure-function studies of FMRP RGG
peptide recognition of an RNA duplex-quadruplex junction. Nat Struct
Mol Biol 18, 796-804 (2011)

30. Vernon, R. M. et al. Pi-Pi contacts are an overlooked
protein feature relevant to phase separation. eLife 7, 31486 (2018).

31. Frey, S., Richter, R. P. & Gorlich, D. FG-rich repeats of
nuclear pore proteins form a three-dimensional meshwork with
hydrogel-like properties. Science 314, 815-817 (2006).

32. Jain, S. et al. ATPase-Modulated Stress Granules Contain
a Diverse Proteome and Substructure. Cell 164, 487-498 (2016).

33. Kedersha, N. L., Gupta, M., Li, W., Miller, |. & Anderson,
P. RNA-Binding Proteins Tia-1 and Tiar Link the Phosphorylation of Eif-
2a to the Assembly of Mammalian Stress Granules. Journal of Cell
Biology 147, 1431-1442 (1999).

34. Chong, P. A., Vernon, R. M. & Forman-Kay, J. D. RGG/RG
Motif Regions in RNA Binding and Phase Separation. Journal of
Molecular Biology 430, 4650-4665 (2018).

35. Boeynaems, S. et al. Phase Separation of C9orf72
Dipeptide Repeats Perturbs Stress Granule Dynamics. Mol Cell 65,
1044-1055.e5 (2017).

36. Zarin, T. et al. Proteome-wide signatures of function in
highly diverged intrinsically disordered regions. elife 8, e46883
(2019).



37. Zarin, T., Tsai, C. N., Nguyen Ba, A. N. & Moses, A. M.
Selection maintains signaling function of a highly diverged intrinsically
disordered region. Proc Natl Acad Sci U S A 114, E1450-E1459 (2017).

38. Davey, N. E. The functional importance of structure in
unstructured protein regions. Current Opinion in Structural Biology 56,
155-163 (2019).

39. Davey, N. E. et al. Attributes of short linear motifs. Mol.
BioSyst. 8, 268-281 (2012).

40. Borgia, A. et al. Extreme disorder in an ultrahigh-affinity
protein complex. Nature 555, 61-66 (2018).

41. Fuxreiter, M. Fold or not to fold upon binding — does it
really matter? Current Opinion in Structural Biology 54, 19-25 (2019).

42. Wood, M. J,, Storz, G. & Tjandra, N. Structural basis for
redox regulation of Yap1 transcription factor localization. Nature 430,
917-921 (2004).

43. del Rio, A. et al. Stretching Single Talin Rod Molecules
Activates Vinculin Binding. Science 323, 638-641 (2009).

44. Bah, A. et al. Folding of an intrinsically disordered protein
by phosphorylation as a regulatory switch. Nature 519, 106-109
(2015).

45. Petrey, D. & Honig, B. Structural Bioinformatics of the
Interactome. Annu. Rev. Biophys. 43, 193-210 (2014)

46. Neelamraju, Y., Hashemikhabir, S. & Janga, S. C. The
human RBPome: from genes and proteins to human disease. J
Proteomics 127, 61-70 (2015).

47. Haynes, C. et al. Intrinsic Disorder Is a Common Feature
of Hub Proteins from Four Eukaryotic Interactomes. PLoS Comput
Biol 2, €100 (2006).

48. Hubstenberger, A. et al. P-Body Purification Reveals the
Condensation of Repressed mRNA Regulons. Molecular Cell 68, (2017).

49. Youn, J.-Y. et al. Properties of Stress Granule and P-Body
Proteomes. Mol Cell 76, 286-294 (2019).

50. Brinegar, A. E. & Cooper, T. A. Roles for RNA-binding
proteins in development and disease. Brain Res 1647, 1-8 (2016).

51. Baralle, F. E. & Giudice, J. Alternative splicing as a
regulator of development and tissue identity. Nat Rev Mol Cell Biol 18,
437-451 (2017).

52. Marondedze, C. The increasing diversity and complexity
of the RNA-binding protein repertoire in plants. Proceedings of the
Royal Society B: Biological Sciences 287, 20201397 (2020).

53. Wiedner, H. J. & Giudice, J. It's not just a phase: function
and characteristics of RNA-binding proteins in phase separation. Nat
Struct Mol Biol 28, 465—-473 (2021).

54. Riehs-Kearnan, N., Gloggnitzer, J., Dekrout, B., Jonak, C. &
Riha, K. Aberrant growth and lethality of Arabidopsis deficient in
nonsense-mediated RNA decay factors is caused by autoimmune-like
response. Nucleic Acids Research 40, 5615-5624 (2012).

55. Lou, L., Ding, L., Wang, T. & Xiang, Y. Emerging Roles of
RNA-Binding Proteins in Seed Development and Performance.
International Journal of Molecular Sciences 21, 6822 (2020).

56. Lorkovi¢, Z. J. & Barta, A. Genome analysis: RNA
recognition motif (RRM) and K homology (KH) domain RNA-binding

19

proteins from the flowering plant Arabidopsis thaliana. Nucleic Acids
Res 30, 623-635 (2002).

57. Tam, P. P. C. et al. The Puf family of RNA-binding proteins
in plants: phylogeny, structural modeling, activity and subcellular
localization. BMC Plant Biol 10, 44 (2010).

58. Owttrim, G. W. RNA helicases and abiotic stress. Nucleic
Acids Res 34, 3220-3230 (2006).

59. Sachetto-Martins, G., Franco, L. O. & de Oliveira, D. E.
Plant glycine-rich proteins: a family or just proteins with a common
motif? Biochimica et Biophysica Acta (BBA) - Gene Structure and
Expression 1492, 1-14 (2000).

60. Dreyfuss, G., Swanson, M. S. & Pifiol-Roma, S.
Heterogeneous nuclear ribonucleoprotein particles and the pathway
of mRNA formation. Trends in Biochemical Sciences 13, 86—91 (1988).

61. Maris, C., Dominguez, C. & Allain, F. H.-T. The RNA
recognition motif, a plastic RNA-binding platform to regulate post-
transcriptional gene expression. The FEBS Journal 272, 2118-2131
(2005).

62. Adam, S. A., Nakagawa, T., Swanson, M. S., Woodruff, T.
K. & Dreyfuss, G. mRNA polyadenylate-binding protein: gene isolation
and sequencing and identification of a ribonucleoprotein consensus
sequence. Mol Cell Biol 6, 2932—-2943 (1986).

63. Swanson, M. S., Nakagawa, T. Y., LeVan, K. & Dreyfuss, G.
Primary structure of human nuclear ribonucleoprotein particle C
proteins: conservation of sequence and domain structures in
heterogeneous nuclear RNA, mRNA, and pre-rRNA-binding proteins.
Mol Cell Biol 7, 1731-1739 (1987).

64. Kenan, D. J., Query, C. C. & Keene, J. D. RNA recognition:
towards identifying determinants of specificity. Trends in Biochemical
Sciences 16, 214-220 (1991).

65. Glisovic, T., Bachorik, J. L., Yong, J. & Dreyfuss, G. RNA-
binding proteins and post-transcriptional gene regulation. FEBS Lett
582, 1977-1986 (2008).

66. Ortega-Amaro, M. A. et al. Overexpression of AtGRDP2, a
novel glycine-rich domain protein, accelerates plant growth and
improves stress tolerance. Frontiers in Plant Science 5, 782 (2015).

67. Gao, X. et al. A glycine-rich protein MoGrp1 functions as
a novel splicing factor to regulate fungal virulence and growth in
Magnaporthe oryzae. Phytopathology Research 1, 2 (2019).

68. Condit, C. M. & Meagher, R. B. A gene encoding a novel
glycine-rich structural protein of petunia. Nature 323, 178—-181 (1986).

69. Mangeon, A., Junqueira, R. M. & Sachetto-Martins, G.
Functional diversity of the plant glycine-rich proteins superfamily.
Plant Signaling & Behavior 5, 99-104 (2010).

70. Fusaro, A.et al. Classification, expression pattern and
comparative analysis of sugarcane expressed sequences tags (ESTs)
encoding glycine-rich proteins (GRPs). Genet. Mol. Biol. 24, 263-273
(2001).

71. Kupsch, C.et al. Arabidopsis Chloroplast RNA Binding
Proteins CP31A and CP29A Associate with Large Transcript Pools and
Confer Cold Stress Tolerance by Influencing Multiple Chloroplast RNA
Processing Steps. Plant Cell 24, 4266-4280 (2012).

72. Bocca, S. N. et al. Survey of glycine-rich proteins (GRPs) in
the Eucalyptus expressed sequence tag database (ForEST). Genet.
Mol. Biol. 28, 608-624 (2005).



73. Li, Q. et al. Global Post-Translational Modification
Discovery. J. Proteome Res. 16, 1383-1390 (2017).
74. Owen, |. & Shewmaker, F. The Role of Post-Translational

Modifications in the Phase Transitions of Intrinsically Disordered
Proteins. International Journal of Molecular Sciences 20, 5501 (2019).

75. Ryan, V. H. et al. Mechanistic View of hnRNPA2 Low-
Complexity Domain Structure, Interactions, and Phase Separation
Altered by Mutation and Arginine Methylation. Mol Cell 69, 465-
479.e7 (2018).

76. Qamar, S. et al. FUS Phase Separation Is Modulated by a
Molecular Chaperone and Methylation of Arginine Cation-mt
Interactions. Cell 173, 720-734.e15 (2018).

77. Ford, L., Ling, E., Kandel, E. R. & Fioriti, L. CPEB3 inhibits
translation of mRNA targets by localizing them to P bodies. PNAS 116,
18078-18087 (2019).

78. Zbinden, A., Pérez-Berlanga, M., De Rossi, P. &
Polymenidou, M. Phase Separation and Neurodegenerative Diseases:
A Disturbance in the Force. Dev Cell 55, 45-68 (2020).

79. Keiten-Schmitz, J., Réder, L., Hornstein, E., Miller-
McNicoll, M. & Miller, S. SUMO: Glue or Solvent for Phase-Separated
Ribonucleoprotein Complexes and Molecular Condensates? Front Mol
Biosci 8, 673038 (2021).

80. Flotho, A. & Melchior, F. Sumoylation: A Regulatory
Protein Modification in Health and Disease. Annu. Rev. Biochem. 82,
357-385 (2013).

81. Rytz, T. C. et al. SUMOylome Profiling Reveals a Diverse
Array of Nuclear Targets Modified by the SUMO Ligase SIZ1 during
Heat Stress. The Plant Cell 30, 1077-1099 (2018).

82. Conti, L. et al. Small ubiquitin-like modifier proteases
OVERLY TOLERANT TO SALT1 and -2 regulate salt stress responses in
Arabidopsis. Plant Cell 20, 2894-2908 (2008).

83. Kurepa, J. et al. The Small Ubiquitin-like Modifier (SUMO)
Protein Modification System in Arabidopsis: ACCUMULATION OF
SUMO1 AND -2 CONJUGATES IS INCREASED BY STRESS*. Journal of
Biological Chemistry 278, 6862—-6872 (2003).

84. Lee, J. et al. Salicylic acid-mediated innate immunity in
Arabidopsis is regulated by SIZ1 SUMO E3 ligase. Plant J 49, 79-90
(2007).

85. Murtas, G. et al. A nuclear protease required for
flowering-time regulation in Arabidopsis reduces the abundance of
SMALL UBIQUITIN-RELATED MODIFIER conjugates. Plant Cell 15,
2308-2319 (2003).

86. Zhao, X. SUMO-Mediated Regulation of Nuclear
Functions and Signaling Processes. Molecular Cell 71, 409-418 (2018).

87. Lin, X.-L. et al. An Arabidopsis SUMO E3 Ligase, SIZ1,
Negatively Regulates Photomorphogenesis by Promoting COP1
Activity. PLOS Genetics 12, e1006016 (2016).

88. Yates, G., Srivastava, A. K. & Sadanandom, A. SUMO
proteases: uncovering the roles of deSUMOylation in plants. Journal
of Experimental Botany 67, 2541-2548 (2016).

89. Komander, D. & Rape, M. The Ubiquitin Code. Annu. Rev.
Biochem. 81, 203-229 (2012).

90. Corpet, A. et al. PML nuclear bodies and chromatin
dynamics: catch me if you can! Nucleic Acids Research 48, 11890—
11912 (2020).

20

91. Lallemand-Breitenbach, V. & de Thé, H. PML nuclear
bodies: from architecture to function. Current Opinion in Cell
Biology 52, 154-161 (2018).

92. Morita, Y., Kanei-Ishii, C., Nomura, T. & Ishii, S. TRAF7
Sequesters c¢-Myb to the Cytoplasm by Stimulating Its
Sumoylation. MBoC 16, 5433-5444 (2005).

93. Plaschka, C., Lin, P.-C., Charenton, C. & Nagai, K.
Prespliceosome structure provides insights into spliceosome assembly
and regulation. Nature 559, 419-422 (2018).

94, Syed, N. H., Kalyna, M., Marquez, Y., Barta, A. & Brown, J.
W. S. Alternative splicing in plants — coming of age. Trends in Plant
Science 17, 616-623 (2012).

95. mRNA Processing and Metabolism. Methods and
Protocols. (2004).

96. Hendriks, 1. A. & Vertegaal, A. C. O. A comprehensive
compilation of SUMO proteomics. Nat Rev Mol Cell Biol 17, 581-595
(2016)

97. Zhou, J., Zhao, S. & Dunker, A. K. Intrinsically Disordered
Proteins Link Alternative Splicing and Post-translational Modifications
to Complex Cell Signaling and Regulation. Journal of Molecular Biology
430, 2342-2359 (2018).

98. Staiger, D., Zecca, L., Kirk, D. A. W., Apel, K. & Eckstein, L.
The circadian clock regulated RNA-binding protein AtGRP7
autoregulates its expression by influencing alternative splicing of its
own pre-mRNA. The Plant Journal 33, 361-371 (2003).

99. Heintzen, C., Nater, M., Apel, K. & Staiger, D. AtGRP7, a
nuclear RNA-binding protein as a component of a circadian-regulated
negative feedback loop in Arabidopsis thaliana. PNAS 94, 8515-8520
(1997).

100. Carpenter, C. D., Kreps, J. A. & Simon, A. E. Genes
Encoding Glycine-Rich Arabidopsis thaliana Proteins with RNA-Binding
Motifs Are Influenced by Cold Treatment and an Endogenous
Circadian Rhythm. Plant Physiology 104, 1015-1025 (1994).

101. Kwak, K. J., Kim, Y. O. & Kang, H. Characterization of
transgenic Arabidopsis plants overexpressing GR-RBP4 under high
salinity, dehydration, or cold stress. J Exp Bot 56, 3007—-3016 (2005).

102. Cao, S., Jiang, L., Song, S., Jing, R. & Xu, G. AtGRP7 is
involved in the regulation of abscisic acid and stress responses in
arabidopsis. Cellular and Molecular Biology Letters 11, 526-535
(2006).

103. Fu, Z. Q. et al. A type lll effector ADP-ribosylates RNA-
binding proteins and quells plant immunity. Nature 447, 284-288
(2007).

104. Heintzen, C. et al. A light- and temperature-entrained
circadian clock controls expression of transcripts encoding nuclear
proteins with homology to RNA-binding proteins in meristematic
tissue. The Plant Journal 5, 799-813 (1994).

105. Wang, L. et al. RALF1-FERONIA complex affects splicing
dynamics to modulate stress responses and growth in plants. Science
Advances 6, eaaz1622.

106. Haruta, M., Sabat, G., Stecker, K., Minkoff, B. B. &
Sussman, M. R. A Peptide Hormone and Its Receptor Protein Kinase
Regulate Plant Cell Expansion. Science 343, 408-411 (2014).

107. Khan, F. et al. Structural basis of nucleic acid binding by
Nicotiana tabacum glycine-rich RNA-binding protein: implications for
its RNA chaperone function. Nucleic Acids Res 42, 8705-8718 (2014).



108. Bot, P., Khan, F., Sultana, T., Deeba, F. & Naqgvi, S. M. S.
DYNAMICS OF mRNA OF GLYCINE-RICH RNA-BINDING PROTEIN
DURING WOUNDING, COLD AND SALT STRESSES IN NICOTIANA
TABACUM. Pakistan Journal of Botany 45, 297-300 (2013).

109. Jabeen, B. et al. Ectopic Expression of Plant RNA
Chaperone Offering Multiple Stress Tolerance in E. coli. Mol Biotechnol
59, 66-72 (2017).

110. Ziemienowicz, A., Haasen, D., Staiger, D. & Merkle, T.
Arabidopsis transportinl is the nuclear import receptor for the
circadian clock-regulated RNA-binding protein AtGRP7. Plant Mol Biol
53,201-212 (2003).

111. Karapidaki, I. «POAog tng mpwteivng RNA Binding Protein
1 oe duta Nicotiana tabacum umoé cuvBrKkeg aBLloTkhg Katamdvnong».
(University of Crete, 2021).

112. Madeira, F. et al. The EMBL-EBI search and sequence
analysis tools APIs in 2019. Nucleic Acids Res 47, W636-W641 (2019).

113. Chang, C.-C., Tung, C.-H., Chen, C.-W., Tu, C.-H. & Chu, Y.-
W. SUMOgo: Prediction of sumoylation sites on lysines by motif
screening models and the effects of various post-translational
modifications. Sci Rep 8, 15512 (2018).

114. Bi, H. et al. SUMOylation of GPS2 protein regulates its
transcription-suppressing function. MBoC 25, 2499-2508 (2014).

115. Kang, F. et al. E-sytl Re-arranges STIM1 Clusters to
Stabilize Ring-shaped ER-PM Contact Sites and Accelerate Ca2+ Store
Replenishment. Sci Rep 9, 3975 (2019).

116. Kim, J. S. et al. Glycine-rich RNA-binding protein 7 affects
abiotic stress responses by regulating stomata opening and closing in
Arabidopsis thaliana. Plant J 55, 455-466 (2008).

117. Stefano, G. et al. In tobacco leaf epidermal cells, the
integrity of protein export from the endoplasmic reticulum and of ER
export sites depends on active COPI machinery. The Plant Journal 46,
95-110 (2006).

118. Rihl, C. et al. Polypyrimidine Tract Binding Protein
Homologs from Arabidopsis Are Key Regulators of Alternative Splicing
with Implications in Fundamental Developmental Processes[W]. Plant
Cell 24, 4360-4375 (2012).

119. Di Gioacchino, M., Ricci, M. A., Imberti, S., Holzmann, N.
& Bruni, F. Hydration and aggregation of a simple amino acid: The case
of glycine. Journal of Molecular Liquids 301, 112407 (2020).

120. Sherrill, C. D. Energy Component Analysis of m
Interactions. Acc. Chem. Res. 46, 1020-1028 (2013)..

121. Holehouse, A. S., Ahad, J., Das, R. K. & Pappu, R. V. CIDER:
Classification of Intrinsically Disordered Ensemble Regions. Biophysical
Journal 108, 228a (2015).

122. Garner, null, Romero, null, Dunker, null, Brown, null &
Obradovic, null. Predicting Binding Regions within Disordered
Proteins. Genome Inform Ser Workshop Genome Inform 10, 41-50
(1999).

123. Wen, J. et al. Conformational Expansion of Tau in
Condensates Promotes Irreversible Aggregation. J. Am. Chem. Soc.
143, 13056-13064 (2021).

124. Zhu, J.-K. Abiotic stress signaling and responses in plants.
Cell 167, 313-324 (2016).

125. Zhu, J.-K. Abiotic stress signaling and responses in plants.
Cell 167, 313-324 (2016).

21

126. Takeno, K. Stress-induced flowering: the third category of
flowering response. Journal of Experimental Botany 67, 4925-4934
(2016).

127. Knight, H., Trewavas, A. J. & Knight, M. R. Cold calcium
signaling in Arabidopsis involves two cellular pools and a change in
calcium signature after acclimation. Plant Cell 8, 489-503 (1996).

128. Mitrea, D. M. et al. Methods for Physical Characterization
of Phase-Separated Bodies and Membrane-less Organelles. Journal of
Molecular Biology 430, 4773-4805 (2018).

129. Riback, J. A. et al. Stress-Triggered Phase Separation Is an
Adaptive, Evolutionarily Tuned Response. Cell 168, 1028-1040.e19
(2017).

130. Powers, S. K. et al. Nucleo-cytoplasmic Partitioning of ARF
Proteins Controls Auxin Responses in Arabidopsis thaliana. Molecular
Cell 76, 177-190.e5 (2019).



Chapter Il. Unraveling the role of Kin7.3 in blue light signaling

Introduction

KISC -it’s complicated .23
AtESP and Kin7.3 -the on/off switch .23
Kinesins -it’s all about class .23
Microtubules -the (cyto)skeletons in the closet .24
Phototropism -go into the light ...26
Phototropins -feeling the blues ...26
Phototropins and light signaling -don’t shoot the messenger w27
NPH3 and light signaling —when a third person comes in between .27
Auxin and PINs — nothing can PIN me down ...28
Aim of study w29
Results ...30
Discussion .36
References .38



Introduction -Chapter |l

KISC -it’s complicated

Cell polarity, vaguely defined as the establishment of asymmetry inside the cell, is a necessary
feature of cell function and is tightly linked to developmental and environmental regulation,
growth, and morphogenesis.’3! Radially swollen4 (rsw4) is a temperature-sensitive point mutant
of the EXTRA SPINDLE POLE (ESP) gene encoding the caspase-related protease separase*? that
presents disorganized cortical microtubules, which in turn disrupt cell morphology and
polarity.** Recent work in Dr. Moschou’s lab showed that separase affects membrane protein
trafficking and the polar targeting of the auxin efflux carrier PIN-FORMED2 (PIN2) to the rootward
side of the root cortex cells.’* To achieve this function in cell polarity, Arabidopsis thaliana ESP
(AtESP) interacts in vitro and in vivo with a previously uncharacterized class of microtubule motors
that belong to a CENP-E-related clade of kinesins (Kin7.3 clade), thereby forming the Kinesin
Separase Complex; KISC'* that promotes microtubule stability (Figure 1). Yet, the role of Kin7.3
in other developmental processes beyond root development remains largely unknown.

AtESP and Kin7.3 -the on/off switch

By performing a yeast two-hybrid (Y2H) screen of a universal Arabidopsis library using N-terminal,
central, and C-terminal fragments of AtESP as baits, Moschou et al.’*® discovered the C-terminal
region of a putative microtubule-based motor (AT3G12020.1) as an interactor of the N-terminal
domain of AtESP. Designated as Kinesin 7.3, the interactor belongs to group 7 (Kin7) of the kinesin
superfamily and, in absence of AtESP, Kin7.3 appears to function in an auto-inhibitory manner.
Conformational changes induced by the folding of the C-terminal tail to the N-terminal motor
domain block the interaction of Kin7.3 with microtubules, while AtESP abolishes this auto-
inhibitory effect by interacting with the tail domain of Kin7.3 (Figure 1A). Thus, the N-terminal
motor becomes available for interaction with microtubules (Figure 1A). Kin7.3 belongs to a clade
of five Arabidopsis proteins together with Kin7.1 (AT1G21730), Kin7.2 (AT2G21380), Kin7.4
(AT4G39050), and Kin7.5 (AT5G06670). Additionally, it was shown that AtESP does not only
interact with Kin7.3, but also with Kin7.1 and Kin7.5, suggesting functional redundancy in KISC

functions.'®

Kinesins -it’s all about class

Kinesins comprise a superfamily of ATP-driven microtubule-based motor enzymes that gain the
necessary energy for mechanical work onto microtubule tracks by hydrolyzing ATP.1*¢ Kinesin
motor proteins have been reported to be involved in the local positioning of organelles and
molecules, through the facilitation of short-distance movements along microtubules.’®” Kinesin
motor proteins are found in all eukaryotic organisms!3$, classified into ~17 families based on the
phylogenetic analysis of their motor domains. Kinesin-1 to kinesin-14 have been long established
as protein families'®, kinesin-15 to kinesin-17 were recently identified and some kinesin proteins
remain ungrouped, without a distinct phylogenetic classification. Despite the identification of 61
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different kinesin-encoding genes with high motor domain similarity in Arabidopsis thaliana**°, the
remaining non-motor sequences do not share common features.*! In plants, kinesins have been
reportedly involved in various cellular activities, regulating the orientation of deposition of
cellulose myofibrils'#?, interacting with a geminivirus replication protein!*3, morphogenesis 4414,
mitosis, and meiosis. 16712 Surprisingly, the kinesin-7 and 14 families account for more than half
of the kinesins encoded by the Arabidopsis genome. This abundance, specifically in plants,
suggests the evolution of specified functions, such as flower morphogenesis, trichome
development, cell division, and phragmoplast formation >3 or the substitution of the functions
of animal motors absent in plants, like animal dyneins, by the motors of kinesin-14 family.*!

| Motordomain R R R
Kin7.2 (1058aa)
1 Motor domain IR - =l .._:
Kin7.4 (1055aa)

i Motor domain = = - —=

Kin7.1 (890aa)
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Figure 2. (A) Schematic representation of KISC binding onto microtubules. Reprinted from Moschou et al.¢ (B) Overview
of the Kin 7 family, protein domains and predicted disorder regions by Pfam, based on UNIPROT.aa; amino acids.

Microtubules -the (cyto)skeletons in the closet

Microtubules are dynamic polymers of af-tubulin heterodimers, regulated by the hydrolysis of
B-tubulin-bound GTP after a tubulin dimer has been incorporated into the microtubule end, albeit
with a delay.’* The newly formed microtubule tip contains a cap of GTP-tubulin (denoted the GTP
cap), featuring stabilizing properties, whereas the microtubule shaft is composed of GDP-tubulin
and is defined as intrinsically unstable.’>> Dynamic instability, a microtubule behavior by which
MTs within a population coexist and interconvert in states of growth and shrinkage®®, is much
more dynamic in cells instead of pure MT solutions, supporting the existence of cellular factors
that regulate dynamics. *” Microtubule-associated proteins (MAPs) interact with the microtubule
end, including microtubule polymerases, microtubule depolymerases, and regulatory kinesins,
acting cooperatively and competitively to determine whether the microtubule grows or
shrinks.2®1% Plant microtubules form dense and organized arrays called cortical microtubules
(CMTs) at the periphery of the cell during interphase, mainly to guide the trajectory of the

24



transmembrane cellulose synthase complex.!! In response to light, plants use mechanisms to
switch the orientation of their cortical microtubule array, and therefore the morphology and
function of the cells that harbor them2®3 (Figure 2A, B). In rapidly elongating cells of the
embryonic shoot axis (a tissue known as the hypocotyl), where CMTs are organized transversely
to the axis of cell and tissue growth, blue light (BL) stimulation triggers a 90° microtubule array
reorientation within minutes!®41%, redirecting cellulose deposition to build and organize the cell
wall. Microtubule nucleation and severing machineries are orchestrated in microtubule
reorientation through phototropin (BL receptors, see below) activities in response to BL.'®” For
this reason, microtubule BL-induced reorientation is significantly decreased in etiolated (grown in
darkness) hypocotyl cells in phototropin and katanin(microtubule severing protein) mutants
(Figure 2B,C).1%8
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Figure 3. (A) Schematic drawing indicates location of imaging and angular coordinates for experiment in B,
(B)Microtubule reorientation induced by blue light in WT and ktn1-1 mutants, expressing mCherry-TUA5 (tubulin-a
chain), (C) A model for CMT reorientation in response to blue light irradiation and mediated by phototropins, where
crossovers of longitudinal microtubules with preexisting transverse arrays are sites of localization and activation of
severing enzymes. (A) and (B) adapted by Lindeboom et al.** and (C) reprinted by Nakamura.*?
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Phototropism -go into the light

Phototropism, the differential cell elongation responding to directional BL, offers photosynthetic
light capture optimization to plants, with specific photoreceptors and signaling pathways
orchestrating light adaptation.'® These components integrate signals of light quality and quantity,
to adaptively modify overall growth characteristics from seed germination to reproduction.’%172
Phototropism is specifically induced by UV-A/BL and can be divided into two phases, depending
on the fluence and time requirements.!’® First-positive curvature is generally described as the
bending of shoots toward unilateral BL by brief pulses at very low fluences, while second-positive
curvature occurs with prolonged irradiation in a time-dependent manner.?”* Plant phototropism
is predominantly controlled by blue-light photoreceptors, the phototropins, known principally for
their key role in phototropism response and characterized as blue (390-500 nm) and ultraviolet-
A (320-390 nm) photoreceptors.’” PHOT1 acts as the dominant receptor, mediating response
across a wide range of fluence rates (e.g. 0.01-100 pmol m2s?), whereas PHOT2 appears to
operate only at higher fluence rates (>10 umol m2s1).176 Higher plants share two different
phototropins, namely PHOT1 and PHOT2, with gene duplication events discovered in some
species’ genome.”” PHOT1 and PHOT2 regulate many physiological activities beside the

176 and seem to be functionally redundant for

179,180
’

regulation of hypocotyl and root phototropism
chloroplast accumulation movement!’®, stomatal opening leaf positioning and leaf

flattening.
Phototropins -feeling the blues

Structurally, the phototropins consist of two major regions, an amino-terminal photosensory
domain and a carboxyl-terminal Ser/Thr protein kinase signaling domain (Figure 3). The
photosensory domain consists of two ~110 amino acid homologous islands, critical for
photoreceptor activity called LOV1 (light, oxygen, voltage) and LOV2®8!, which function as binding
sites for the BL-absorbing chromophore flavin mononucleotide (FMN). The LOV1 domain is

5456 while LOV2 mainly regulates the C-

primarily responsible for phototropin di/multimerization
terminal kinase domain through a BL-induced derepression.’®¢18 |n the dark, LOV2 binds to the
kinase domain and inhibits its phosphorylation activity.?® Upon photoexcitation, the binding of
LOV2 to the kinase domain is inhibited, resulting in the activation of kinase activity and receptor
autophosphorylation.63191192 An g—helix (designated Ja) associates with the surface of LOV2 in
the dark state and is disrupted upon cysteinyl adduct formation by photoactivation of FMN. Thus,
Ja-helix turns into a disordered state, with site-directed mutagenesis studies showing that the

unfolding of the Ja-helix results in activation of the C-terminal kinase domain,8%193

light perception light activation through
through photocycles conformational change
Han P y ek 9 Figure 4. Schematic illustration of structural,

\ \\ a functional and regulatory properties of phototropins.
IR ERR Photocycles of LOV domains result in conformational
‘ ‘ changes in LOV2-Ja helix association, consequently
leading to downstream signaling by kinase domain

Ja Helix activation. The C-terminus plays a key role in
mu|t|mer|zat|on (d|mer) (monomer) membrane assocuanon membrane association of phototropins. Reprinted by

—

signaling regulator ~ Kong, S-M. and Wada, M. %
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Phototropins and light signaling -don’t shoot the messenger

BL excitation induces intermolecular interactions between PHOT1 molecules in the plasma
membrane (MB) and leads to autophosphorylation, which results in an increased dimerization
rate and an immediate, but partial internalization of the photoreceptor into the cytoplasm621%4,
whereas PHOT2 reportedly associates with the Golgi apparatus.'®>°® The first step of BL signaling
activation involves the dimerization of PHOT1 and its relocalization at sterol-rich membrane
microdomains (MM) of the PM (Figure 4A), observed through FRET (Forster or fluorescence
resonance energy transfer) analysis with the PM microdomain marker AtREM1.3.2%* Following
activation, phototropins are internalized to inner compartments and show mosaic-like formations
(Figure 4B), possibly through clathrin-mediated endocytosis.®” It was shown that CULLIN3-based
E3 ubiquitin ligase, CRL3""™3 marks PHOT1 through mono/multiubiquitination and affects
phototropism.*®® Recent work showed that SUMOylation, a similar process to ubiquitination, is
also implicated in phototropin responses.'®® Autophosphorylation of PHOT1 in the activation loop
appears as a prerequisite for PHOT1 activation and PHOT1-mediated responses, with Ser-851 and
Ser-849 being important phosphorylation sites.'®? Yet, another study showed that modifications
that can anchor PHOT1 receptor to the PM, such as myristoylation or farnesylation, diminish the
light-induced internalization of PHOT1, without impacting functions such as phototropism or
chloroplast accumulation movement.?®

NPH3 and light signaling —when a third person comes in between

Unilateral irradiation results in phototropic curvature (Figure 2A), orchestrated by the
establishment of a photoreceptor activation gradient between the irradiated and the shaded
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Figure 5.(A) Proposed model for microdomain organization of PHOT1 activation under blue light irradiation. After BL
exposure, activated PHOT1 sequentially undergoes dimerization and phosphorylation, with phosphorylation increasing
PHOT1 self-association in MMs and AtRem1.3 (marker of sterol-rich lipid environments). Reprinted by Xue et al.”* (B)
(upper) Blue light-induced mobility of PHOT1-GFP from the plasma membrane to the cytoplasm in etiolated hypocotyl
cells of Arabidopsis, (lower) spinning disc confocal microscopy of cortical cells in elongation zone, showing punctuate
aggregation and mosaic formation after blue light irradiation. Reprinted by Liscum.”®
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side.?%292 |n the darkness, the signal NONPHOTOROPIC HYPOCOTYL 3 (NPH3) resides in a
phosphorylated state and localizes to the PM, interacting with the N-terminal portion of PHOT1
through its C-terminal region. 2%3-29 After PHOT1 Blactivation and autophosphorylation, NPH3 is
de-phosphorylated in a PHOT1-dependent and darkness-reversible manner and becomes
internalized into aggregates, a process that transiently attenuates its interaction with
PHOT1.2952% phosphorylation of NPH3 is necessary for the formation of an active signaling
complex with PHOT1 at the PMZ%, supported by recent data demonstrating that the
phosphorylation status of NPH3 does not affect the expression or autophosphorylation activity of
PHOT1. Rather, NPH3 maintains the balance between the active and steady states of PHOT1
signaling and contributes to the robustness of hypocotyl phototropism across a broad range of
blue-light intensities.2’ NPH3 is also part of the CULLIN3 RING E3 UBIQUITIN LIGASE complex that
ubiquitinates PHOT1, as aforementioned. %829 NPH3 is an essential component of light signaling
and phototropic curvature, a process combined with the formation of the lateral gradient of

auxin.?t0

Auxin and PINs —nothing can PIN me down

Auxin is a key hormone in basically all differentiation processes throughout plant development,
responsible also for tropic responses, such as phototropic curvature.?!! Phototropic curvature is
accomplished by auxin transport, achieved by a system of auxin influx and efflux transporters.?'?
Efflux carrier PIN-FORMED (PIN) proteins are reportedly involved in the modulation of auxin flow
and establishment of auxin gradient.'®®*213 The contributions of PIN1, PIN3, and PIN7 gene
mutants to phototropic hypocotyl bending in short BLpulse excitation are obvious compared to
defects by long-term BLtreatment, such as those employed in most phototropism studies.?'#?*>
During phototropic bending of the hypocotyl, the polarity of PIN3 protein changes upon light
exposure from apolar to greatly decreased in the outer lateral side of endodermal cells, a polarity
switch necessary for auxin redistribution in the hypocotyl and efficient phototropism. 213216 Both
the trans-hypocotyl gradient of auxin and PIN3 polarity can be completely negated in
a phot1 mutant background.?!® Hence, auxin gradients facilitate the phototropic response by
establishing the curvature formation. A rather complex relationship between KISC, light-signaling
modules, the cytoskeleton, and auxin distribution is plotted by combining the aforementioned

information, pointing to the necessity of examining the details of their association.
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Aim of study -Chapter I

My thesis aimed to investigate the role of Kin7.3 in light signaling. This work was built on
preliminary results from Dr. Moschou’s lab, suggesting that Kin7.3 interacts with PHOT1. Yet, the
role and function of Kin7.3 in BL response remained uncharacterized. Therefore, | followed:

(i) a genetic approach to examine whether and how Kin7.3 affects PHOT1-dependent
response to BL

(ii) a cell biology approach to investigate whether Kin7.3 affects PHOT1 localization patterns
and microtubule reorganization
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Results -Chapter |l

Previous work in Dr. Moschou’s lab established the role of Kin7.3 in regulating auxin signaling and

cell polarity.’® To discover additional roles of Kin7.3 in plant signaling, the interactome of Kin7.3
by mass spectrometry after affinity purification was performed in collaboration with the lab of Dr.
Yasin Dagdas (GMI, Austria). Semi-comparative analysis of the identified peptides in the GFP-
Kin7.3 sample compared to the GFP control indicated the light-signaling protein PHOT1 as a
promising Kin7.3 interactor (Figure 5A). These results revealed an unknown interplay between
Kin7.3 and light-signaling responses, albeit in need of further experimental validation, due to the
regular false-positive results.?17:218

Since the motor domain of kinesins associates with microtubules, the truncated version of the

tail domain of Kin7.3 (KIN7.3T) was employed in previous experiments of Fragkiadaki®®

as a
possible interaction domain. Transient expression of Kin7.3 fused to YFP and under 35S ubiquitous
promoter (35S:YFP-Kin7.3) and PHOT1 inserted into pTAP vector (TAP includes 9XMYC-6xHIS-3C
cleavage site-2xlgG binding domain) under 35S ubiquitous promoter (35S:PHOT1-TAP) was
performed. Subsequently, samples were treated with blue and white light before collection and
utilized for Co-IP experiments using GFP-trap beads. Results from Fragkiadaki?'® confirmed that
GFP-Kin7.3 interacted in vivo with PHOT1-TAP in both white light (150 pmol m s!) conditions,
under which PHOT1 was active and with Far-Red (FR) light (25 pmol m s?) conditions, under
which PHOT1 was inactive (Figure 5 B). No interaction was observed between PHOT1-TAP and
free GFP (eGFP), which was used as negative control. Aside from the in vivo confirmation of
interaction, the implications of different light properties in Kin7.3 association with PHOT1 are

beyond the scope of this study.

175 raising the question of whether Kin7.3

PHOT1 acts as a key receptor in phototropic responses
affects phototropism through this interaction. To test the role of Kin7.3 in the phototropic
response, a genetic approach was selected for the investigation of the effect of Kin7.3 loss of
function in hypocotyl curvature, in response to directional BL. For this experiment, the previously
described k135 triple mutant, a triple knock-out of Kin7.1, Kin7.3, and Kin7.5, was selected due to
Kin7.1,3 and 5 playing redundant roles in plant development.’®®> The k135 mutant harbors T-DNA
insertion, either in the motor or the tail domain of Kinesins, and the presence of the insertion was
validated through genotyping (Supplemental Figures, 2A). In further detail, etiolated seedlings of
Arabidopsis lines Col-0, k135, photl-5, phot 2-1, and nph3 were exposed to directional low
intensity BL (0.1 umol m2 s1). As expected according to relevant literature, while wild-type (WT)
Col-0 seedlings bent towards the direction of the light source (curvature), the insensitive phot1-5
(PHOT1 BL receptor loss-of-function mutant) served as a negative control. PHOT1 signaling during
curvature response is also dependent on interaction with NPH32%, in agreement with nph3 lines
showing insensitivity to BL-induced curvature. In accordance with previous studies that showed
PHOT2 not affecting phototropism in low-BLY¥%220221  phot2-1 mutant presented positive
phototropism.169:206:213.222 My results showed that k135 was irresponsive to phototropism
compared to the Col-0, and to a lesser extent than the phot1-5 and nph3 mutants (Figure 5C).
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Interactome analysis GFP-Kin7.3 interactors
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Further confirmation of the importance of Kin7.3 in phototropic response was explored by
performing BL-induced hypocotyl inhibition experiments. The hypocotyl growth of seedlings was
measured after an 4h exposure to continuous BL (1 pmol m2st), with attention not to disturb the
controlled BL conditions inside the dark chamber that BL experiments were conducted. After
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treatment, | calculated the relative inhibition of hypocotyl growth, by comparing growth in BL
versus darkness-grown seedlings. For instance, it is known that Arabidopsis phot1-5 mutants do
not show rapid BL induced inhibition of hypocotyl growth.2? Preliminary results showed that,
while Col-0 seedlings presented a significant difference in hypocotyl growth inhibition following
BL treatment, the k135 mutant was insensitive to the BL and continued grow. Intriguingly,
although NPH3 is reportedly not necessary for phototropin-mediated growth inhibition?%, in this
experiment we also observed insensitivity to the BL-induced inhibition for the nph3 mutant
(Figure 5D).

PHOT1 acts as a PM-associated receptor, and studies in PHOT2 suggested that PM anchoring is
probably established through a short stretch of amino acids in the C-terminal region of the
protein.??* Studies have shown that activation of PHOT1-GFP by BL triggers a dynamic
reorganization of PHOT1-GFP in the PM and intracellular compartments. Initially, PHOT1-GFP
presents a mostly homogenous distribution at the PM, with BL stimulation resulting in a
reorganization of PHOT1 PM localization patterns to a more “patchy” distribution, probably
representing clusters or microdomains.?”® A few minutes after the photoreaction, PHOT1-GFP
starts to internalize to intracellular compartments.'®” Despite the possible interference of the C-
terminal GFP tag to the short stretch of PHOT1 C-terminal amino acids, cell fractionation studies
have confirmed that BL-induced native and GFP-tagged PHOT1 internalize from the PM to
cytosolic locations.??® Due to the importance of the relocalization of PHOT1-GFP in PM
microdomains or its internalization for signaling and phototropic responsiveness, | aimed to
compare the localization dynamics of PHOT1-GFP in WT with PHOT1-GFP in k135 background.

At the start of this master thesis, transgenic lines expressing PHOT1-GFP lines under the
regulatory regions of endogenous promoters were available (a gift from Prof. John Christie), as
also the first progeny of PHOT1-GFP cross with Kin7.3 mutant. To confirm the appropriate
background for BL experiments, the PHOT1-GFP/k135 lines were validated through genotyping
and selved (Supplemental Figures, 2A) until homozygosity was achieved. Detailed analysis of
PHOT1-GFP localization was performed by confocal imaging, with the help and guidance of Dr.
Moschou in the performing time course analysis through confocal imaging. Four day old dark-
grown seedlings were treated with BL and observed through a time-course analysis assay. In good
agreement with previous studies, it was evident that dark-grown PHOT1-GFP in Col-0 background
was initially relatively evenly distributed at the PM (Figure 6A, tomin). However, a few minutes later
it formed rapidly distinct mosaics with strongly labeled punctate areas®® (Figure 6A, timin) and at
the end, it obtained polarized distribution at the PM (Figure 6A, tsmin). Interestingly, by
investigating PHOT1-GFP in k135 background localization, | observed that PHOT1-GFP expression
was higher and possibly resulted in increased PM localization. We found that PHOT1-GFP was still
internalized in the k135, but this internalization might had been delayed in the k135 mutant
background. However, these data are preliminary. Following experiments will soon involve the
investigation of PHOT1-GFP mobility at the PM in WT and k135 background by FRAP (Fluorescence
recovery after photobleaching) and also to measure turnover PHOT1 rate at the PM in the WT
and k135 background.
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Figure 6. Kin7.3 affects localization of Phot1-GFP, changes localization and affects microtubule reorganization upon BL
treatment. (A)Time-course analysis of hypocotyl epidermal cells expressing 355:PHOT1-GFP in Col-0 and k135
background, respectively, showing increased expression of 355:PHOT1-GFP in k135 lines. Confocal images were captured
at tomin, tamin and tsmin, after exposure to continuous BL, (B) Time-course analysis of hypocotyl epidermal cells expressing
aTubulin-GFP in Col-0 and k135 background, respectively. Microtubule reorganization (tomin) recovery to transverse
arrays (tiomin) is altered in k135 (ten).

Yet, there are controversial reports about whether receptor internalization is necessary for

phototropism?®, Kin7.3 associates with microtubules and, since microtubule organization is

194 it is possible that Kin7.3 regulates the

important for microdomain signaling platform formation
phototropic responsiveness through regulation of the PHOT1-GFP signaling complexes at the PM.
Further experiments using super resolution microscopy should be performed, to confirm this
hypothesis.

227 168 192

Due to previous works using drug treatments**’ or katanin*®° mutants™~* suggesting that
cytoskeleton and microtubules are important elements in phototropic response, | investigated

whether Kin7.3 alters microtubule organization. When dark-grown A.thaliana seedlings are
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irradiated with blue light, microtubules arrays reorient from transverse to longitudinal. Transverse
microtubules are ultimately replaced with longitudinal ones, due to the increase of microtubule
severing activity induced by BL.1%%228 Thus, | validated through genotyping transgenic lines of a-
tubulin fused C-terminally with GFP expressed under a ubiquitous 35S promoter (aTub-GFP) in
Col-0 and k135 background and examined them by confocal imaging. Figure 6B shows the
immediate reorganization of microtubule arrays from transverse (Figure 6B, tomin) to longitudinal
(Figure 6B, tiomin) in both WT and k135 lines, as previously described for Col-0 lines.®® However,
after 6h of continuous BL treatment, a-Tub-GFP line showed rearrangement of microtubule arrays
from longitudinal to transverse in Col-0, whereas k135 features microtubules resistant to initial
array reorganization(Figure 6B, ten). aTub-GFP shows that, while k135 responds to BL by the rapid
microtubule reorganization and facilitates phototropic responses, it might also face long-term
effects impacting cytoskeleton properties.

PHOT1 reportedly exhibits reduced electrophoretic mobility after blue-light irradiation in vivo,
consistent with the kinase activity that leads to the autophosphorylation of the receptor.??
PHOT1-GFP, under the control of the native PHOT1 promoter, has been shown to complement
the null phot1-5 allele?*® and exhibits a similar reduction in electrophoretic mobility from darkness
to BL treatment, even after 5 min of exposure to BL.1%*22° Using these observations, | investigated
the effect of k135 in PHOT1-GFP activation by examining its electrophoretic mobility by Western
Blot, using anti-GFP antibodies. My results showed that PHOT1-GFP BL-induced band shift was
reduced in the k135 mutant background, yet with less electrophoretic mobility difference than in
the nph3 background (Figure 7A). These results suggest that Kin7.3 might affect the levels of
autophosphorylation of PHOT1 and thus its activation at the PM, which could explain the

phototropic response insensitivity of the k135 line in BL treatment.

Kinesins are often modified by phosphorylation and this phosphorylation can affect its

conformation states and interactions %2

and Kin7.3 is reportedly phosphorylated in multiple
serine and theronine sites.?! Indeed, mass spectrometry analysis of GFP-Kin7.3 also identified
several phosphorylation sites (unpublished data, Dr. Moschou’s lab). | identified GFP-Kin7.3 in vivo
phosphorylation sites by searching public databases (Arabidopsis Protein Phosphorylation Site
Database, PhosPhAt 4.0%!), combined them with phosphorylation sites identified by mass
spectrometry in the Kin7.3 interactome study (Figure 7B), and designed primers to perform single
site or combinatory Kin7.3 point mutant to alanine (loss of phosphorylation, or phospho-dead
mutants) for future functional and localization assays. | also investigated the conservation of these
phosphorylation sites, by performing alignment of Kin7.1, Kin7.3, and Kin7.5 using ClustalWw?*?
(Figure 7,B). During my work, | generated three Kin7.3 point phosphorylation mutants in entry

clones (pZEO, Supplemental Figures, 2B) that will be exploited in future work in the lab.
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Discussion -Chapter Il

b?32, controlling the growth of plants

BL photoreceptors are key components of a core signaling hu
to the most optimal position for survival and growth. Light-emitting diode (LED) lights with a wide
range of customized light spectra are used to grow plants in vertical farms, highlighting the
importance of understanding the inner workings of BL response. Deciphering the intricate
workings of BL signaling pathways is a topic of study that has been extensively explored in the
past and Kin7.3 seems to be implicated in multiple functions, especially in so far unexplored BL
signaling pathways. Mass spectrometry results (Figure 5A) from Dr. Moschou’s lab have placed
Kin7.3 as a possible interactor of PHOT1 and Fragkiadaki ?*° has shown in vitro proof of PHOT1-
Kin7.3 interaction (Figure 5B) in BL treatments, further supporting their association. Transgenic
lines of k135 based on the redundant roles of Kin7.1,3 and 53 have displayed insensitivity to key
phototropic responses, such as BL-induced bending (curvature, Figure 5C). Collectively, these

functional assays indicate that Kin7.3 is a novel component of the PHOT1-dependent signaling.

Extensive studies of PHOT1 function and localization have elucidated several details of the
signaling events that are triggered by PHOT1 activation due to BL, raising the question of how
Kin7.3 might be implicated in these phenomena. My major observations based on localization
studies involve (i) GFP-PHOT1 showing increased expression levels when expressed in the k135
mutant background and (ii) GFP-PHOT1 presenting a more pronounced and slightly delayed
dissociation from the PM (Figure 6B). One hypothesis might be that PHOT1-GFP turnover and
degradation are altered in the k135 mutant background and that the lack of Kin7.3 is responsible
for these increased levels. Another hypothesis could link the difference in signal intensity to
enhanced self-association of PHOT1 in PM in k135 at the levels of the PM, which is known to occur
immediately after BL treatment.’® The delay of GFP-PHOT1 dissociation from the PM could be
caused by the reduced activation of PHOT1 in the PM, following BL treatment and subsequent
internalization. For example, the lack of Kin7.1,3 or 5 could have a direct effect on microtubules
(or indirect, i.e. by promoting the expression of other kinesins), which could have an impact on
the composition and/or properties of the BL-induced PHOT1-associated microdomains. Indeed,
current knowledge on microdomain formation suggests that the cytoskeleton acts as fences that
transiently confine membrane proteins and organize signaling platforms.?®® In terms of
cytoskeletal effects of Kin7.3 in BL stimulated responses, aTub-GFP showed resistance in
microtubule reversion to their previous array organization (Figure 6B). One explanation could be
possible microtubule nucleation deficiencies caused by the lack of Kin7.3, despite previous
findings suggesting this role for Kin14 and Kin5, but not the Kin7 family.?*

The electrophoretic shift of PHOT1 in the k135 background suggests that PHOT1 is not
phosphorylated in the same manner as PHOT1 in the Col-0 background (Figure 7A). This band
‘shift’ could be related to functional implications of k135 background, suggesting that Kin7.3
might be involved in some step of PHOT1 phosphorylation. NPH3 is necessary for BL signaling
activation?” and the phosphorylation status of PHOT1 appeared, at least, partially inflicted by the
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lack of this signaling complex partner. However, to confirm the phosphorylation levels of PHOT1
and further evaluate whether Kin7.3 is actively participating in the signaling pathway, phospho-
antibodies should be used in Western blot analysis by following the same pipeline to support this
claim.

According to PhosphAt 4.0 database, Kin7.3 is phosphorylated in multiple serine/threonine sites
(Figure 7B). Post-translational modifications, such as phosphorylation, might affect protein
conformation by changing the protein’s structural properties, stability, and dynamics®° that
could, in turn, play a significant role in Kin7.3-PHOT1 interaction. Mass spectrometry results
(unpublished data from Dr. Moschou’s lab) have also identified phosphorylated Serines in Kin7.3,
adding to the importance of deciphering its role, even out of the scope of BL induced responses.

Since PHOT1 forms complexes with multiple partners that affect signaling activity, it would be
interesting to investigate the role of Kin7.3 in the context of these interactions. As mentioned

211 Efflux auxin carrier

earlier, auxin gradients are a major contributor to achieving phototropism.
PIN proteins have been extensively studied for their effect in BL-induced responses.?!! Genetic
crosses between GFP-fused PIN proteins and k135 are in progress, to determine whether Kin7.3
is involved in establishing auxin gradients or, possibly, by disturbing microtubule reorganization
and auxin deposition. This is particularly relevant, as previous work in the lab showed that Kin7.3

plays a role in the regulation of cell polarity and auxin signaling in the roots.**

Future experiments will involve a more extensive study of PHOT1-Kin7.3 interaction, by BIFC
(BImolecular Fluorescent Complementation). BIFC is a visualization technique for protein-protein
interaction, based on the reconstitution of e.g. YFP halves fused to two proteins that interact
intracellularly.?®® Also, MG132 treatment, which effectively blocks the proteolytic activity of the

26S proteasome complex?®’

, could provide some insight into the internalization and degradation
of PHOT1 in parallel with the lack of Kin7.3 expression. Lastly, advanced microscopy techniques
such as FRAP (Fluorescence recovery after photobleaching) and TIRF (Total Internal Reflection
Fluorescence) could aid in measuring or estimating the dynamic movement of PHOT1 in PM and

how this is affected in the k135 background.
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Appendix

Materials and methods

Plant Materials and Growth conditions

The following genotypes of Arabidopsis thaliana were used for physiological experiments: the
wild type (Col-0), k135>, phot1-5, phot2-1, photl-5 phot2-13, nph3 (SALK_122544C) (NASC,
England). The light signaling mutants and lines were offered by Dr J. Christie’s lab, University of
Glasgow. Previous work in Dr. Moschou’s lab resulted in generating crosses aTub-GFP/K135 (lab
in Sweden) and PHOT1-GFP/K135 (Fragkiadaki?'®),which | further characterized by genotyping
(see primer sequence in Supplements, S2A). All Arabidopsis thaliana lines were grown in a
photostable growth chamber (FITOCLIMA 1.200; Aralab) (22°C, 66 + 1% rH, 16h photoperiod),
either on vertical plates containing half strength Murashige and Skoog medium (MS) (Duchefa,
Netherlands), supplemented with 1% (w/v) sucrose and 0.8% (w/v) plant agar, or in canna terra
soil. Light emitting diodes (LED) and flashlight emitting BL in low output (at the specific intensities
described in the result section) were incorporated in growth chamber and used for the BL
physiological experiments. N. benthamiana plants were grown in a photostable growth chamber
(FITOCLIMA 1.200; Aralab) (220 C, 66 + 1% rH, 16h photoperiod).

Molecular Biology experiments

Full-length NtGR-RBP1 into a pENTR/DTopo vector (Invitrogen, Carlsbad, CA) was subcloned into

gateway-compatible pB7WGF2.0 (for N-terminal tag-GFP)?*° (for localization studies), pGAT4 (for
protein expression in bacteria) and G1 (gene expression, designed in Dr. Moschou’s lab)-by LR
recombination with LR Clonase (Thermofisher, Waltham, MA). The entry clones were then
subcloned to gateway destination vectors as above. PTB3 and PSP constructs were already
available in Dr. Moschou lab. TAP-construct for PHOT1 from Kin7.3 was ordered from ABRC, with
stock number AT3G45780.1 for the order (more details in Fragkiadaki?®®).

Site-directed mutagenesis for RBP1 and Kin7.3 point mutants was performed by reverse pcr using
Phusion High Fidelity DNA Taq polymerase(New England Biolabs, Ipswich, ES) and Dpnl (New
England Biolabs) digestion as described by Forloni et al.?*® on entry vectors (pENTR/DTopo for
RBP1 constructs) and pZEO (for Kin7.3 constructs). Same mutagenesis pipeline was followed for
RBP1"1% and RBP1"'?F, which were subcloned into gateway-compatible pB7WGF2,0. and G1 by
LR recombination. All vectors were transformed into E.Coli DH5a strain for propagation and
storage. For protein expression in bacteria, constructs were transformed in BL21 cells. Genotyping
PCR was performed following the Edwards protocol using Tag polymerase (Enzyquest, Greece)
and primers provided in Supplements.

Agroinfiltration-Transient expression in N. benthamiana
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A. tumefaciens strain GV3101 was transformed with RBP1, RBP1*R, RBP1Y1% RBP1Y1?F (in
pB7WGF2.0, rif?, spec?, gent®), RBP1, RBP1'*>® (in G1, rif?, spec®, gent®), PTB3 (in G1, rif?, spec®,
gent®), GRP7 (in G1, riff, spec®, gent?) and PSP (in G6, for N-terminal GFP tag and C-terminal RFP
tag, rift, spec®, gent®). Agrobacteria cultures were inoculated into YEP medium (16-20h, 28°C,
darkness), pelleted by centrifugation (2000xg, 3min, 4°C), resuspended in 2x infiltration buffer
(MES 10mM, MgCl2 10mM, Acetosyringone 200uM) for 2h and infiltrated into the top leaves of
N. benthamiana. All constructs were co-infiltrated with P19 (rif?, kan®) in order to suppress gene
silencing?*!, adjusted to optical density (ODsoo) 0.4. Agrobacterium infiltration (agroinfiltration)
was performed as previously described by Ruiz et al.?*?> N. benthamiana plants were grown in a
photostable growth chamber (FITOCLIMA 1.200; Aralab) (220 C, 66 + 1% rH, 16h photoperiod).
Expression of proteins was visualized at 3-4 days after infiltration.

Confocal imaging and image analysis

For fluorescence microscopy of Arabidopsis 35:PHOT1-GFP, 35:PHOT1-GFP/k135, aTub-GFP and
oTub-GFP/k135 were surface sterilized by bleach and stratified seedlings were grown in the dark
for 4 days before imaging observation. Dark grown seedlings were then mounted in water under
coverslip and exposed to BL laser irradiation for GFP excitation (488 nm). Images were captured
in time course. All samples were imaged though a 40x or 63x oil immersion lens using CLSM
Leica SP8 confocal inverted microscope.

For confocal images of transient expression assays, CLSM Leica SP8 confocal inverted microscope

was used with 40x and 63x oil immersion lens, adjusting to GFP (488 nm) and RFP (588nm)
excitation laser. For heat and cold stress treatments, N. benthamiana plants were subjected either
to heat (370C, 30min) or cold (40C, 30min). Image analyses and intensity measurements were
done using Fiji>®. For ratiometric analysis, CTCF [CTCF=Integrated Density — (Area of selected cellx
Mean Fluorescence of background readings] ratio of RFP to GFP signal was calculated per same
region of interest (ROI) (individual cell). For every image, three ROls were selected and measured
in parallel with three areas lacking signal (background readings), providing a mean value of
fluorescence background.

Measurement of Curvature

For phototropism experiments, seedlings were grown on 0.8% agar plates containing 1/2 MS (pH
5.7) supplemented with 0.5% sucrose. After stratification?**, treated with red light (105 pumol m
s1, 2h, 22°C) to induce uniform germination and plates were kept in darkness in a vertical position
at 22°C for 3 days. Etiolated seedlings were then irradiated with a unilateral blue light-emitting
diode source (470nm; 0.1 pmol m2 s!) for 8h at 22°C. Pictures were captured using a digital
camera (D3500; Nikon) and analyzed. phototropic curvature was estimated as “deviation from

the vertical hypocotyl growth” measured by Imagel) software, Fiji%*3, as described by Christie et
a|.238
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Hypocotyl growth inhibition and statistical analysis

Hypocotyl growth inhibition was measured by planting sterilized seeds onto Petri dishes and
stratifying them for 48h. After stratification, seeds were treated with red light (105 pumol m2s?)
for 2h at 22°C to induce uniform germination. Two copies of plates were then kept in absolute
dark in a vertical position at 22°C for 3-4 days. At tomin, pictures were taken using a digital camera
(D3500; Nikon) of both plates and then one plate continued to grow in the dark and the other was
kept under irradiation using a blue light-emitting diode source (470nm; 1 umol m2s?) for 4 hours,
when pictures were taken again. To quantify relative hypocotyl growth inhibition, the length of

)243

hypocotyls was measured using Fiji (Image J)*** and hypocotyl growth rates were calculated for

dark versus light.
Immunoblot Analyses

For direct detection of proteins from plant material, 3-4 day grown ~10 seedlings per sample
were treated with blue light and grinded immediately with 4x Laemmli Sample Buffer [5.8 mM
Tris-HCI, pH 6.8, 2.1% SDS, 26.3% (w/v) glycerol, 0.01% bromophenol blue]. Afterwards, samples
were boiled for 5 min and centrifuged at 8000g for 5 min. The supernatants were run on 8% SDS-
PAGE gel and further and blotted on a PVDF membrane for Western blot. Anti-GFP antibodies
(Thermofisher) were blotted on the membrane at a dilution of 1:2000 o/n at 4°C. After 3 washes
with Phosphate Buffered Saline (PBS), the blot was incubated with second antibody (anti-rabbit,
1:10000) for 1h and then washed 3 times with PBS. Protein immunodetection of the membrane
was performed using Clarity ECL Western Blotting Substrates kit (BIO-RAD, Hercules, CA) and
Sapphire Biomolecular Imager (Azure Biosystems, Ireland). Following development, membranes
were staining with Coomassie Brilliant Blue stain (CBB) to visualize total proteins as loading
control.

Protein Purification and SDS-PAGE analysis

pGAT4 constructs containing RBP1 and RBP1%5°® (in pGAT4) were transformed in BL21 (DE3)
Rosetta or BL21 (DE3) cells (Sigma-Aldrich, St. Louis, MO). Bacterial cultures were grown in 5 mL
of Luria Broth (LB) medium (37°C, o/n), resuspended in LB and inoculated (37°C, 3h),
supplemented with 100 mg/L of ampicillin and 25 mg/L of chloramphenicol. Protein expression
was induced at ODgoo 0.5 with 0.1 IPTG (28 °C, 3h), cells were harvested by centrifugation at
2.500xg for 20 min at RT and frozen overnight at -80°C. Pelleted bacterial cultures were
resuspended in Lysis Buffer (Triton 0,1%, 20mM Tris-Cl pH 7.5, one tablet of protease inhibitor
cocktail (Sigma-Aldrich)), lysed by sonication (5x 30s On, 5x 30s Off cycles) and centrifuged
(12.500xg, 4°C, 30 min). The soluble fraction was incubated with pre-equilibrated Ni-NTA agarose
beads (Thermofisher). After incubation, beads were packed into columns and proteins were
washed and eluted in increasing concentrations of imidazole. Protein samples from all stages of
the purification procedure were separated by SDS-PAGE and stained with Coomassie Brilliant Blue
(CBB) stain. Isolated proteins were stored at -80 with 10% glycerol.
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In silico prediction and database search

Alignment of full-length Kin7.3, RBP1 and GRP7 was generated with CLUSTALW!'? and visualized
with Jalview?®. Structural model of the RNA-binding domain of NtRBP1 (4C7Q, PDB) was
visualized by PyMOL?*. SUMOylation site prediction was performed with SUMOgo!3, while
phase-separation related predictions with Pi-pi predictor®, CIDER'*! and PONDR?2, Comparative

analysis of amino acid composition was done as described by Powers et al.2’

In vivo Kin7.3 phosphorylation sites were found following searches in the PhosPhAt 4.0%4
database and the Kin7.3 interactome by mass spectrometry results from Dr. Moschou’s lab.

Graphs and statistical analysis

All graphs and statistical analysis were performed using Prism software.*
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Figure S1. Supplemental figures for Chapter I. (A) Dpnl mediated site-directed mutagenesis. Point mutations are
introduced to plasmids using overlapping primers harboring the desired mutation in the middle in a PCR protocol that
amplifies the entire plasmid template. The parent template is removed using the methylation-dependent endonuclease
Dpnl and bacteria are transformed with the PCR product. Images and information by Addgene (Watertown, MS), (B)
Design of the splicing probe used for ratiometric experiments (Figure 6D). GFP;Gree Fluorescence Protein, RFP; Red
Fluorescence Protein, PSP; designated name in Dr. Moschou’s lab. When alternative splicing is promoted, exon 2
harboring a stop codon is removed, thereby permitting RFP expression. (C)Respresentative images of ratiometric
analysis for GV3101 and RBP1. (D) PONDR prediction for Y129F, Square; disorder-to order transition, (E) Plasmid maps
for pPENTR/DTOPO_RBP1, pB7WG72,0 (before LR) and G1 (before LR). Visualization by Snapgene (snapgene.com), (F)
Primer list for RBP1K55R, RBP1Y114F y129F primers ordered by invitrogen®, (G) SDS-PAGE analysis of the Ni-NTA purification
of RBP1 and RBP1,K55R induction. L; protein ladder, Ni;non-induced, I; induced, P;pellet, S;supernatant, FT,;flowthrough,
W1;wash 1, E1,2,3;elution1,2,3, CBB;Coomasie Brilliant Blue.
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Figure S2. Supplemental figures for Chapter Il. (A) Genotyping PCR for k135 background validation. (Left panel) Expected
DNA fragment sizes after genotyping PCR. WT; wild-type, HZ; homozygous, HZ; heterozygous,(Middle panel) PCR
products resulted from genomic DNA and primer set for T-DNA screening. L;ladder, Numbers 1-6; samples, number 2
and 6 showed T-DNA amplification (Right panel) PCR products resulted from genomic DNA and primer set for genomic
DNA screening. DNA template was extracted from Col-0 (wild-type) and k135mutant line.L;ladder, Numbers 2,6; sample
6 is homozygous for loss-of-function Kin7.3, (B) Sets of primers for T-DNA and genomic DNA screening. First screening
was performed for T-DNA insertion (left panel) and selected samples were screened for genomic DNA (right panel).
Experiment and primers design as described in http://signal.salk.edu/tdnaprimers.2.html. LP;left genomic primer,
RP;right genomic primer, Lbb1.3; left DNA border primer. (C)Primer list for Kin7.3 mutants S266A, S618A, and S501A,
(D) Plamid map for pZeo_Kin7.3. from Snapgene®.
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