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SUMMARY

It is of fundamental importance for the plant to trigger the corresponding signaling cascades in
response to environmental stress and to keep proteins and protein complexes active despite the
cellular stress. The chaperone Hsp90 plays an important role in coordinating these two processes,
although the mechanisms that regulate its activity in response to the environment are not fully
understood. Recent studies in animals show that the Hsp90 co-chaperones prefoldin-like (PFDLS)
play a role in environmental signaling. Therefore, they have the potential to carry information about
the environment to modulate both the assembly of protein complexes as part of the Hsp90-
R2TP/PFDL and the signaling pathways in which they are involved. Currently, there is little
information on PFDLs in plant species. We have now accumulated evidence that PFDLs,
particularly URI1, may exert a similar, general role in Arabidopsis, coordinating protein
homeostasis with growth pathways in response to stress, e.g. low energy stress. Here we show
that the R2TP/PFDL complex is formed in Arabidopsis and that URI1 is one of its subunits. The
activity of URI1 is essential for certain processes, such as embryonic development, as evidenced
by the early arrest caused by the knock-out mutation of URI1. With a hypomorphic uril allele, URI1
was shown to have a strong influence on the transcriptome. Consistent with this, the URI1
interactome shows that URI1 interacts with a relatively large nhumber of partners, many of which
are involved in fundamental processes related to mMRNA metabolism. Thus, Arabidopsis URI1, like
its orthologs in yeast and humans, appears to be involved in diverse cellular functions, including
protein homeostasis, mMRNA metabolism and signal transduction. URI is a highly versatile protein,
although the molecular basis of this versatility is still unknown. Here we show that Arabidopsis
URI1 possesses a large intrinsically disordered region spanning most of the C-terminal portion of
the protein, a feature that is conserved in yeast and human orthologs. Our results reveal two main
features of disordered proteins in URI1: promiscuity in interactions with partners and protein
instability. We hypothesize that these two features contribute to endowing URI1 with functional
versatility. Interestingly, the instability of URI1 is counteracted by sugar, and our genetic analysis
places URI1 in the signaling pathway that controls growth in response to sugar deprivation-
induced energy stress by acting as a negative upstream regulator of the master kinase TOR. We
hypothesize that URI1 plays a role in preventing excessive seedling growth when energy
conditions are favorable.






RESUM

Es de vital importancia per a una planta activar les corresponents cascades de senyalitzacié en
resposta a l'estrés ambiental i mantenir actives les proteines i els complexos proteics malgrat
l'estrés cel-lular. La xaperona Hsp90, entre d’altres, s’encarrega de coordinar aquests dos
processos, encara que els mecanismes que regulen la seua activitat en resposta a I'entorn no
s’han arribat a comprendre del tot. Estudis recents en animals mostren que les co-xaperones de
Hsp90, prefoldin-like (PFDLs), tenen un rol destacat en la senyalitzacié ambiental. Per tant, tenen
el potencial de portar informacié sobre I'entorn per modular tant I'assemblatge de complexos
proteics, com a part de I'Hsp90-R2TP/PFDL, i les vies de senyalitzaci6 en les quals estan
involucrats. Actualment, hi ha poca informacié sobre PFDLs en espécies vegetals. Ara tenim
I'evidéncia que els PFDLs, particularment URI1, poden exercir un paper similar en Arabidopsis,
coordinant I'nhnomeadstasi proteica amb les vies de creixement en resposta a I'estrés, per exemple,
estrés energétic. En aquest treball mostrem que el complex R2TP/PFDL es forma a Arabidopsis
i que URI1 és una de les seues subunitats. L'activitat d'URI1 és essencial per a alguns processos,
com el desenvolupament embrionari, com es demostra per l'arrest preco¢ causat per la mutacio
knock-out d'URI1. Amb un al-lel hipomorfic d’uril, es va mostrar que URI1 té una forta influéncia
en el transcriptoma. En consonancia amb I'observat amb el transcriptoma, l'interactoma d'URI1
mostra que URI1 interactua amb un nombre relativament gran de proteines, moltes de les quals
estan involucrades en processos fonamentals relacionats amb el metabolisme de I'ARN
missatger. Aixi, URI1 en Arabidopsis, com els seus ortolegs en rent i humans, sembla estar
involucrat en diverses funcions cel-lulars, incloent-hi 'hnomedstasi proteica, el metabolisme del
ARNmM i la transduccio de senyals. URI1 és una proteina altament versatil, encara que la base
molecular d'aquesta versatilitat encara és desconeguda. Aci mostrem que Arabidopsis URI1
posseeix una gran regio intrinsecament desordenada que abasta la major part de la porcié C-
terminal de la proteina, una caracteristica que es conserva en els ortolegs de rent i humans. Els
nostres resultats revelen dues caracteristiques principals de les proteines desordenades en URI1.
La primera la promiscuitat en les interaccions amb altres proteines, i la segona la inestabilitat
proteica. Aleshores, hipotetitzem que aquestes dues caracteristiques contribueixen a dotar URI1
de versatilitat funcional. Curiosament, la inestabilitat d'URI1 es contraresta amb el sucre, i la
nostra analisi genética situa URI1 en la via de senyalitzacié que controla el creixement en resposta
a l'estrés energetic induit per la privacio de sucre, actuant com a regulador negatiu aigties amunt
de la quinasa TOR. Hipotetitzem que URI1 exerceix un rol en prevenir el creixement excessiu de
les plantules quan les condicions energetiques son favorables.
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RESUMEN

La activacion de las diferentes cascadas de sefializacion en respuesta al estrés ambiental, asi
como mantener activas las proteinas y complejos proteicos en respuesta al estrés celular es
fundamental para las plantas. La chaperona Hsp90 juega un papel importante en la coordinacion
de estos dos procesos, aunque los mecanismos que regulan su actividad en respuesta al
ambiente no estan completamente descritos. Estudios recientes en animales muestran que las
proteinas prefoldin-like (PFDLs), co-chaperonas de Hsp90, desempefian un papel importante en
la sefializacion ambiental. Por lo tanto, son capaces de transmitir informacién sobre el medio
ambiente para modular tanto el ensamblaje de complejos proteicos como parte del Hsp90-
R2TP/PFDL como las vias de sefializacion en las que se encuentran involucradas. Hoy en dia,
se conoce muy poco sobre las proteinas PFDLs en especies vegetales. En este trabajo, hemos
obtenido evidencia de que las PFDLs, particularmente URI1, pueden ejercer un papel similar en
Arabidopsis, coordinando la homeostasis de las proteinas con las vias de crecimiento en
respuesta a diferentes tipos de estrés, como por ejemplo el estrés por falta de energia. Asi,
mostramos que el complejo R2TP/PFDL se forma en Arabidopsis y que URI1 es una de sus
subunidades. La actividad de URI1 es esencial para ciertos procesos, como el desarrollo
embrionario, evidenciado por el arresto embrionario temprano causado por la mutacion knock-out
de URI1. Se ha observado que URI1 tiene una influencia notoria en el transcriptoma mediante el
uso de un alelo hipomorfico de uril. Coherentemente con lo observado en el transcriptoma, el
interactoma de URI1 muestra que URIL interactda con un ndmero relativamente grande de
proteinas, muchas de las cuales estan involucradas en procesos fundamentales relacionados con
el metabolismo del ARN mensajero y la transduccién de sefiales. URI1 es una proteina altamente
versatil, aunque la base molecular de esta versatilidad aln es desconocida. Aqui mostramos que
URI1 en Arabidopsis posee una region intrinsicamente desordenada que abarca la mayoria de la
parte C-terminal de la proteina, caracteristica que se conserva en los ortélodos de levadura y
humanos. Nuestros resultados revelan en URI1 dos caracteristicas principales de las proteinas
desordenadas. La primera de ellas es la promiscuidad en las interacciones con otras proteinas y
la segunda la inestabilidad de la proteina. Hipotetizamos que estas dos contribuyen a dotar a
URI1 de versatilidad funcional. Es importante destacar que la inestabilidad de URI1 se
contrarresta con el azlcar. El analisis genético realizado sitia a URI1 en la via de sefializacién
gue controla el crecimiento en respuesta al estrés energético inducido por la privacién de azucar,
al desempefiar un papel como un regulador negativo aguas arriba de una de las quinasas
principales, TOR. Hipotetizamos que URI1 desempefia un papel en la prevencion del crecimiento
excesivo de las plantulas cuando las condiciones energéticas son favorables.
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Eukaryotes have intricate signal transduction networks that regulate the interplay between external
and internal cues to regulate cellular homeostasis. Maintenance of cellular homeostasis is of
paramount importance. In the case of plants, maintaining homeostasis is more challenging
because they cannot escape environmental fluctuations. Plants employ several mechanisms to
maintain and control cellular function while eliciting appropriate responses to the changing
environment (Baena-Gonzalez, 2010). This involves, for instance, different signalling cascades
that regulate gene expression to re-allocate plant resources that usually cause growth arrest (Huot
B et al., 2014). An essential aspect of cellular homeostasis is characterized by the maintenance
of active forms of proteins and protein complexes (proteostasis), even under stressful cellular
conditions (Zhu JK., 2016), which can lead to misfolding and subsequent aggregation of the
resulting polypeptide chains (Hartl and Hayer-Hartl, 2002). Therefore, protein homeostasis and
cell signalling must be harmoniously coordinated to achieve an appropriate adaptation to
environmental changes. A protein or protein complex involved in the coordination of both
processes must have the ability to recognise environmental stimuli and participate in the relevant
signalling cascade(s) while contributing to protein homeostasis. Molecular chaperones serve as
exemplary instances as they recognise stimuli, shield non-native proteins from unwanted
aggregation and facilitate their folding into correct conformations. A major molecular chaperone is
the Heat Shock Protein 90 (HSP90), which takes up partially folded proteins from HSP70 and
promotes their complete folding by ATP consumption. HSP90 works with co-chaperones that can
(i) induce conformational changes related to chaperone activity, (ii) act as adaptors to recruit client
proteins, or (iii) perform both functions (Balchin et al. 2016; Prodromou, 2016; Schopf et al. 2017).

Lessons from animal models show that the prefoldin-like (PFDL) proteins are emerging as
novel regulators of cell survival and proliferation in response to environmental stress (Chaves-
Perez et al., 2018), and indicate that they have the potential to coordinate environmental signalling
and protein homeostasis. This ability relies in two key features. First, PFDLs are co-chaperones
of Hsp90, as part of the R2TP/PFDL complex, for the assembly of protein complexes with a role
in basic processes such as transcription, splicing or nutrient signalling (Houry et al., 2018). Thus,
they participate in protein complex homeostasis. And second, they act as signalling elements in
response to the cellular environment, e.g. nutrient availability, genotoxics or UV radiation (Chaves-
Perez et al., 2018; Thomas et al., 2018). Therefore, PFDLs have the potential ability to carry
information about the cellular environment and modulate both, protein homeostasis, and
downstream signalling pathways in which they participate. Whether PFDLs perform this role in
plants is still elusive.

Prefoldin-like proteins.

The PFDL proteins were identified in several independent studies carried out in animals and yeast.
They are UBIQUITOUSLY EXPRESSED TRANSCRIPT (UXT) (Schroer et al. 1999),
UNCONVENTIONAL PREFOLDIN RPB5 INTERACTOR (URI; Bud27 in yeast) (Gstaiger et al.
2003; Miron-Garcia et al. 2013), P53 DNA DAMAGE-REGULATED GENE 1 (PDRG1) (Luo et al.
2003), ASNSD1 UPSTREAM READING FRAME (ASDURF) (Cloutier et al. 2020). Sequence
analysis showed that they are related to the canonical prefoldins (PFDs), which were identified in
humans and yeast several years earlier (Vainberg et al., 1998). PFDs form a heterohexameric
complex conserved in eukaryotes that participates as a co-chaperone of the cytosolic chaperonin
CCT in the folding of tubulin and actins (Vainberg et al., 1998 and Gestaut et al., 2019). Each PFD
is formed by a coiled-coil type structure: two a-helix connected by one or two B-hairpins (Martin-
Benito et al., 2002). PFDs with one B-hairpin are B-type PFDs (PFD1, 2, 4 and 6) and the ones
with two are a-type PFDs (PFD3 and 5). The complex has a jelly-fish type structure, with a-helix
protruding as tentacles to establish contacts with client proiteins (Martin-Benito et al., 2002).
Although the structure of the PFDLs has not yet been solved, sequence comparison suggests that
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URI and UXT adopt an a-type structure, and PDRG1 and ASDURF a -type one (Cloutier et al.,
2020). Importantly, proteomic approaches aimed at defining the interactome of RNA polymerase
II (RNAPII) in human cells showed that URI, UXT and PDRGL1, and ASDURF form a complex, the
PFDL complex (PFDLc), together with the canonical PREFOLDIN 2 (PFDN2) and PREFOLDIN 6
(PFDNS6) (Cloutier et al., 2009; Cloutier et al., 2020). The subunit of nuclear RNAPs RPB5 is
usually associated with mammalian PFDLc as it interacts with URI (Dorjsuren et al. 1998).
Although yeast possesses homologues of URI, PFDN6, PFDN2 and RPB5, designated as Bud27,
Gim4, Gim1 and Rpb5, respectively, no genes coding for the homologues of PDRG1, ASDURF
and UXT are present in this organism (Herranz-Montoya et al., 2021). The PFDL complex is
usually associated to the R2TP complex, suggesting that they are subcomplexes that interact
forming the R2TP/PFDL complex (Cloutier et al. 2017). The R2TP/PFDLc was recently named
Particle for Arrangement of Quaternary structure (PAQsome; Houry et al., 2018).

The mammalian R2TPc is composed by RuvBL1, RuvBL2, PIH1D1 and RNAPII
ASSOCIATED PROTEIN 3 (RPAP3) and each protein has a homolog in yeast, namely Rvb1,
Rvb2, Pihl and Tah1l, respectively. The Rvb1l/RuvBL1 and Rvb2/RuvBL2 subunits are highly
conserved and essential for cell viability (Bauer et al. 2000; Kanemaki et al. 1999; Qiu et al. 1998).
Pih1/PIH1D1 and Tahl/RPAP3 show differences in their dimensions and domain constitution,
suggesting that they have evolved to more specialised functions and associations with different
interaction partners (Inoue et al. 2010; Ni et al. 2009). The R2TPc has been identified in several
organisms, suggesting its evolutionary conservation (Zhao et al. 2005; Ahmad et al. 2013;
Benbahouche et al. 2014; Boulon et al. 2008).

The Arabidopsis genome encodes single putative homologues of the R2TP/PFDLc subunits,
except for RuvBL2 (which has two gene copies): RuvBL1, RuvBL2a, RuvBL2b, RPAP3, URI1,
UXT, PDRG1, ASDURF, PFD2, PFD6 and RPB5. Vascular plants have no homologous genes of
PIH1D1. The latter is only present in plant lineages with that require flagellated cells, for example
for motile sperm cells (Zur Lage et al. 2018).

In the following sections, the terms Rvb1, Rvb2, Pihl, Tahl, Bud27, Gim4 and Gim1 will be
used in reference to yeast proteins, while RuvBL1, RuvBL2, PIH1D1, RPAP3, URI, PFDN2 and
PFDNG6 will be used to refer to mammalian proteins (Figure 1).

Subunits forming the R2TP/PFDL complex.
RT2P complex

RuvBL1 and RuvBL2 are two paralogous members of the AAA+ superfamily of ATPases and
function as catalytic components within the R2TP/PFDL complex. Although both have intrinsic
ATPase activity, RuvBL1 and RuvBL2 often work together as hetero-hexameric or hetero-
dodecameric complexes in both yeast and mammals (Niewiarowski et al. 2010; Gorynia et al.
2011; Martino et al. 2018). In addition, they function as important components of ATP-dependent
chromatin remodelling complexes such as INO80 and SWR1 (Jonsson et al. 2001; Krogan et al.
2003, Zhou et al. 2017), the histone acetyltransferase TIP60 complex (Ikura et al. 2000) and 8-
catenin complexes involved in transcriptional regulation (Kim et al. 2005).
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Figure 1. R2TP/PFDL along the eukaryotic kingdom. Schematic representation of the R2TP/PFDL
complex in mammals, showing both the R2TP complex and the PFDL complex together with other
associated proteins. This is then compared with their counterparts in yeast and Arabidopsis thaliana. In
yeast, it remains unclear whether the PFDL complex exists independently or as encircling subunits. In
Arabidopsis, the presence of the R2TP complex was observed, which is associated with numerous
complexes due to its property as an AAA-ATPase. This study investigates the persistence of the PFDL
complex in Arabidopsis, focussing on the activity of one of its subunits, URI1.

The PIH1D1/Pihl subunit functions as a scaffold protein that mediates the recruitment of
client protein complexes through serine-dependent phosphorylation of the PIH1 domain (Hofejsi
et al. 2014). Within the R2TP complex, the conformation of PIH1D1 is not well defined due to its
flexibility, but it is similar to that of Pihl in the yeast R2TP complex, where it binds to the Rvb1/2
heterohexamer (Martino et al. 2018; Tian et al. 2017). In addition, the C-terminus of PIH1D1/Pih1
contains a CS domain (CHORD domain-containing protein and Sgtl domain), a domain also found
in other co-chaperones that interact with Hsp90 (Zhao et al. 2005, 2008; Quinternet et al. 2015).
The lack of PIH1D1/Pihl1 in yeast only results in a defective temperature-sensitive phenotype,
suggesting that it is not essential for cell viability (Gonzales et al. 2005) but for the integration of
external cues. Several studies have also described PIH1D1/Pih1 as a regulator of rRNA synthesis
and processing (Gonzales et al. 2005).

Following the identification of the R2TP complex in yeast, an examination of the human Hsp90
proteome revealed the presence of the human homologues of Rvb1, Rvb2 and Pih1, but not Tahl
(Te et al. 2007) (Figure 1). Later studies showed that Spagl, a Drosophila protein with TPR
domains, could interact with human Hsp90 (Boulon et al. 2008). Previous yeast two-hybrid screens
had also showed that Spag1l interacts with Drosophila Hsp90 and Pih1 (Giot et al. 2003; Te et al.
2007). In the human context, Spag1 is usually referred to as RPAP3 because it was also identified
as a protein associated with RNAPII (Jeronimo et al. 2007). RPAP3 is the largest protein of the
R2TPc in humans. It has two TPR domains that interact with Hsp90 and a C-terminal domain that
serves as a contact site with RuvBL2 (Martino et al. 2018). RPAP3 exhibits high flexibility due to
its long central segment that spans the RuvBL1/RuvBL2 heterohexamer and it serves as a flexible
linker for Hsp90 binding. In contrast, yeast Tah1l is much smaller than RPAP3/Spagl and consists
of two TPR repeats followed by a C-t helix and an unstructured region (Jiménez et al. 2012).
RPAP3/Spagl functions in transcriptional regulation (Shimada et al. 2011), adult stem cell
maintenance (Chen et al. 2018) and circadian rhythm regulation (Means et al. 2015).
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PFDL complex

Apart from the canonical PFD2 and PFD6 (Chavez & Puerto-Camacho., 2016), the most studied
PFD-like proteins in mammals are UXT and URI, as their overexpression triggers different types
of cancer, making both proteins potential therapeutic targets. UXT, known as ART-27, is an a-type
prefoldin that is ubiquitously expressed in mice and humans (Schroer et al. 1999). UXT is essential
for mammalian cell growth and development and loss-of-function mutants are embryonic lethal in
mice (Carter et al. 2014; Schafler et al. 2018; Zhao et al. 2005). In mammals, UXT is active in the
nucleus and cytoplasm. In the nucleus, UXT functions as a cofactor for several transcription factors
and complexes involved in the regulation of cell proliferation, inflammation, and differentiation
(Chen et al. 2013; Kong et al. 2015; Li et al. 2014; Markus et al. 2002; Sanchez-Morgan et al.
2017; Taneja et al. 2004; Zhou et al. 2015). Nonetheless, in the cytoplasm, UXT reduces
proteotoxicity in neurodegenerative diseases through selective autophagy (Yoon et al. 2021).

URI, named Bud27 in yeast, includes an a-like prefoldin domain and an elongated C-terminal
domain that gives URI a larger size compared to the other prefoldins. URI was first described as
a transcriptional regulator through its association with RPB5 (Dorjsuren et al. 1998). Human URI,
and its homologue in yeast Bud27, coordinate interactions between RPB5/RNAPII and other
protein complexes (Wei et al. 2003; Le et al. 2005; Yart et al. 2005; Miron-Garcia et al. 2014).
Bud27/URI is involved in several processes, such as regulation of transcription/elongation,
translation, nutrient signalling and more processes (described in more detailed in the second point
of general introduction).

PDRGH1 is a B-type prefoldin-like protein and has been described as an oncogene that is
downregulated by the tumour suppressor p53 (Luo et al. 2003). Conversely, it is upregulated in
response to UV-induced DNA damage and genotoxic agents (Jiang et al. 2011). In addition,
PDRG1 plays an important role in controlling epigenetic modifications. In the nucleus, PDRG1
interacts with MATa1, the catalytic subunit of methionine adenosyltransferase MAT | and MAT IlI,
inhibits S-adenosylmethionine synthesis and reduces DNA methylation (Pérez et al. 2016).

Mapping of the human RNA polymerase Il (RNAPII) interaction network has shown the
presence of the R2TP/PFDL complex (R2TP/PFDLc) in association with the RNA polymerase
subunit RPB5 (POLR2E) and the WD40 repeat protein WDR92 (Cloutier et al. 2009). The
R2TP/PFDLc plays a role in the assembly and stabilisation of several macromolecular complexes
that include: (i) L7Ae ribonucleoproteins (L7Ae RNPs), (ii) U5 small nuclear ribonucleoprotein (U5
snRNP), (iii) RNA polymerase Il (RNAPII), (iv) phosphatidylinositol-3-kinase-related proteins
(PIKKs) complexes and others (Boulon et al. 2008; Zhao et al. 2008; Machado-Pinilla et al. 2012;
Cloutier et al. 2017; Malinova et al. 2017; Boulon et al. 2010).

While the R2TP/PFDL complex has been extensively studied in animals and yeast over the
past 20 years, very little is known about its role in the green lineage. In plants, only two subunits
of the R2TP/PFDL complex have been described: RPAP3 in Arabidopsis (also called TPR5; Sotta
et al. 2016) and sorghum (Antonio et al. 2023) and URI1 in Arabidopsis (Yang et al. 2022). TPR5
is required for both the activity and direction of cell division in root meristems (Sotta et al. 2016),
whereas URI1 regulates plant gravitational response through controlling PIN2 trafficking and,
therefore, auxin transport (Figure 2) (Yang et al. 2022). In our laboratory, we have identified the
Arabidopsis R2TP/PFDL complex through affinity-purification and mass spectrometry (AP-MS)
using the PFD6 subunit as bait (unpublished results). This prompted us to ask study role of the
R2TP/PFDL complex in plants and to what extent is similar to that in animals. This thesis
dissertation is exclusively dedicated to the characterization of the URI1 protein in Arabidopsis.
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2. Deciphering the role of URI protein.

URI is an important protein for the development of multicellular organisms, since its deletion leads
to embryo lethality in several of them (Parusel et al. 2006; Kirchner et al. 2008). In a PFDLc
context, its absence promotes the degradation of UXT and PDRG1 in mammals, while its
overexpression increases the stability of UXT, PDRG1 and the associated protein RPB5,
suggesting that it is pivotal for the stabilisation of the whole complex (Mita et al. 2013).
Furthermore, inactivation of Bud27, but not of GIM1/PFD6, alters the assembly of RNA
polymerases in yeast, suggesting that Bud27 may act independently of other prefoldins (Mir6n-
Garcia et al. 2013).

URI1 PFD2 PFD6&

| 'PIN1/

4

PIN2 | PIN2

Cytoskeleton
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v

PIN2
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v

Figure 2. The function of URI1 in Arabidopsis as elucidated by Yang et al. (2022). A. Auxin entry into
the plant is facilitated by auxin influx transporters, while export is mainly regulated by transporters such as
PGP transporters and polar localised PIN transporters. In Arabidopsis, PIN export transporters exhibit
polar localisation, which determines the direction of auxin flux. The orientation of PIN transporters is a
dynamic process, constantly switching between the plasma membrane and the endosome. B. Model
proposed by Yang et al. (2022) in which URI1 interacts with PFD2 and PFD6 to co-regulate the
organisation of the cytoskeleton. This collaboration promotes the transport of PIN2 between the endosome
and the plasma membrane, thereby influencing auxin distribution in the roots and controlling the gravitropic
response. Yang et al. (2022) also showed that URI1 contributes to PIN2 recycling independently of the
PFD complex. Figure modified from Yang et al., 2022.

As for the structure of the URI1 protein, in silico analyses suggest that it contains an a-type
prefoldin domain occupying the N-terminus (PFD Domain, PFDD), followed by the RPB5-binding
motif (RPB5D), an asparagine-rich region and the URI box (Gstaiger et al. 2003; Delgermaa et al.
2004; Mirén-Garcia et al. 2013). In mammals, the PFDD is considered indispensable for mediating
interactions between prefoldin-like modular components such as PDRG1 and UXT (Mita et al.,
2013). The RPB5D plays a crucial role in facilitating its interaction with RPB5, a common subunit
of the three eukaryotic nuclear RNAPs (Gstaiger et al. 2003; Miron-Garcia et al. 2013; Deplazes
et al. 2009). Moreover, this domain is essential for orchestrating the assembly of RNAPs (Mirén-
Garcia etal. 2013). The third domain is an asparagine-rich region that can stabilise RPB5 by acting
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as a DNA mimic (Gstaiger et al. 2003). This domain appears to be disorganised and has features
of Intrinsically Disordered Regions (IDRs) (see Chapter 2). The fourth conserved part of the protein
is URI box, whose functional properties remain unclear, has been shown to be important for
translation in yeast (Deplazes et al. 2009). The URI box has also been shown to interact with the
transcription factor TFIIF in human cells (Wei et al. 2003).

Several studies have shown that URI is present in both the nucleus and cytoplasm and may
have different functions in each cellular compartment. Analysis of the Bud27 sequence revealed
the existence of a plausible leucine-rich nuclear export signal (NES) and a nuclear localisation
signal (NLS), both located in the asparagine-rich region. The NES sequence plays a central role
in controlling the nuclear accumulation of Bud27 (Mirén-Garcia et al. 2013). In humans, URI1 has
only the NLS domain, which allows it to shuttle between the cytoplasm and the nucleus via the
Exportin 1. However, its main localisation remains predominantly in the cytoplasmic compartment
(Delgermaa et al. 2004; Mita et al. 2013). Drosophila Uri, which is located mainly in the cytoplasm,
also shows some perinuclear localisation (Kirchner et al. 2008).

While URI/Bud27 is primarily localised in the cytoplasm, its inactivation exerts a discernible
influence on several nuclear mechanisms. First, Bud27 has been shown to be involved in the
biogenesis of the three nuclear RNA polymerases (Mirén-Garcia et al. 2013; Ciesla et al. 2015).
Bud27 acts in a Rpb5-dependent manner, possibly influencing the final stage of assembly of
RNAPs in the cytoplasm before they are translocated to the nucleus (reviewed at Martinez-
Fernadez et al. 2018). Second, Bud27 interacts with the phosphorylated forms of active RNAPII
(Ser5P-CTD and Ser2P-CTD), indicating its involvement in transcription elongation processes
and, accordingly, there is reduced occupancy of RNAPII in many target genes in bud27 mutant
cells (Miron-Garcia et al. 2014). Third, it has been also proposed that Bud27 could be involved in
DNA-repair processes in yeast because it represses the accumulation of Rad52, a protein involved
in the repair of DNA double-strand breaks (Mufioz-Galvan et al. 2013). Fourth, Bud27 interacts in
vivo with Sth1, the catalytic subunit of chromatin remodeler RSC and is required for the recruitment
of the complex to the chromatin (Miron-Garcia et al., 2014 and Cuevas-Bermudez et al., 2023).

Similarly, human URI is also involved in the assembly of cytoplasmic RNAPII as part of
R2TP/PFDLc (Figure 3) (Boulon et al. 2010; Cloutier and Coulombe, 2010). URI regulates
transcription through several other binding partners, such as the PAF1 complex, which is involved
in in promoting RNAPII CTD phosphorylation and histone modification during elongation (Figure
3) (Yart et al. 2005). The role of URI in the nucleus goes beyond transcription. For instance, it
plays a role in maintaining DNA integrity in C. elegans and Drosophila (Parusel et al. 2006;
Kirchner et al. 2008) and contributes to tumour formation by inhibiting de novo NAD+ synthesis in
mice (Figure 3) (Tummala et al. 2014; Burén et al. 2016).

There is experimental evidence that Bud27 plays a role in translation at several levels,
including translation regulation and protein folding. For instance, Bud27 coordinates the
transcription and processing of rRNAs leading to ribosomal biosynthesis, which has a clear impact
in translation mechanisms (Martinez-Fernandez et al. 2020). Bud27 is also involved in translation
initiation by promoting the efficient recruitment of the ternary complex to the 40S ribosome subunit
(Deplazes et al. 2009). In addition, Bud27 interacts with Hsp70 and Hsp40 with a role in protein
synthesis.

Chapter 1 presents a general characterisation of URI1 in Arabidopsis, including the
identification of its interactome in vivo and the transcriptomic changes associated to the lack of
functional URI1. Chapter 2 examines features of URI1 protein that may determine the functionality
of the protein in Arabidopsis.
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3. Role of URI under stress conditions

URI mediates several cellular functions in response to environmental stressors such as genotoxic
agents or nutrient availability in animals. In C. elegans, URI is involved in the prevention and repair
of DNA damage induced by genotoxic agents to maintain the integrity of the genome (Parusel et
al. 2006). In concert with this, the lack of URI results in sterile adults with a small germline due to
a defect in cell proliferation resulting from cell cycle arrest due to DNA damage. In addition,
overexpression of URI in mammals has been found to protect against gastrointestinal syndrome,
a fatal intestinal disease that occurs after a high dose of radiation, demonstrating an active role of
URI in maintaining cellular homeostasis after exposure to this stress (Figure 3) (Chaves-Perez et
al. 2019).

Genetic and biochemical studies in yeast and human cells have shown that URI is modulated
by energy stress and plays a role in regulating Target Of Rapamycin (TOR)-dependent
transcriptional programmes (Figure 3) (Gstaiger et al. 2003; Djouder et al. 2007; Martinez-
Fernandez et al., 2020; Gutiérrez-Santiago et al., 2022). The evolutionarily conserved TOR
pathway occupies a pivotal role in the integration and transmission of nutritional signals to
coordinate cellular growth. Under favorable conditions, TOR remains active and thus promotes
cell growth. Conversely, in the case of nutrient deficiency causing energy stress (or treatment with
a rapamycin inhibitor), TOR is negatively regulated, leading to growth arrest. Bud27 is
downregulated in response to amino acids starvation, and yeast mutants lacking Bud27 exhibit
phenotypes such as cell elongation and agar penetration characteristic of nutrient deficiency-
induced invasive growth (Gstaiger et al. 2003). In addition, this mutation leads to a decrease in
several tRNA species and an increase in the expression of genes encoding proteins involved in
amino acid metabolism. A significant proportion of genes activated in yeast by deficiency in Bud27
have an upstream open reading frame (UORF) in their 5’ promoter region and a consensus binding
site for the Gen4p transcription factors. Remarkably, there is a significant overlap between these
Gcendp-dependent genes and genes upregulated by amino acid deficiency or inactivation of TOR.
These findings indicate that Bud27 acts in the TOR pathway that represses the expression of
genes whose transcription is dependent on Gecn4 (Gstaiger et al. 2003). In addition, lack of Bud27
leads to reduced activity of TOR in yeast cells, supporting the functional involvement of Bud27 in
the TOR pathway (Martinez-Fernandez et al. 2020).

The role of URI in energy stress pathways is conserved in mammals as evidenced by its
involvement in mechanistic TOR (MTOR) signalling (Gstaiger et al. 2003; Djouder et al. 2007). In
humans, URI is phosphorylated when exposed to growth factors such as insulin (Gstaiger et al.
2003) and is unphosphorylated in the presence of mTOR inhibitors such as rapamycin (Figure 3).
This observation suggests that URI functions as a downstream component within the mTOR
signalling cascade. It also suggests that mTOR exerts its role on nutrient-dependent transcription,
at least in part, via phosphorylation of URI through the S6K1 kinase (Djouder et al. 2007). Indeed,
URI in mammals is part of a feedback mechanism to control excessive cell growth in response to
nutrients. Unphosphorylated URI inhibits the protein phosphatase PP 1y, whereas in response to
nutrient availability, phosphorylation of URI by the mTOR/S6K1 pathway causes its dissociation
of PP1y, which in turn inactivates S6K1 (Figure 3) (Djouder et al. 2007).
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Figure 3. PFDL complex in mammals. Together with the R2TP, the PFDLc forms the R2TP/PFDL
complex, which is involved in various mechanisms as cochaperone of HSP90, mainly involving the
assembly of a variety of protein complexes such as RNA polymerases, the L7Ae snoRNP family of
ribonucleoproteins, PIKK, or dyneins in cilia. R2TP/PFDL also plays a role in the nuclei by promoting
transcription elongation through its interaction with polymerases and chromatin remodelling complexes
such as RSC. The PFDL complex is involved in chromatin remodelling by binding KAP1 and PPA2
together to enable regulation of the histone deacetylase HDAC1. URI itself has other functions outside the
PFDL complex. URI influences cell proliferation by binding B-catenin, preventing its translocation to the
nucleus, and cell survival thanks to its relationship with PP1y. It also influences post-translational
modifications such as O-glucosyl-N-acetylation of proteins such as c-Myc through its PKA-dependent
interaction with OGT. Loss of URI is associated with an increase in DNA damage that impairs NAD+
metabolism by binding AhR and ER receptors, thus impairing insulin production in pancreatic beta cells.
In the nucleus, URI is associated with interaction with the PAF1 complex and parafibromin for chromatin
remodelling. Figure modified from Herranz-Montoya et al, 2021.

URI is also a target of another master kinase in response to nutrient availability, PKA. When
glucose is scarce, PKA phosphorylates URI causing its dissociation of PP1y, which allows URI to
interact with and inhibit the O-GIcNAc transferase OGT (Burén et al. 2016). The reduced activity
of OGT destabilizes c-Myc, conferring cell survival under limited resources. The regulation of
PP1ly, and OGT by URI is important for cell adaptation to low glucose, to cope with low energy
stress (Chaves-Perez et al. 2019). It is important to note that URI, in turn, can regulate mTOR
signalling. The R2TP/PFDLc, in which URI is involved, is able to sense the energy state of the cell
thanks to the RuvBL1/2 ATPases (Kim et al., 2013), thus controling cell growth and proliferation
by promoting the assembly and stability of mTOR complexes (Hofejsi et al. 2010) (Figure 3). In
summary, URI is an evolutionarily conserved component of a signalling pathway that coordinates
nutrient availability and gene expression and ultimately controls cell metabolism, growth, survival,
and proliferation.

Considering this information, Chapter 3 examines the response of the Arabidopsis URI1
under a variety of stresses to determine whether it is involved in the plant response to stress,
particularly to low energy stress.
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Due to their dual role as signaling elements and co-chaperones of Hsp90, the PFDL complex, and
in particular its subunit URI1 have emerged as central components for cellular homeostasis in
response to environmental stress in animals. Focusing on URI1, we have tested the hypothesis
that it participates in the signaling pathways connecting stress and growth responses, in particular
low energy stress, in plants. To test our hypothesis, we have pursued the following objectives:

1.

To identify URI1-dependent cellular pathways. To accomplish this goal, we performed
a basic analysis of URI1 function in Arabidopsis using the uril-1 mutant, including
transcriptomic analysis. We complemented the genetic analysis by identifying the URI1
in vivo interactome.

To identify the molecular basis of URI1 functional versatility. URI is a very versatile
protein according to the roles defined in animals and yeast. However, the molecular basis
of this versatility was unknown. We found that Arabidopsis URI has an intrinsically
disordered region and hypothesized that it confers URI1 with functional versatility.

To explore the possible role of URI1 in low energy stress signaling. URI is involved
in the pathway triggered by energy stress in animals and yeast, and we hypothesize that
this role is also conserved in plants. Given the central role of TOR in energy status
signaling in eukaryotes and the fact that URI1 acts in the TOR pathway in animals and
yeast, we investigated the possible functional relationship between URI1 and the TOR
pathway in Arabidopsis.
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URI1 protein is evolutionary highly conserved.

In order to retrieve the putative URI1 sequences from yeast, animals and a range of different plant
species, we used the Translated Nucleotide Basic Local Alignment Search tool (TBLASTN) to
search in the NCBI, Phytozome and OneKP databases, using as a query the amino acid sequence
of the URI1 protein encoded in the H. sapiens genome for yeast and mammals, and the URI1
protein encoded in the A. thaliana (Arabidopsis) genome for the plant species analysed. Only
sequences resembling a full length URI1 protein were considered for subsequent analyses. After
aligning all the URI1 protein sequences, amino acid sequences were manually curated to obtain
an unambiguously aligned column. The resulting trimmed alignment contained 13 URI1
sequences and it was used to infer a Maximum-likelihood phylogenetic tree (Figure 1A). This
phylogenetic analysis showed that URI1 is a protein conserved in eukaryotes. Moreover, the URI1
proteins appear to be encoded by a single-copy gene in all the species analysed.
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Figure 1. URI1 protein is evolutionary highly conserved and expressed along Arabidopsis plants.
A. URI1 maximum-likelihood phylogenetic tree using representative species of yeast, plants and animals.
Branch thickness represents branch support by bootstrap. B. Amino acid conservation though URI1 protein
from sequences used for maximume-likelihood phylogenetic tree inference (A). C and D, Figures obtained
from ProteomicsDB showing: C, Protein URI1 detection calculated using intensity-based absolute
quantification (iBAQ) showing that URI1 is expressed in different Arabidopsis tissues. D, mMRNA of URI1
detection using Transcripts Per Milion (TPM) showing highest expression in the seeds.

The URI1 protein sequences presented conserved domains and regions (Figure 1B),
such as the PFD domain, indicating that URI1 is a Prefoldin-like protein, the RPB5-interacting
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domain, which is required for the interaction with the RPB5 subunit common of nuclear RNA
polymerases (Dorjsuren et al., 1998), and the URI1 box with unknown function.

Since at the time when | started this work the function of URI1 was unknown in plants,
we started to analyse the in silico expression pattern of the protein and mMRNA in Arabidopsis using
the ProteomicsDB resources. The URI1 protein was present throughout the plant, but showed its
maximum in the carpels, in the ovule of the embryo sac and in the seed (at the imbibition stage)
(Figure 1C, Supp Table 1). Although URI1 protein was found in almost all tissues in Arabidopsis,
URI1 mRNA expression was mainly localised in the ovule of the embryo sac and in the seed (at
the imbibition stage and at the dry stage), while URI1 mRNA expression was relatively low in the
carpels, shoot axis node and hypocotyl of the seedling (Figure 1D, Supp Table 2).

GUS reporter lines reveals URI1 tissue-specific expression pattern.

To start exploring the role that URI1 performs in Arabidopsis, we decided to generate different
reporter lines to detect the spatial expression of URI1. To determine the promoter activity of URI1
(At1g03760), firstly a fragment of 1307 bp between gene At1g03770 and At103760 were cloned
without taking the ATG of At1g03770 (Figure 2). Then, GUS promoter fusion lines were prepared
as described in Material and Methods. We analysed three independent promoter fusion lines for
pURI1::GUS. The activity of the URI1 promoter was consistent in all three lines analysed. In the
aerial part of the seedling, the expression of pURI1::GUS was highest in the vascular tissue of the
hypocotyl and cotyledons, in the guard cells, in the stipules and in the cotyledon tips (Figure 3A,
3B, 3C, 3D and 3E, respectively). In the root, the strongest pURI1::GUS signal was observed in
the transition zone between the hypocotyl and the root (Figure 3A). In adult plants (30-day-old),
the GUS signal was observed in the vascular tissue of rosette leaves, in trichomes and in the
stigma, septum, and style of fruits (Figure 3F, 3G, 3H and 3lI, respectively).
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Figure 2. Schematic representation of the regions cloned and used as promoter and genomic DNA
for URIL (At1lg03760). Atlg03760 is the gene encoding URI1, and it is very close to At1g03770. The
promoter sequence for URI1 was considered to be the region between the two genes without retaining the
ATG of At1g03770, totalling 1312 bp. The genomic DNA of URI1 contains 2107 bp from the ATG to the
STOP codon. These two regions were used to generate all constructs used in this work.

In the context of the cotyledon tip and stipules, the detected signal is typically correlated
with the accumulation of auxin (Bai et al., 2008), suggesting a possible involvement of URI1 in
auxin pathway. Auxin is a phytohormone that regulates cell division, cell elongation, cell
differentiation, and patterning (Sachs, 1991). In fact, URI1 has been recently shown to regulate
the trafficking and localisation of the PIN auxin transporters in Arabidopsis (Yang et al., 2022).
Altogether, these results indicate that URI1 might be active in different tissue and cell types during
Arabidopsis development.
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Figure 3. pURIL is active in different Arabidopsis tissues. A. Transition zone between hypocotyl and
root. B. Cotyledons vascular tissue. C. Guard cells. D. Stipules. E. Cotyledon tips. F. Vascular tissue from
rossette leaves. G and H. Trichomes. |. Stigma, style and septum. Scale bar is marked on each image.

URI1 protein localises both in the cytoplasm and nucleus.

To determine the cellular localisation of URI1, we fused URI1 to YFP under the control of a
constitutive promoter (p35S) and expressed this construct transiently in Nicotiana benthamiana
(N. benthamiana) leaves. In most cases, we found that the fluorescence corresponding to the full-
length URI1 fusion (URI1-WT) was localised simultaneously in the nucleus and cytoplasm (Figure
4B). This subcellular localization is similar to that observed for URI1 orthologs in yeast and
mammals (Mirén-Garcia et al., 2013; Delgermaa et al., 2004; Mita et al., 2011). The nuclear
localization was striking to us because although the mammalian URI1 protein has Nuclear
Localisation Signal (NLS) sequences, the NLS are absent in Arabidopsis URI1 (Yang et al., 2022),
suggesting that the nuclear localization of URI1 is supported by a partner protein or that it has
non-canonical NLS.

The absence of NLS signals prompted us to identify the part of URI1 responsible for its
nuclear localisation. As explained in the Introduction, URI1 has 4 regions identified: the PFD
domain, the RPB5 domain, an aspartic acid-rich region, and the URI1 box (Figure 4A). To examine
the contribution of the different parts of the protein to the subcellular pattern of URI1, especially to
the nuclear localization, we fused three deleted versions of URI1 to YFP. The first contained only
the PFD domain (URI1-PFD domain), the second contained the RPB5 domain, the acidic region
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and the URI1 box (URI1-APFD), and the third lacked the Uri1 box (URI1-AURI1 box). Each fusion
was expressed under the constitutive 35S promoter. We found that the fluorescence distribution
corresponding to the URI1-PFD and URI1-AURI1 box fusions was similar to that of the full-length
protein, i.e. it was located into the nucleus and cytoplasm (Figure 4B). In contrast, the fluorescence
of the URI1-APFD fusion was exclusively located in the cytoplasm, suggesting that the PFD
domain is required for URI1 nuclear localisation (Figure 4B). As mentioned earlier, there are two
possibilities: first, that there is a non-canonical NLS in the PFD domain. And second, that this
domain is required for interaction with a partner present in N. benthamiana cells that carries URI1
into the nucleus.
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Figure 4. YFP-URIL transition expression showed signal in nuclei and cytoplasm of N. benthamiana
leaves. A. Representation of URI1 protein domains showing the different versions used in this work: WT,
PFD domain, APFD Domain and AURI1 Box. All this constructions were clonned, fused to YFP and
expressed in N. benthamiana leaves. B. Confocal imaging from N. benthamiana leaves expressing
p35S::YFP-URI1 WT, p35S::YFP-URI1 PFD Domain, p35S::YFP-URI1 APFD Domain and p35S::YFP-URI1
AURI1 Box after 3 days of agroinfiltration. Scale bar 25 pm.

To determine the localization of URI1 in Arabidopsis under conditions more similar to the
endogenous ones, we generated a construct expressing a GFP fused to the C-terminus of URI1
in the genomic context, pURIL1::URI1-GFP (WT). We grew pURI1::URI1-GFP seedlings in vertical
plates for five days and were stained with propidium iodide (PI) to easily visualize the root cells
and locate the GFP fluorescence under the confocal microscope. We found URI1-GFP mainly in
the cytoplasm with a faint signal in the nuclei (Figure 5A). This confirmed the results obtained in
N. benthamiana and are similar to the localization of URI1 recently reported in Arabidopsis (Yang
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etal., 2022). The presence of URI1 in nuclei was confirmed by an alternative approach, subcellular
cell fractionation. To this end, we prepared a URI1-3xFLAG fusion in the genomic context that
complemented the full KO uril-2 mutant. Seven-day-old seedlings were used to prepare different
subcellular fractions (cytoplasm, nucleoplasm and chromatin) and to check where URI1-3XFLAG
was located. We found that URI1-3xFLAG was not only present in the cytoplasm but also in the
nucleoplasm and in the chromatin fraction (Figure 5B).
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Figure 5. URI1is expressed in nuclei and cytoplasm in Arabidopsis plants. A. Confocal imaging from
pURI1::URI1-GFP roots of 5-day-old showing GFP signal in cytoplasm and faint signal in the nuclei. Scale
bar 25 pm. B. Western blot image showing pURI1::URI1-3xFLAG subcellular fractionation. URI1-3xFLAG
(70 KDa) is detected in total extracts, cytoplasm, nucleoplasm and attached to the chromatin. RuBisCo
(55KDa) protein stained with Ponceau S is used as loading control for total extracts and cytoplasm extracts.
H3 antibody is used as loading control of chromatin fraction.

URI1 is part of the Prefoldin-like complex in Arabidopsis

In animals, URI1 forms the PFDL complex with the prefoldin-like proteins UXT, PDRG1, and
ASDURF and the canonical prefoldins PFD2 and PFD6 (Gstaiger et al., 2003; Sardiu et al., 2008;
Cloutier et al., 2020). In Arabidopsis, URI1 interacts with PFD2 and PFD6, as shown by yeast 2-
hybrid (Y2H) and by co-immunoprecipitation assays (Yang et al., 2022). Nevertheless, it remained
unknown whether the PFDL complex exists in Arabidopsis and URI1 is one of its subunits. To
investigate this possibility, we identified the URI1 interactors in vivo in Arabidopsis PSB-D cell
suspensions (Van Leene et al., 2015). To this end, we fused to the N-terminal end of URI1 the GS
tag, which consists of a protein G tag and the streptavidin binding peptide (Van Leene et al., 2015).
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Although the GS tag was designed for a two-step affinity purification, we performed a single
immunoprecipitation to increase the chance of identifying weak or transient interactions (Figure
6A) (Antosz et al., 2017). Transgenic PSB-D cell suspensions expressing GS-URI1 (Figure 6B) or
the unfused GS tag (Figure 6D) were prepared and extracts from three biological replicates were
subjected to an affinity purification (AP) step using mouse IgG-coated paramagnetic beads (Figure
6C, 6E). Although enough beads were added to the mixture, we still observed GS-URI1 and GS
protein in the flow-through (Figure 6C, 6E), indicating that the 1gG magnetic beads were fully
saturated. Nonetheless, the inmunoprecipitation worked correctly as we found the bait protein after
eluting from the magnetic beads. Proteins in the eluates were identified by mass spectrometry
(MS) analysis. We only considered proteins for which at least one unique peptide was identified in
the three biological replicates, rather than two peptides, and that were not present in the GS control
AP-MS list. Among the top interactors, we identified PFD2 and PFDG6 in the eluates of GS-URI1
(Figure 7, Supp Table 3, Supp Table 4). We also identified the putative ortholog of the prefoldin-
like protein PDRG1 (encoded by the At3g15351 gene) and two proteins annotated as “Prefoldin
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Figure 6. URI1 in-vivo interactome definition. A. Flowchart showing the pipeline followed to identify
URI1 interactome in-vivo using A. thaliana suspension cells. B. Western blot showing the expression
of GS-URI1 (70 KDa) on the three replicates (R1, R2 and R3) used to identify URI1 in-vivo
interactome. DET3 (40 KDa) were used as loading control. C. Western blot image showing the GS-
URI1 (70 KDa) inmunoprecipitation assay performed, lines: input, flow-through (FT) and
inmunoprecipitation (IP). D. Western blot showing the expression of GS (25 KDa) on the three
replicates (R1, R2 and R3) used to define the control list. E. Western blot image showing the GS (25
KDa) inmunoprecipitation assay performed, lines: input, flow-through (FT) and inmunoprecipitation
(IP).

60



chaperone subunit family protein”, encoded by At1g26660 and At1g49245 genes. None of these
proteins were identified in the eluates from the control GS cell suspensions (Supp Table 3, Supp
Table 4). Phylogenetic analysis revealed that the proteins encoded by the Atlg26660 and
At1g49245 genes were the likely orthologs of the UXT and ASDURF prefoldin-like proteins from
animals, respectively (Supp Figure 1A - 1B). This result suggested the existence of the PFDL
complex in Arabidopsis. To confirm this, we performed a reciprocal AP-MS using extracts from
PSB-D cell suspensions expressing the GS-UXT fusion (Figure 8A, 8B). URI1, PFD2, PFDS6,
PDRG1, and ASDURF were identified as top interactors of UXT (Figure 7, Supp Table 3; Supp
Table 4). These results confirmed the presence of the PFDL complex in Arabidopsis and that URI1
is one of its subunits.

N i
o

A0A1P8AV08 @ @

®,

AOK1PBAY74 6 b 4o
)
oaavibe A \aoK1pea5co
S g oy &9 (TR )
dBL3x5 doLvus
@ STh) A0A1p88) -.@;
dozuts
e
Q9zZu4p
. AO 80833 4@‘ 1P88FZ5
AODZ
& @

Figure 7. URI1 and UXT in vivo interactome of Arabidopsis cells suspensions. Protein interactors of
URI1 and UXT that are common in the three replicates are shown. Each replicate is compared to the list of
interactors obtained after immunoprecipitation of the GS tag to determine which interactors bound tightly to
the proteins under study. The final list of interactors was categorised using Panther (www.pantherdb.org)
according to a statistical overrepresentation test using the biological process GO annotation set.

Interestingly, in our AP-MS experiments, we did not pull down any canonical prefoldin other
than PFD2 and PFD6. This result suggests that both URI1 and UXT are part of the PFDL complex
and do not appear to form alternative complexes with other canonical prefoldins. This situation is
very similar to that in animals, where URI1 and UXT co-immunoprecipitated only PFDN2 and
PFDN6 among the canonical prefoldins (Cloutier and Coulombe, 2010). However, in animals,
ASDURF and PDRG1 have been suggested to be part of alternative PFD complexes, with
ASDURF and PDRG1 replacing PFDN1 and PFDN4, respectively (Cloutier and Coulombe, 2010;
Cloutier et al., 2020). Whether these alternative complexes exist in plants needs further
investigation.
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Predicted structure of the Prefoldin-like complex

Although the structure of the PFDLc is not known for any organism, the structure of the complex
in humans has been predicted based on the jellyfish-like structure of the canonical PFD complex
(Cloutier et al., 2020). Therefore, we wanted to determine whether the subunits of the PFDLc from
Arabidopsis could arrange themselves in a similar structure. The canonical PFDc consists of two
types of subunits, a-type, in which two B-hairpins connect two a-helices, and B-type, in which one
B-hairpin connects the two a-helices (Arranz et al., 2018). Prediction based on modelling showed
that the Arabidopsis PFD2 and PFD6 can adopt the structure of 3-type prefoldins (Blanco-Tourifian
et al., 2021), and the URI1 prefoldin domain that of an a-type (Yang et al., 2022). We modelled
the structures of the Arabidopsis UXT, PDRG1, and ASDURF based on the structure of the human
orthologues. Arabidopsis UXT adopted an a-type structure (Figure 9A), whereas PDRG1 and
ASDURF adopted a B-type structure (Figure 9B, 9C), all with relatively high accuracy (higher than
0.3, which is the cut-off for good models), as determined by the Predicted Native Overlap (Eramian
et al., 2008). Using the predicted structures and the arrangement of the predicted PFDLc from
humans (Cloutier et al., 2020), we could assemble the PFDLc from Arabidopsis (Figure 9D). The
structural similarity between Arabidopsis and human prefoldins and prefoldin-like proteins strongly
suggests that the Arabidopsis PFDLc adopts a jellyfish-like structure in vivo that resembles the
canonical one.
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Figure 8. UXT interactome in-vivo definition. A. Western blot showing the expression of GS-UXT (40
KDa) on the three replicates (R1, R2 and R3) used. B. Western blot image showing the GS-UXT (40 KDa)
inmunoprecipitation assay performed, lines: input, flow-through (FT) and inmunoprecipitation (IP).

Interactions of URI1 within the Prefoldin-like complex

In the predicted PFDL complex, URI1 occupies a central position together with UXT as a-type
subunits, surrounded by the four B-type subunits. We next examined by Y2H the direct interactions
established by URI1 with other subunits of the complex. In agreement with the arrangement in the
predicted structure of the PFDLc, URI1 interacted with the other a-type subunit, UXT, and with the
two closest B-type subunits, PFD2 and PDRG1 (Figure 10A) (Yang et al., 2022). As reported, URI1
also interacted with PFD6 (Figure 10A) (Yang et al., 2022), although the two subunits did not
appear to occupy adjacent positions within the complex (Figure 9D). This result could indicate that
the interactions between the B-hairpins of the subunits within the complex are more extensive than
assumed in the predicted model. However, it may also suggest that URI1 and PFD6 have the
ability to interact with each other outside the PFDLc. We next examined the direct interaction
between the two a-type subunits, URI1 and UXT, in vivo. To this end, we transiently expressed
YFP-URI1 and HA-UXT fusion proteins in leaves of N. benthamiana and assessed the interaction
by co-immunoprecipitation (Figure 10B). We were able to efficiently immunoprecipitate HA-UXT
with anti-GFP antibodies from leaf extracts co-expressing both proteins, indicating that they are
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able to establish strong interaction in vivo. Interestingly, we found a higher level of HA-UXT when
co-expressed with YFP-URI1, possibly reflecting parallelisms with the stabilizing effect that URI1
exerts on the UXT protein in the human cell line LNCaP (Mita et al., 2013).

B. ASDURF

At Hs

D- ASDURF

Figure 9. Predicted structure of Arabidopsis UXT, ASDURF, and PDRGI1. A. The structure of
Arabidopsis (At) UXT, B. ASDURF and C. PDRGL1 is shown together with the structure of their human (Hs)
orthologs. D. Predicted structure of the human PFDL complex. Only the URI1 PFD domain is included in
the structure.

The URI1 in vivo interactome revealed that URIL is involved in a variety of molecular
pathways.

We used AP-MS with PSB-D cells expressing GS-URI1 to identify URI1 partners other than PFDL
subunits. The list of interactors was manually curated using GO orthology to categorise the
interactors in terms of their molecular function and biological process.
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We found 189 proteins in addition to the PFDL subunits. URI1 was found in association
with a number of proteins involved in multiple molecular pathways (Figure 7, Supp Table 4). The
largest group was those related to the regulation of gene expression, including interactors involved
in RNA metabolism, mRNA splicing, processing body formation, chromatin remodelling and
interactors directly related to RNAPII, such as the NRPB1 subunit. We also found interactors
related to the primary metabolism, embryonic development, defence response, response to
various stimuli, protein posttranslational modification, and cytoskeletal motor activity.
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Figure 10. URI1 interacts with other partners involved in PFDLc. A. Yeast-two hybrid assay (Y2H)
between BD-URI1 and R2TPc (RuvBL1-, RuvBL2- and RPAP3 — AD) and PFDLc (URI1-, PDRG1-,
UXT-, PFD2- and PFD6-AD) in growth control (-L-W), and in histidine-free SD media (-L-W-H). Y2H
empty vector containing Gal4 Activation Domain (AD) were used as negative control. B. co-
immunoprecipitation (co-IP) assay showing the interaction between URI1 (expected size at 75KDa, but
it was found around 100 KDa) and UXT (40 KDa) in agroinfiltrated N. benthamiana leaves. After three
days of agroinfiltration, the tissue was used for the IP with anti-GFP paramagnetic beads and were
detected by western blot using anti-HA and anti-FLAG-HRP antibodies. The position of molecular weight
marker is shown on the left.

We compared the curated list of URI1 interactors with those of UXT. Only 9.6% of both
interactomes were shared by URI1 and UXT (Figure 11). In this list, in addition to the other subunits
of the PFDL complex and NRPB5, a known accessory subunit (Dorjsuren et al., 1998), we found
other proteins that are part of different protein complexes, such as (i) U1 snRNP, U2B (component
of U2B), TSCC4 (component of U5 snRNP) and SmD3 (core component of U1, U2, U4 and U5
snRNPs) (Swaraz et al., 2011); (ii) NRPB1 and NRPAL, the catalytic subunits of RNAPI and II,
respectively, and RPAP2, involved in RNAPII assembly and traslocation to the nucleus (Boulon et
al., 2010); and (ii) PABN1 and RPT2B, two subunits of the proteasome (Lee et al., 2011).
Interestingly, we also found NTF2 (Nuclear Transport Factor 2) (Zhao et al., 2006), which could
be involved in the translocation of URI1 to the nucleus, a possibility that we will investigate in the
future. Unexpectedly, URI1 and UXT shared a small fraction of interactors, suggesting that most
of the identified interactors bound to URI1 could be interactors of URI1 alone. However, it is
important to note that we cannot completely exclude the possibility that URI1 interacts with its
partners as part of the PFDL, and the fact that we could not identify a larger number of UXT
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interactors may be due to technical limitations of the immunoprecipitation. The proteomic analysis
of the other PFDL subunits would be helpful to determine the exclusive partners of URI1.
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Figure 11. Interactors common to URI1 and UXT in Arabidopsis cell suspensions. Curated list of
interactors from URI1 and UXT were compared to obtain the interactors that are common to both, this
interactors would be considered as interactors from PFDLc. Most of the proteins found are part of protein
complexes, suggesting that the co-chaperone role of the PFDL complex is conserved in Arabidopsis.
Graph were done using VENNY 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/).

URI1 is required for embryo development.

To determine the function of URI1, we analysed different mutant alleles. We first analysed an
insertion mutant (SALK_038314) that contains the T-DNA in the second intron of URI1 and a DS-
transposon (Ds-t) insertion mutant from RIKEN (pst10814) (Figure 12A), recently named as uril-
2 and uril1-3 (Yang et al., 2022). Heterozygous but not the homozygous plants were identified for
the insertions from a self-pollinated population of uril/+ for any of the two alleles, suggesting that
the insertion may cause embryo lethality in homozygosis in both cases. Indeed, uril-2 and uril-3,
showed 25% approximately aborted seeds in the immature siliques of heterozygous plants (Figure
12B). We next checked at which stage the embryo arrested its development in the uril-2 mutant.
We found that embryo arrested at a very early stage, just 2 days after fertilisation (Figure 12C).
The URI1 proteome showed that URI1 interacts with proteins playing a role in embryo
development, such as OVA6 and SED1 (Berg et al., 2005; Ju et al., 2016), suggesting that the
lack of interaction in the mutant may be one of the causes leading to the lethal phenotype (Figure
7, Supp Table 4). Also, this defect could be due to failure in assembly of nuclear RNAPs or TORC
kinase, which are clients of the R2TP/PFDL complex in animals and yeast (Houry et al., 2018).
Together, these data suggest that URI1 is required for early stages of embryo development in
Arabidopsis. During the course of the investigations, a viable mutant allele of URI1 was reported,
uril-1, presenting a point mutation in the third exon (Yang et al, 2022). Although the uril-1 mutant
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is viable, the mutant plants showed some disturbance in embryonic development, as reflected by
smaller siliques with some gaps (Figure 12B).

URI1 is required for post-embryonic development.

We used the uril-1 mutant allele to determine the role of URI1 in post-embryonic development.
To this end, we analysed several growth and developmental phenotypes in the mutant and
compared them with the wild type (WT). First, we measured the length of the roots compared with
the WT (Figure 13A). Roots of uril-1 mutant were drastically reduced compared to the WT.
Furthermore, when stained with Pl, 5-day-old roots showed cellular damage in the root apical
meristem (RAM), reflected in cells filled with the dye, and abnormal cellular divisions were
observed in different cell layers (Figure 13B). The latter is likely due to the fact that uril-1 mutants
also exhibit disrupted cytoskeletal organization (Yang et al., 2022), which is directly related to cell
divisions (Serra et al., 2020). A defect in cell division in the RAM is also present in the pfd6é mutant
(Gu et al., 2008), defective in another subunit of the PFDL, suggesting that this could be due to
failure in the activity of the complex, rather than in the activity of individual subunits acting on their
own. The smaller size of the RAM and thus the entire root could be due to these defects in cell
division, resulting in a smaller number of cells available for differentiation.
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Figure 12. URI1 is required for embryo development. A. AT1G03760 gene chart that encodes to URI1
in Arabidopsis. Location of mutant lines used in this project are showed on the chart: uri1-1 is a line with
a point mutation that changes G to A, uri1-2is a T-DNA insertion mutant from SALK (salk_038314),
and uri1-3 (pst10814) is an insertion of a Ds-transposon from RIKEN. Scale bar 100 bp. B. uri1-1, uri1-
2 and uri1-3 valves dissection showing embryo abortions (marked with white arrows) compared to WT
(Col-0 and No). Scale bar 2 mm. C. Nomarski microscopy used to determine at which stage of embryo
development on uri1-2  mutant the embryo stopped. Scale bar 25 um.
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Then, we analysed the shoot apical meristem (SAM) to determine whether it was also
affected. As observed in the RAM, SAM size was also dramatically reduced compared with the
WT (Figure 14). Impaired SAM growth could also be the consequence of altered cell divisions
planes, as previously described (Bencivenga et al.,, 2016), a possibility that awaits further
investigation. In any case, our results indicate that URI1 is necessary for the normal activity of
both the SAM and the RAM.
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Figure 13. URI1 impairment causes root growth deficiency. A. uri1-1 mutant were grown vertically on
CL (continuous light) together with WT during 10 days to quantify root growth length. uri1-1 mutant roots
were quantified with FiJi, and then t-test were performed to determine that roots from uri1-1 are
significantly shorter than WT roots. (0.12 (ns), 0.033 (*), 0.002 (**) and 0.001 (***)). Scale bar 10
mm. B. Confocal imaging of WT and uri1-1 roots grown during five days and stained with PI. White arrows
show improper cell division observed. White asterisk showed cell death detected inside the root. Scale
bar 50 pm.

While growing the plants in the greenhouse, we noticed that the mutant plants had a tendency to
flower earlier than the WT. Thus, we checked the flowering time under long- and short-day
conditions to determine whether the regulation of this developmental transition was affected in the
mutant and if this was dependent on the photoperiod. Regarding long-day conditions and
confirming our observation, uril-1 mutant presented an early-flowering phenotype, with tiny
rosettes leaves and short stems compared to WT (Figure 15A). In contrast, in short-day conditions,
uril-1 mutant presented a late-flowering phenotype (Figure 15B) compared to WT. The contrasting
effect of the uril-1 mutation in the flowering time anticipates a complex relationship of URI1 with
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the signalling pathways that regulate this developmental transition. It has been observed that
canonical PFDs are involved in flowering and delay the flowering of Arabidopsis by attenuating the
expression of certain integrator genes for flowering (Blanco-Tourifian et al., 2021). One possibility
is that URI1 as PFDL could also be involved in this process. However, further studies are needed.

The uril-1 mutation has a strong influence on the transcriptome

To confirm and explore possible additional roles of URI1 in post-embryonic development, we
performed RNA-seq analyses in WT and uril-1 mutant. To this end, we compared the
transcriptomic differences in 7-day-old seedlings of WT and uril-1 mutant. As expected based on
the morphological phenotypes, the uril-1 mutant showed a significant number of differentially
expressed genes (DEG). We found 1751 DEG in the mutant compared to WT plants (1394 down-
regulated and 357 up-regulated) (q value < 0.05, [log2FC| > 1) (Figure 16A-B, Supp Table 5). To
determine if there were physiological pathways preferentially affected in the mutant, we did a GO
enrichment analysis using the BGI’s online tool Dr. Tom for genomic analyses. We found that the

P
Figure 14. URI is required for proper Shoot Apical Meristem (SAM) development. WT and uri1-1
plants were sowed on soil and before bolting, SAM was dissected and stainned with PI. 3D reconstruction
of uri1-1 shows an impaired and reduced SAM compared to the 3D reconstruction of WT SAM. Scale bar
50 ym.

68



most enriched categories in “Biological process” were related with metabolic processes and cell
wall organization/modification (Figure 17, Supp Table 6).
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Figure 15. Flowering time of uri1-1 is altered under different circadian cycles. uri7-1 mutant and WT
seeds were sown in soil, maintained at 4°C during 7 days and then germinated under each light
regime. A. Flowering time results representation using long day conditions (16 hrs light at 22°C and 8 hrs
dark at 19°C). uri1-1 mutant flowered before WT, forming less rosette leaves. B. Flowering time results
representation using short day conditions (8 hrs light at 22°C and 16 hrs dark at 19°C). uri1-1 mutant
flowered later than WT, forming more rosette leaves. Quantifications were done manually once a week.
Scale bar, 2 cm. t-test were done to determine that differences between groups in both light regimes are
significant using APA style (0.12 (ns), 0.033 (*), 0.002 (**) and 0.001 (***)).

Most genes of categories related to cell wall processes were downregulated in the uril-1
mutant, consistently with the dwarf phenotype observed in uril-1 mutant plants (Figure 18A, Suppl
Table 7). Interestingly, there were many affected categories related with primary and secondary
metabolism, such as sterol, terpenoid/diterpenoid/triterpenoid, carbohydrates, polysaccharides
and more (Figure 18B, Suppl Table 7). The possible involvement of URI1 in primary metabolism,
particularly in the context of the response to energy stress, has been investigated in the Chapter
3. The fact that several genes related to primary metabolism are repressed is directly related to
the dwarf phenotype of the uril-1 mutant. This is because both primary and secondary metabolism
ultimately oversee the regulation of all plant processes (Erb et al., 2020). In addition, it is
noteworthy that there were also enrichment in categories related to pathogen defense, plant
immune system and stress (Figure 18C, Suppl Table 7).
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Figure 16. Transcriptomic analysis of uril-1 and WT seedlings. A. Differentially expressed genes
(DEGS) silenced (1394) and induced (357) in uril-1 compared to WT. B. Volcano plot showing the
genes expressed in uril-1 (24146). Differential analysis was done with Dr.Tom with default options
(Beijing, China). The red and blue dots indicate up-regulated and down-regulated genes, respectively.
DEGs were considered when log, FC = 1 and g-value < 0.05.

We next wondered whether the transcriptomic changes observed in the uril-1 mutant
reflected activity of the R2TP/PFDL complex or of URI1. In an independent experiment performed
in the lab to determine the transcriptomic response to heat stress (part of the PhD work of Alberto
Palacios-Abella), we included seedlings of the uril-1 mutant along with seedlings of the tpr5-2
mutant, carrying a hypomorphic allele that affects the RPAP3 subunit of the R2TP complex (Sotta
et al., 2016), and of the pfd2 pfd6 double mutant, deficient in two subunits of the PFD and PFDL
complexes obtained by genetic crosses. We obtained the transcriptome of the WT and the three
mutant seedlings by RNA-seq. In this case, we applied a less stringent filter to identify DEG (p adj
< 0.05 and logz FC £ 0.58, instead of log2 FC * 1), since the transcriptomic changes in the tpr5-2
mutant are small. Using this threshold, we identified 3138 DEG (907 up-regulated and 2231 down-
regulated) in the uril-1 mutant, 6682 DEG (3072 up-regulated and 3610 down-regulated) in the
pfd2 pfd6 mutant, and 558 DEG (156 up-regulated and 402 down-regulated) in the tpr5-2 mutant
compared to WT plants. We next compared the up- and down-regulated DEG between mutants
and found that 1745 genes presented similar misregulation in uril-1 and pfd2 pfd6é seedlings,
representing a statistically significant overlap (Figure 19A and Supp Table 8). In contrast, the
common DEG that were misregulated in the opposite direction were much less. This is compatible
in a model where PFD2, PFD6, and URI1 act on a common pathway, i.e., the misregulation of
these genes would be the consequence of a defective PFDLc. The comparison with the tpr5-2
mutant rendered a less clear result. Although the overlap was statistically significant, there was no
clear trend that genes were misregulated in the same direction (Figure 19B, Supp Table 8).
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Figure 17. Gene ontology enrichment among genes that are differentially expressed in uril-
1 mutant. Bubble plot showing “Biological process” categories overrepresented in uril-1 mutant
when log2 FC = 1 and g value < 0.05. The size of the points match with the number of genes
enriched in this category (bigger means more genes). g-value is represented by colour. Rich ratio
of a particular GO term refers to its enrichment in uril-1 DEGs set compared with the reference
genome background set. All the GO are included in Supp Table 6.
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Figure 18. Multiple genes involved in cell wall, defence, root hair development and
secondary metabolism are differentially expressed in uri1-1. A. Relative expression of several
genes involved in different processes related to cell wall. B. Relative expression of several genes
involved in secondary metabolism. C. Relative expression of several genes involved in defence
and root hair elongation. Relative expression is represented as log, FC (uri1/WT). Number genes
are showed in Supp Table 7.

When we compared the three transcriptomes together found that uril-1, tpr5-2, and pfd2
pfdé mutants shared 117 DEG, most of them being affected by mutations in the same direction
(Figure 20A and 20B). These results suggest that URI1 performs a considerable part of its

72



functions independently of the PFDL complex, as there were a considerable number of DEG that
did not overlap with the pfd2 pfd6é mutant. However, the overlap with pfd2 pfd6 still is considerable,
indicating that part of URI1 function is exerted as subunit of the PFDL complex. The overlap of
uril-1 or pfd2 pfd6é mutants with tpr5-2 mutant is small owing to the small number of DEG in this
mutant (Figure 19B), which makes difficult to draw conclusions. Nevertheless, the set of common
DEG for the three mutants behave similarly in each of them, suggesting that their misregulation
may be a consequence of defective activity of the R2TP/PFDLc, which according to the GO
analysis could had an influence on biotic stress responses (Figure 20C). These results also
suggest that the percentage of URI1, PFD2, and PFD6 activities dedicated to the R2TP/PFDL
complex is less compared to the activity dedicated to the PFDL. From these results, it can also be
deduced that the PFDL complex and the R2TP complex largely fulfil separate functions, as
described in animals (von Morgen et al., 2015).
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Figure 19. URI1 shares downstream DEGs with PFD2, PFD6 and TPR5. A. Venn diagram showing the
overlap of upregulated and downregulated in uril-1 and pfd2pfd6é DEGs. B. Venn diagram showing the
overlap between upregulated and downregulated in uril-1 and tpr5-2 DEGs. Statistical significance of the
overlaps is represented by the Fisher’'s exact test.

URI1 prevents cell differentiation.

We have shown that URI1 is required for cell proliferation and tissue development in the root and
shoot. To test in an alternative way whether URI1 is necessary for tissue differentiation and de-
novo organogenesis, we analysed how the in vitro callus formation and de-novo shoot
regeneration were affected by the uril-1 mutation. Hypocotyls from 7-day-old etiolated seedlings
were separated from cotyledons and root (Wu et al., 2022). The excised hypocotyls were then
incubated for 30 days in the dark on CIM media to produce calli. After 30 days in the dark, calli
were transferred to SIM media and incubated in LD media for a further 30 days to induce shoot
production (Figure 21).

Whereas WT produced calli from excised hypocotyls, the capacity was reduced in uril-1
mutant hypocotyls, which produced smaller calli (Figure 22A), with more than two-fold decreased
in fresh weight when compared to WT (Figure 22B). This suggests that URI1 activity is required
for callus formation from Arabidopsis hypocotyls, and therefore to keep the proliferative capacity
of these undifferentiated cells. URI1 activity might be necessary keep cells in an undifferentiated
state and proliferating. To test the possible role of URI1 in de-novo shoot organogenesis, we
induced shoot formation in calli produced from WT and uril-1 mutant hypocotyls (Figure 21).
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Interestingly, calli produced from uril-1 mutant hypocotyls were greener than those of the WT
(Figure 23A). Although we did not observe the formation of shoots, the green color indicated that
the differentiation into shoots started earlier in the mutant calli, which suggests that URI1
negatively regulates de-novo shoot organonegesis in Arabidopsis. To try identifying the molecular
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Figure 20. URI1-dependent transcriptome is more similar to PFD2/PFD6-dependent transcriptome. A.
Venn diagram showing the overlap of DEGs in uril-1, pfd2pfd6 and tpr5-2 mutants. B. Heatmap showing the
hierarchical clustering of the DEGs which are common between uril-1, pfd2pfd6 and tpr5-2 represented as
log, FC. C. Bubble chart of GO terms enriched in the DEGs that are shared between uril-1, pfd2pfd6 and
tpr5-2. The size of the points match with the number of genes enriched in this category (bigger means more
genes). Fold enrichment is represented by colour. Fold enrichment is a valuable metric for identifying
differentially expressed genes and understanding which genes are most affected by the experimental
conditions being studied.
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basis underlying the possible role of URI1 in this developmental process, we performed RNA-seq
analyses on WT and uril-1 calli in shoot inducing media. uril-1 had 3992 DEG (log2FC = 1 and a
g-value < 0.05), 2730 down-regulated and 1262 up-regulated when compared with WT (Figure
23B-C, Supp table 9).

7-day-old etiolated

seedlings
30 days 30 days
Dark _— — LD period
23°C 23°C
— —

CiM

Figure 21. Workflow showing obtaining of calli using 7-day-old etiolated seedlings. Calli Induction
Media (CIM) and SIM (Shoot Induction Media) were prepared as explained in Material & Methods section.
Excised hypocotyls were incubated during 30 days under dark in CIM and then transferred to SIM during
30 days and under LD conditions.
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Figure 22. Callus production is defective in uril-1. A. Callus formation in WT and uri1-1 grown in callus
inducing medium. Scale bar 2 mm. B. Fresh weight (mg) in WT and uril-1 calluses showing a statistically
significant reduction (t-test) in uril-1 compared to WT. t-test were done to determine that differences between
groups in both light regimes are significant using APA style (0.12 (ns), 0.033 (*), 0.002 (**) and 0.001 (***)).

To understand the biological processes underlying the URI1-dependent transcriptome in
de-novo organogenesis, we performed a GO enrichment analysis on the uril-1 DEG. This analysis
showed that multiple processes related to cellular proliferation, tissue differentiation, and
photosynthesis were enriched (Figure 24), supporting the hypothesis that URI1 is a regulator of
de-novo organogenesis in Arabidopsis.

75



Altogether, these data indicate that URI1 is required for proliferation of undifferentiated
tissue, whereas it negatively regulates differentiation/de-novo organogenesis in plants. This
agrees to a certain extent with observations in mammals, where URI1 is considered an oncogene
and is highly expressed in tumours (Gu et al., 2015; Herranz-Montoya et al., 2021). Moreover,
URI1 promotes liver tumorigenesis (Tummala et al., 2014) and its overexpression enhances
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Figure 23. De-novo shoot organogenesis is promoted in uril-1. A. De-novo shoot organogenesis in
WT and uril-1 grown in shoot induction medium. Scale bar 5 mm B. Down- (2730) and upregulated (1262)
DEGs in uril-1 in callus grown in shoot induction medium obtained after RNA-seq analysis. C. Volcano
plot of DEGs in uril-1 callus compared with WT callus grown in shoot induction media (23758). Differential
analysis was done with Dr. Tom (DESeq2 anaylisis), with default options. The red and blue dots indicate
induced and repressed genes, respectively. DEGs were considered when log2 FC = 1 and g-value < 0.05.

cancer cell survival by inhibiting apoptosis (Ji et al., 2019). It is therefore plausible that URI1 acts
as a conserved pan-eukaryotic regulator of cellular proliferation and differentiation.

76



microtubule-based movement -

cell wall organization 4

regulation of transcription, DNA-templated
response to light stimulus <

photosynthesis -

hydrogen peroxide catabolic process -
transmembrane transport 4

plant-type secondary cell wall biogenesis -
phloem transport -

amino acid transport -

photosynthesis, light harvesting in photosystem | o
carbohydrate metabolic process -
photosynthesis, light harvesting -

nitrate assimilation

regulation of DNA endoreduplication

auxin polar transport

auxin-activated signaling pathway |

response to auxin -

mitotic cell cycle phase transition -

plant-type cell wall organization -

procambium histogenesis -{

xylem vessel member cell differentiation o
xylem development -

positive regulation of transcription, DNA-templated -
toxin catabolic process -

response to toxic substance -

regulation of amino acid export -

negative regulation of mitotic nuclear division o
response to oxidative stress -

phloem or xylem histogenesis

regulation of secondary cell wall biogenesis -
cell cycle o

protein phosphorylation -

suberin biosynthetic process -

response to karrikin -{

regulation of cyclin-dependent protein serine/threonine kinase activity
response to biotic stimulus -

glucosinolate biosynthetic process =

xylan biosynthetic process -

maintenance of root meristem identity -

root development -

sesquiterpene biosynthetic process -

cell-cell junction assembly -

photosynthesis, light harvesting in photosystem 1l 4
regulation of cytokinesis <

terpenoid biosynthetic process -

nitrate transport -

brassinosteroid biosynthetic process -
diterpenoid biosynthetic process

response to nematode -

lignin catabolic process |

cytokinesis o

histone H3-S10 phosphorylation

metabolic process -

lignin biosynthetic process -

regulation of G2/M transition of mitotic cell cycle -
root radial pattern formation 4

pectin catabolic process -

electron transport chain -

auxin efflux -

o 0.015

° 0.02
Gene number
[ ] e 4
g ® %
° @ 188
: @2

L] @

Rich ratio

Figure 24. Several biological processes including developmental programs related with
plant organogenesis are enriched in uri1-1 DEGs. Bubble chart showing GO enrichment
analysis reveals a multitude of processes that are altered in uri1-1 compared with WT growing in
shoot induction medium. Bubbles are colour-coded according to g-value and their size is relative
to the gene number. Rich ratio shows the enrichment of each GO term.

77



Supplemental figures

UXT

Musa acuminata

Oryza sativa

Aquilegia coerulea

Vitis vinifera

Arabidopsis thaliana
Medicago trunculata

{ Homo sapiens
k.

6|
Mus musculus

PFD5 Arabidopsis thaliana

ASDURF

— Oryza sativa

Musa acuminata
Agquilegia coerulea
Vitis vinifera
Medicago trunculata
Arabidopsis thaliana
Homo sapiens

Mus musculus

PFD1 Arabidopsis thaliana

Supp Figure 1. The proteins encoded by At1g26660 and At1g49245 genes are the likely orthologs
of UXT and ASDURF. A. Phylogenetic analysis of UXT and B. ASDURF proteins from various plant
species, humans and mouse. Numbers in branches are maximum likelihood bootstrap values from one
thousand replicates. The scale bar refers to the evolutive distance. Arabidopsis PFD5 and PFD1 were

used as outliers.

Supplemental tables

All supplemental tables are available online at: http://plasticity.ibmcp.csic.es/tools.html
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CHAPTER II.

THE PREFOLDIN-LIKE PROTEIN URI1
EXHIBITS CHARACTERISTICS OF

INTRINSICALLY DISORDERED
PROTEINS
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The results from Chapter 1 indicate that URI1 is involved in diverse processes in Arabidopsis,
most likely due to its ability to interact with many different proteins. We have found that this
versatility in the function of URI1 is also observed in its orthologs from yeast and humans, however,
the molecular basis is unknown. In this chapter, we have investigated the reason for this versatility.

URI1 has an intrinsically disordered region

The interactions of the URI1 protein with other subunits of the complex in humans occur via its
PFD domain (Mita et al., 2013). In Arabidopsis, the uril-1 mutation leads to a G-to-R change at
position 90 within the PFD domain, resulting in a weakened interaction with PFD6 (Yang et al.,
2022). This observation suggests that the PFD domain plays a crucial role in the interaction in
Arabidopsis. As mentioned in the Introduction, unlike other PFD or PFDL proteins, URI1 is larger
and contains a C-terminal extension downstream of the PFD domain. Using AlphaFold, we
generated the predicted structure of URI1 (Figure 1A) (Jumper et al., 2021). The algorithm showed
high confidence in predicting the position of the residues forming the PFD domain (dark blue
regions in Figure 1A and dark green regions in the plot of predicted alignment errors in Figure 1B).
However, the confidence in the prediction of the position of most residues in the C-terminal
extension was low (yellow and orange regions in Figure 1A and light green regions in the plot in
Figure 1B). Analysis of the URI1 sequence using various protein disorder prediction algorithms,
such as Foldindex (Prilusky et al., 2005), lupedL, lupredS and SPOT-disorder summarised in
DEPICTER (Barik et al., 2023), and AlphaFold-disorder included in MobiDB (Piovesan et al.,
2023), showed that the C-terminal extension of URI1 is predicted to be disordered (Figure 1C,
Figure 2A-B). The predicted disorder in URI1, expressed as a percentage of disordered residues,
ranges from 65.5% to 83.6%, depending on the algorithm used. Consequently, URI1 is a partially
disordered protein with a well-structured region at the N-terminus, the PFD domain, followed by
an intrinsically disordered region (IDR).

We then investigated whether the presence of the IDR is a conserved feature of URI1.
Using AlphaFold and the same disorder prediction tools used for URI1 in Arabidopsis, we analysed
the orthologs of URI1 in humans and yeast. The structure predictions generated by AlphaFold
showed that both human URI and yeast Bud27 have a well-defined PFD domain at the N-terminus
followed by a predominantly unstructured region (Figure 3A-B; Figure 4A-B). Notably, the disorder
predictors for both proteins revealed the presence of an IDR that encompassed the region at the
C-terminus of the PFD domain (Figure 3C; Figure 4C). Despite the limited sequence homology in
the C-terminal extension of URI1 in Arabidopsis, humans and yeast (Gstaiger et al., 2003), it was
identified as an IDR in all three cases. This observation suggests that the unfoldability of this part
of the protein has a functional significance, while the sequence may contribute to species-specific
properties, such as interactions with certain partners.

Experimental findings from yeast and humans have provided substantial evidence
supporting the crucial role of the region encompassing the IDR in URI/Bud27 function (Djouder et
al., 2007; Deplazes et al., 2009; Miron-Garcia et al.,, 2013; Burén et al., 2016). Notably,
complementation analyses in yeast involving deleted versions of Bud27 have demonstrated that
the region downstream of the PFD domain, corresponding to the IDR, is sufficient to alleviate
translational defects (Deplazes et al., 2009) and temperature sensitivity (Miron-Garcia et al., 2013)
in Auri/bud27 cells. Subsequently, we investigated whether Arabidopsis URI1 exhibits
characteristics typical of proteins with IDRs. Our focus was directed towards examining the
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capacity of URI1 to interact with other proteins, the stability of the URI1 protein, and the effects for
the plant resulting from the overaccumulation of URI1.
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Figure 1. URILl is predicted to be a partially disordered protein. A. The AlphaFold-predicted structure of
URI1, where colours represent model confidence: dark blue (very high), light blue (high), orange (low), and
yellow (very low). B. The PAE plot measures the confidence in the relative position of two residues in Ang-
stroms (ranging arbitrarily between 0 and 31), with smaller distances indicating higher confidence. C. Plots
display disorder (grey) and MoRF (green) propensity profiles in URI1 predicted by SPOT-Disorder, lupred L,
lupred S, and fMoRFpred.The numeric line at the top indicates residue positions in the protein. The scheme
of URI1 is depicted at the top of the panel, with green lollypops indicating residues phosphorylated in vivo.
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Figure 2. The URI1 protein is partially disordered. A. 3D structure of URI1 predicted by AlphaFold. The
part of the protein predicted to be folded is colored in blue, while the disordered/unfolded regions appear in
red. B. Output graph from the preFold analysis using the FoldIindex algorithm, showing the predicted folded
(blue) and unfolded (red) regions of URI1.

URI1 has an extensive interactome

IDRs give proteins the versatility and adaptability to interact with a variety of different partners
(Sun et al., 2013). The ability of IDRs to confer binding promiscuity and plasticity is attributed to
small regions known as molecular recognition features (MoRFs), also referred to as short linear
motifs or linear interacting peptides. These MoRFs can adopt different conformations when binding
to different interaction partners (Yan et al., 2016). Analysis of Arabidopsis URI1 using the
fMoRFpred algorithm incorporated in DEPICTER (Barik et al., 2020) predicted the presence of
MoRFs in the IDR, particularly in the region extending from residues 150 to 250 and at the C-
terminus (Figure 1C). A similar analysis identified numerous MoRFs in the IDRs of human and
yeast URI1/Bud27 (Figure 3C; Figure 4C). This study suggests that the IDR of URI1 in Arabidopsis
confers it the ability to bind promiscuously to partners, a property shared by URI of the three
species.

In Chapter 1, we showed that URI1 interacts in vivo with a relatively large number of part-
ners, 135, when following a strict cut-off criterion for identification, i.e. only proteins present in the
three replicates, with minimum of two unique peptides in at least one of them and absent in the
control line were considered (the number of interactors would be 194 if proteins represented by at
least one unique peptide in each of the three replicates instead of considering two) (Figure 5A;
Chapter | - Supp Table 4). We then investigated whether URI/Bud27 exhibits similar promiscuity
in yeast and humans. We used the list of URI interactors in human HEK 293T cells identified by
AP-MS (Cloutier et al., 2020). The list of yeast Bud27 interactors, identified by various experi-
mental approaches, was obtained from the Saccharomyces Genome Database (Wong et al.,
2023). URI has 142 and 117 partners in humans and yeast, respectively (Cloutier et al., 2020;
Wong et al., 2023), suggesting that both are promiscuous proteins. However, the number of in-
teractors for the partner of Arabidopsis URI1, UXT, was comparatively lower (Figure 5A-B; Chapter
| - Supp Table 4). In contrast to URI1, UXT is predominantly an ordered protein consisting almost
exclusively of the a-type PFD domain (Chapter | - Figure 9A). These results suggest that the
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promiscuity of Arabidopsis URI1 in establishing protein-protein interactions is likely mediated by
the IDR region rather than the PFD domain. This property is probably influenced by the presence
of numerous MoRFs within the IDR.
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Figure 3. Human URI is predicted to be a partially disordered protein. A. The AlphaFold-predicted
structure of URI, where colours represent model confidence: dark blue (very high), light blue (high), orange
(low), and yellow (very low). B. The PAE plot measures the confidence in the relative position of two
residues in Angstroms (ranging arbitrarily between 0 and 31), with smaller distances indicating higher
confidence. C. Plots display disorder (grey) and MoRF (green) propensity profiles in URI predicted by
SPOT-Disorder, lupred L, lupred S, and fMoRFpred. The numeric line at the top indicates residue posi-
tions in the protein.
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A higher preference for interactions between disordered proteins was found in humans
(Shimizu and Toh, 2009). To investigate whether URI1 preferentially interacts with disordered
proteins, we determined the unfoldability value for each of the URI1 interactors using Foldindex
and compared it with the value calculated for a list containing the same number of randomly
selected proteins (Supp Table 1). Positive values correspond to preferentially folded proteins,
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Figure 4. Bud27 is predicted to be a partially disordered protein. A. The AlphaFold-predicted structure
of Bud27, where colours represent model confidence: dark blue (very high), light blue (high), orange (low),
and yellow (very low). B. The PAE plot measures the confidence in the relative position of two residues in
Angstroms (ranging arbitrarily between 0 and 31), with smaller distances indicating higher confidence. C.
Plots display disorder (grey) and MoRF (green) propensity profiles in URI/Bud27 predicted by SPOT-Dis-
order, lupred L, lupred S, and fMoRFpred. The numeric line at the top indicates residue positions in the
protein.
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while negative values correspond to predicted disordered proteins; the lower the value, the more
disordered (Prilusky et al., 2005).
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Figure 5. URI1 is a promiscuous protein that preferentially interacts with disordered proteins. A.
Visualization of the URI1 and UXT interacting network generated by Cytoscape. The node color indicates
the unfoldability, as depicted in the scale bar. Six UXT interactors have not been included in the network, as
we did not retrieve their unfoldability values from the analysis with preFold. B. Violin plots showing the
unfoldability value for a group of randomly selected Arabidopsis proteins (control group; n=135), URI1
interactors (n=135), and UXT interactors (n=51). Dotted lines within the violins represent the median and the
first and third quartiles. ****, P < 0.0001; ns, non-significant. C. Scatter plot representing the unfoldability
value and Score Sequest HT for each URI1 interactor.

For example, the unfoldability value of SERRATE (SE), an URI1 interactor from Arabidopsis that
has characteristics of disordered proteins (Li et al., 2020), is -0.133, while the value for URI1 is -
0.099 (Supp Table 2). The mean value of unfoldability of URI1 interactors in Arabidopsis was
negative and significantly lower than that of the control group (Figure 5A, B) indicating a greater
prevalence of disordered proteins or proteins with one or more IDRs among URI1 interactors in
Arabidopsis.
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We then investigated whether this feature of URI1 in Arabidopsis is conserved in humans
and yeast or whether it is species-dependent. Analogous to Arabidopsis URI1, we determined the
value of unfoldability for each URI1 partner in each species using Foldindex. In contrast to Ara-
bidopsis URI1, the mean unfoldability value for human URI1 interactors matched that of the control
list, both being positive (Figure 6). The average unfoldability value of URI/Bud27 interactors was
positive, but significantly lower than that of the control list (Figure 6). In contrast to Arabidopsis
URI1, these results suggest that, at least under the physiological conditions under which human
and yeast URI interactomes were determined, URI from these two organisms does not selectively
interact with disordered proteins. Our analyses suggest that the composition of URI1 interactomes
likely depends on the species-specific sequence of URI1, including IDR, and it is not solely deter-
mined by the unfoldability of the IDR.
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Figure 6. Human URI and yeast Bud27 preferentially interact with ordered proteins. Violin plots show-
ing the unfoldability value for a group of randomly selected human (control group human; n=132) and yeast
(control group yeast; n=114) proteins, human URI interactors (hURI; n=132), and yeast Bud27 interactors
(Bud27; n=114). Dotted lines within the violins represent the median and the first and third quartiles. **, P
< 0.01; ns, non-significant.

Having established the propensity of Arabidopsis URI1 to interact with disordered
proteins, we aimed to determine whether the extent of unfoldability of each partner influences the
strength of the interaction. To this end, we plotted the unfoldability value against the average score
Sequest HT (Supp Table 3) (Eng et al., 1994) for each of them in the three replicates, which we
used as a proxy to measure the strength of the interaction. As shown in Figure 5C, no correlation
was apparent between these two parameters, suggesting that the degree of disorder of the partner
does not seem to determine the strength of its interaction with URI1 in Arabidopsis.

In contrast to Arabidopsis URI1, the average unfoldability value for UXT interactors was
positive and similar to that of the control group of proteins (Figure 5A-B). The specific prevalence
of disordered proteins in URI1 partners suggests that URI1 establishes these interactions alone
and not as part of the PFDL complex. This is supported by the limited overlap between URI1 and
UXT interactors in Arabidopsis, as shown in Figure 5A-B. Nevertheless, we cannot rule out the
possibility that URI1 interacts with its partners as a part of the PFDL, and that the failure to identify
a larger number of UXT interactors may be due to technical limitations of immunoprecipitation.

The interactome of URI1 revealed that proteins were mainly associated with RNA
binding, nucleic acid binding, and mRNA binding (Chapter | - Figure 7, Chapter | - Supp Table 4).
This observation is consistent with studies showing that RNA-binding proteins and spliceosome
components are predominantly disordered in mammals (Castello et al., 2012; Korneta and
Bujnicki, 2012; Zhao et al., 2021), suggesting a functional connection between URI1 and RNA
transactions based on the disorder of URI1 and its RNA binding partners. We propose that URI1,
supported by the capabilities conferred by the IDR, can act on these partners in various ways,
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either autonomously or as part of the PFDL complex in Arabidopsis (Van Der Lee et al., 2014).
Thus, URI1 could serve several functions: (i) as a chaperone that helps achieve the final
conformation of the partner; (ii) as an effector protein that modulates partner activity, as evidenced
by interaction with the phosphatase PP1y via a region within the URI IDR in humans (Djouder et
al., 2007); or (iii) as an assembler that helps in the assembly of protein complexes (Houry et al.,
2018).

URI1 is an unstable protein likely degraded via 20S proteasome

The involvement of disordered or partially disordered proteins in regulatory pathways and their
propensity to form protein-protein interactions means that the amount of these proteins must be
tightly controlled (Gsponer et al., 2008). Thus, disordered or partially disordered proteins tend to
be unstable, short-lived proteins (Gsponer et al., 2008). We investigated whether this was the case
for URI1 by conducting in vitro cell-free degradation assays.

For this purpose, we transiently expressed either Arabidopsis HA-URI1 or GFP in the
leaves of N. benthamiana and incubated the protein extracts for different time points at 30°C in
the presence of the protein synthesis inhibitor cycloheximide (CHX). We then analysed the protein
levels of HA-URI1 and GFP by Western blot. As shown in Figure 7A-B, the Arabidopsis HA-URI1
levels decreased within the first minutes of incubation, while the GFP level remained unchanged.
This result indicates that Arabidopsis URI1 is susceptible to rapid degradation, suggesting that it
is an unstable protein. We then investigated whether URI1 is degraded via the proteasome
pathway. Incubation of protein extracts with the proteasome inhibitor MG-132 resulted in a delay
in the degradation of HA-URI1, suggesting that the proteasome is at least partially involved in the
degradation (Figure 7A-B).

Many disordered proteins are directly degraded by the 20S core proteasome without
requiring the proteasome 19S lid, which is responsible for unfolding the target proteins (Opoku-
Nsiah and Gestwicku, 2018). This process is independent of protein ubiquitination. The 20S
proteasome also degrades patrtially disordered proteins, as shown for the Arabidopsis protein SE
(Li et al., 2020). To determine whether Arabidopsis URI1 can also be degraded via 20S
proteasome, we conducted the in vitro cell-free degradation assays in the presence of CHX and
PYRA41, an inhibitor of the ubiquitin-activating enzyme E1. As shown in Figure 7C-D, the decay of
HA-URI1 protein levels were not affected by PYR-41, suggesting that it occurs independent of
ubiquitination via 20S proteasome. The degradation of the URI1 protein was also observed when
conducted the in vitro cell-free degradation assays with recombinant URI1 fused to maltose
binding protein (MBP), which was expressed and purified from E. coli (Figure 8A). The degradation
of the recombinant MBP-URI1 was delayed by treatment with MG-132 but not with PYR41,
suggesting that, like HA-URI1 expressed in N. benthamiana leaves, the recombinant version was
degraded via the core 20S proteasome (Figure 8B-C).

IDRs are particularly susceptible to post-translational modifications such as
phosphorylation, which often alter the stability of the protein (Wright and Dyson, 2015). Several
phosphoproteomic analyses have identified 13 in vivo phosphorylated Ser/Thr residues in
Arabidopsis URI1 (Xu et al., 2017; Cruz et al., 2019; Willems et al., 2019), all of which are located
within the IDR (Figure 1C; Supp Table 2). We tested whether the phosphorylation of some of these
residues had an effect on the protein level of URI1. Therefore, we generated two mutant versions
of URI1 in which two clusters of phosphorylated Ser/Thr were replaced by Ala. The replaced
residues were Ser'®, Serl’, Thrl78 Ser?'! and Ser?!® in URI1™®A, all of which predicted to be
phosphorylated by casein kinase Il (CK2; Supp Table 2), and Ser?%?, Ser?53, Ser?%* and Ser?%8 in
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URI1™“A We then transiently expressed the WT and mutant versions in N. benthamiana leaves
and analysed protein levels by Western blot (Figure 7E). Two interesting findings could be derived
from this analysis. First, the bands of the mutant versions exhibited faster migration than those of
the WT, suggesting that the mutant residues were typically phosphorylated in N. benthamiana
leaves. This phosphorylation likely contributes to the observed increased molecular weight of YFP-
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Figure 7. URI1 is an unstable protein. Total proteins from N. benthamiana leaves co-expressing HA-
URI1 and GFP were used for cell-free degradation assays. Protein extracts were incubated with 500 yM
CHX or with 500 yM CHX and 100 pM MG-132 (A, B), or with 500 pM CHX and 50 uM PYR-41 (C, D) for
the indicated times. HA-URI1 and GFP levels were determined from three (A, B) and two (C, D) biological
replicates by western blot. One representative western blot is shown in (A, C), while the quantifications are
shown in (B, D). URI1 normally appears as a double band; the lower band was used for quantification. E.
Western blot showing the protein level of the WT and mutant versions of HA-URI1 transiently expressed in
leaves of N. benthamiana. In (B, D) Int. refers to the interaction between treatments assessed by two-way
ANOVA; **, P < 0.01, ns, non-significant.

URI1 and URI-3xFLAG in the immunoblots. Second, the mutant proteins accumulated to a lesser
extent than their WT counterpart, suggesting that phosphorylation of these residues may play a
role in maintaining the stability of URI1 in Arabidopsis.
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Figure 8. Recombinant MBP-URI1 is likely degraded via the proteasome 20S. A. Representative im-
munoblots illustrating the degradation of MBP-URI1 in cell-free degradation assays, with Ponceau staining
of the membranes shown below each immunoblot. Quantification of the upper band, representing MBP-
URI1, in three replicates of mock and MG-132 treatment B. and mock and PYR-41 treatment C. 'Int." refers
to the interaction between treatments assessed by two-way ANOVA. The effect of the treatments is non-
significant (ns), despite a tendency towards the stabilization of MBP-URI1 observed after treatment with
MG-132.

Overaccumulation of URI1 may interfere with its function.

To assess the effects of URI1 overaccumulation in plants, we generated several transgenic
Arabidopsis lines expressing an YFP-URI1 fusion under the control of the constitutive 35S
promoter. These lines exhibited varying degrees of developmental and growth alterations,
including the appearance of twin stems (Figure 9A), changes in phyllotaxis (Figure 9B) and
extreme dwarfism with a bushy appearance, possibly due to internode shortening associated with
additional branching (Figure 9C-D). The phenotype of homozygous plants of lines 4.9, 6.7, 16.11
and 29.6 was very similar within each line. However, a range of phenotypes was observed in
homozygous plants of line 5.3 (Figure 9A). To determine whether the severity of the phenotypes
correlated directly with the amount of YFP-URI1, we measured the protein levels in the
inflorescences of 25-day-old plants (Figure 10A). Surprisingly, the lines with the most severe
phenotype, 5.3 and 6.7, had the lowest YFP-URI1 levels. We ruled out co-suppression of the
endogenous URI1 locus as the cause of these phenotypes, as URI1 was overexpressed and the
transgene was expressed (Figure 11A-B). The reduced levels of YFP-URI1 in line 5.3 was also
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observed in 7-day-old seedlings (Figure 10B). In this case, no correlation was observed between
the amount of YFP-URI1 protein and the expression of the transgene (Figure 10B, Figure 11C).
None of the transgenic lines showed a distinctive phenotype at the seedling stage (Figure 11D).
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Figure 9. Alteration of URI1 levels causes growth and developmental defects. A, B, C.
Representative homozygous plants from the indicated lines expressing 35S:YFP-URI1. Plants were grown
under a 16 h light:8 h dark photoperiod at 22 °C for 25 days. Several plants of line 5.3 are shown, as this
line exhibited phenotypes of diverse severity. B. Close-up view of the defects in silique arrangement in
the transgenic lines. C. Dwarf and bushy plants from lines 5.3 and 6.7. D. Stem length of 25-day-old plants
from the different lines; 28-35 plants per line were used for measurements. The scale bar in A. and C. is

5 cm and 2 cm, respectively.

Li et al. (2020) reported a parallel situation concerning SE, in which excess transgenic
SE protein in SE-overexpressing lines led to degradation by the 20S proteasome. The proteasome
also degraded endogenous SE, resulting in a similar phenotype of se mutants and SE transgenic
lines. The authors hypothesised that SE is typically involved in various protein complexes and any
non-associated SE fraction is degraded by the 20S proteasome to prevent deleterious effects of
excess of this protein. We hypothesised that a similar mechanism might regulate URI1 protein
levels in Arabidopsis. We explored this possibility by investigating whether overexpression of YFP-
URI1 could trigger the degradation of URI1-3XFLAG in pURI1:URI1-3XFLAG x 35S:YFP-URI1 6.7
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and 29.6 F1 seedlings. As shown in Figure 10C, the levels of URI1-3xFLAG were reduced in F1
seedlings co-expressing YFP-URI1 compared to control F1ls from the cross with the non-
transgenic WT. This would be consistent with the reduced levels of URI1-3xFLAG being caused
by the degradation triggered by the overexpression of YFP-URI1, which is also likely to affect
endogenous URI1. Thus, URI1 levels may be subject to a control mechanism similar to SE (Li et
al., 2020). This suggests that the developmental phenotypes shown in Figure 9A were caused by
reduced URI1 activity. However, it is worth noting that these developmental phenotypes are not
observed in the uril-1 mutant (Yang et al., 2022), likely reflecting different molecular defects, i.e.
a change in the amino acid in the uril-1 protein versus a reduced amount of the protein in the
transgenic plants, each having different effects on developmental processes.
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Figure 10. Overexpression of YFP-URI1 causes URI1 degradation. A. Western blot analysis of YFP-
URI1 levels in inflorescences of 25-day-old plants, B. and 10-day-old seedlings of the 35S:YFP-URI1
transgenic lines. In A, 5.3T and 5.3S refer to the inflorescences of tall and dwarf plants, respectively. C.
Western blot analysis of URI1-3xFLAG and YFP-URI1 levels in 10-day-old seedlings of the indicated
genotypes. Ponceau staining is shown as a loading control.
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Supplemental tables

All supplemental tables are available online at: http://plasticity.ibmcp.csic.es/tools.html
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CHAPTER III.

URI1, A POTENTIAL NOVEL
SIGNALLING PROTEIN
IN ARABIDOPSIS THALIANA
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URI1 in the response to abiotic stress

In Chapter 1, a significant enrichment of genes related to the stress response was observed in the
RNA-seq analysis of the uril-1 mutant (Chapter | — Figure 17). Our aim for this chapter was to
investigate the involvement of URI1 at the molecular and physiological level in the plant in
response to different stress factors.

To investigate the molecular behaviour of URI1 in response to stress, we determined the
levels of URI1 by RT-gPCR, the levels of the URI1 protein using the pURI1:URI1-3XFLAG line by
Western analysis, and its subcellular localization using the pURI1:URI1-GFP in the confocal
microscope. All stress treatments were performed on 5-day-old seedlings that had germinated and
grown under continuous light. They were then transferred to liquid MS medium supplemented with
100 mM NacCl (salt stress), 300 mM mannitol (osmotic stress) or 1 mM H20: (oxidative stress)
(Figure 1). As a control, the seedlings were kept in liquid MS medium.

Transfer to MS liquid
with/without treatments

8hrs 24hrs

Germination *
l Control
I I v v
| 100 mM NaCl
G 6hrs  12hrs WB
ermination * *
JL Control L gRT-PCR
| * * Qonchal
300 mM Mannitol imaging
Germination 30-60-180 min
JV Control
I I I I \AA4
1 mM Hz202

Figure 1. Workflow done to determine URI1 behaviour under different abiotic stresses. 5 day-old-
seedlings from WT, pURI1:URI1-3xFLAG and pURI1:URI1-GFP were treated with 100 mM NaCl, 300 mM
manitol and 1 mM H202. Samples were taken at the marked time points in order to perform confocal
imaging, Western blot and gRT-PCR.

Regarding URI1 mRNA levels and URI1-3xFLAG protein, we did not detect significant
differences in either of the treatments analysed. As control to be sure that the treatments were
effective, we selected genes from the literature that showed a substantial response, with NCED3
serving as a control for salt stress (Figure 2A, Nishiyama et al., 2011), RD26 as a control for
osmotic stress (Figure 2B, Fujii et al 2011) and ZAT10 as a control for oxidative stress (Figure 2C,
Mittler et al., 2006). In all three cases, there was an increase in gene expression after treatment
of the plants with these stressors, while no induction of URI1 was observed. The same was true
for URI1-3XFLAG, whose levels remained unaltered under all conditions. Next, we determined
whether heat stress affects URI1 gene expression or protein levels. To investigate this, we
exposed 6-day-old seedlings to 37°C in the dark for three hours. The experimental setup is
depicted in Figure 4A. Neither URI1 mRNA nor the protein levels were altered in response to the
treatment (Figure 4B and 4C). In this case, we used the HSP70 gene as a control, which showed

107



a clear induction immediately after the heat shock and whose expression was normalised during
the recovery phase at 22°C. Thus, we can conclude that URI1 gene expression and URI1 protein
levels are not affected by salt, osmotic, oxidative or heat stress.

We did observe, however, a partial change in the subcellular localization of URI1-GFP in
root cells in response to these stressors. A fraction of URI1-GFP was located in cytoplasmic
granules after osmotic or oxidative stress was applied (see the inset in Figure 3). Similarly, we
also observed the formation of aggregates in the cytoplasm of the root cells after exposing the
plants to heat shock for 3 hours (Figure 4D). Compared to osmotic or oxidative stress (Figure 3),

the presence of URI1-GFP in cytoplasmic granules was observed in more cells, suggesting a more
homogeneous response.
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Figure 2. URI1 remains stable after abiotic stress. URI1-3xFLAG protein levels and URI1 levels were
not altered after treatment with: A. 100 mM NaCl, B. 300 mM mannitol and C. 1 mM H202. LPT3 were
used as a positive control for NaCl treatment. RD26 were use as positive control for mannitol treatment.
HSP17 were used as positive control for H202 treatment. Time points of each treatment are marked on
the western blot and gPCR graphics.

The aggregates observed after osmotic, oxidative and heat stress may correspond to
stress granules (SGs) or processing bodies (P-bodies) (Protter et al., 2016; Luo et al., 2018).
Eukaryotic organisms tend to present aggregates under various stress scenarios. This serves as
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an adaptive mechanism to maintain the right balance between protection, degradation and
translation of mMRNA in stressful situations. These aggregated particles dissolve as soon as the
stress subsides, during the recovery phase (Kedersha et al., 2005). This mechanism would
prevent cells from investing energy into often counterproductive protein translation under stress
conditions. SGs are a universally conserved mechanism in response to environmental stresses.
In plants, they are triggered by heat shock and salinity among others (Kosmacz et al., 2019;
Maruri-Lopez et al., 2021 and Gutierrez-Beltran et al., 2015). Nonetheless, P-bodies exist in the
cell in normal conditions, while its number and size increase after a stress is applied. In plants,
both biotic and abiotic stress factors provoke the enlargement of P-bodies (Weber et al., 2008).
Although the presence of URI1 in cytoplasmic granules has not been described in any organism,
it has been observed that URI1 plays a role in various stress situations in animals. It has been
associated with various types of cancer, including uterine (Wang et al., 2015), ovarian (Theurillat
etal.,, 2011), gastric (Leung et al., 2006) and esophageal (Lin et al., 2000) cancers. Recent studies
in mice suggest that URI1 levels may play a critical role in promoting oncogenic or tumour
suppressive functions. This is based on its ability to directly interact with and regulate the activity
of various proteins, including transcription factors (Tummala et al., 2014), enzymes (Zhang et al.,
2018, Burén et al., 2016) and tumour suppressors (Yart et al., 2005). Our results suggest that
URI1 in Arabidopsis is also able to react differently to stress. In this regard, further studies are
needed to determine how stresses promote the presence of URI1 in SG/P-bodies in plants and
whether this is conserved in other eukaryotes.

12hrs 1hr

Control 300 mM mannitol

PURI1:gURI1-GFP

Figure 3. URI1-GFP is relocalized into granules after mannitol and H,O, treatment. URI1-GFP is
relocalized into granules in the cytoplasm after osmotic (during 12 hours) and oxidative stress (during 1
hour) exposure. Scale bar 50 ym.

URI1 protein is affected by available sugar levels

The RNA-seq analysis (Chapter I) showed that the uril-1 mutant has alterations in several
metabolic pathways, both in primary and secondary metabolism. The category carbohydrate
metabolism attracted our attention (Figure 17 — Chapter 1), as it is key to provide energy to the
cells and the involvement of URI in energy stress has been demonstrated in mammals and yeast
(Gstaiger et al., 2003 and Djouder et al., 2007). Thus, a significant repression of genes within this
category was observed (Figure 18 — Chapter I). This prompted us to investigate a possible role of
URI1 in energy stress in Arabidopsis.

We first investigated whether the levels of URI1 were sensitive to sugar availability. To this
end, we used Arabidopsis PSB-D cell suspensions expressing p35S:GS-URI1. We subjected the
cell suspensions to the growing protocol depicted in the Figure 5A. PSB-D cells were grown in
darkness in MSMO medium containing a 3% sucrose. After 3 days, the culture was divided. One
part continued to grow in fresh MSMO with sucrose, while the other half was washed three times
with MSMO without sucrose and then allowed to grow in MSMO without sucrose for 24 hours to
provoke energy stress cause by starvation (Figure 5A).
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Figure 4. Heat-shock exposure promotes changes in URI1. A. Workflow performed during the heat-
shock exposure. 5 day-old-seedlings were treated 2h at 37°C under the dark. Seedlings were recovered
4 h at 22°C under light conditions. This samples were used to: B. Western blot, to determine URI1-3XFLAG
protein after 3 hours of heat-shock treatment, C. determine URI1 levels by qRT-PCR. HSP70 were used
as positive control, being induced after 3h at 37°C, D. Confocal imaging, to determine URI1-GFP location.
URI1-GFP is relocated into granules after 3 h at 37°C on the cytoplasm. Scale bar 50 ym.

In this way, we observed that the level of GS-URI1 was reduced after 24 hours of sugar
deprivation (Figure 5B). Given that the protein fusion was expressed under the constitutive 35S
promoter, this result suggests that the reduced level of GS-URI1 is the consequence of post-tran-
scriptional regulation. We then determined whether this regulation was also observed in Arabidop-
sis seedlings. We subjected seedlings of the pURI1:URI1-3xFLAG line to sugar starvation follow-
ing the protocol depicted in Figure 5C. Seedlings were grown in MS medium with 1% sucrose for
3 days and then transferred them to MS medium with 1% sucrose (as a control) or MS medium
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without sucrose under darkness conditions. Samples were taken every 24 hours for 2 days. URI1-
3XFLAG levels increased slightly after 48 hours the control media. In contrast, after 24 hours with-
out sucrose, a decrease of URI1-3xFLAG levels was observed compared to the control (Figure
5D). The decrease of URI1-3XFLAG level was gradual, as it was lower after 48 hours without
sucrose (Figure 5D).

The reduction in URI1 levels observed in seedlings was lower than that in the cell
suspensions, suggesting that sugar deprivation was more effective in the latter. To provoke greater
sugar deprivation in the seedlings, we decided to combine growth in minimal medium with the use
of 2-deoxyglucose (2-DG) or 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), as these two
compounds are most commonly used for this purpose. 2-DG, a non-metabolizable glucose
analogue, which disrupts glycolysis by targeting hexokinase enzyme, the rate-limiting step in
glycolysis (Xiong et al., 2013). DCMU, on the other hand, inhibits photosystem Il (PSII) by blocking
the electron transport chain, which also causes energy stress in the plant (Xiong et al., 2013). We
grew the seedlings expressing URI1-3XFLAG on MS + 1% sucrose, which were transferred to
minimal MS medium after two days. This medium contains the necessary salts to maintain the
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Figure 5. URI1 protein responds to sugar availability. A. Workflow performed using Arabidopsis cell
cultures expressing p35S:GS-URI1. B. Western blot showing GS-URI1 levels in presence and absence of
sucrose. C. Workflow used to determine URI1-3xFLAG levels in Arabidopsis. D. Protein levels of URI1-
3xFLAG determined by western blot after starving induction. RPL13 was used as loading control. Proteins
were quantified using ImageJ and URI1-3xFLAG/RPL13 ratio calculated. Point 24 hrs MS + 1% suc was
used as URI1-3xFLAG reference expression.
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osmotic functions of the plant, but no carbon source. Subsequently, after four days, the seedlings
were transferred to different conditions: MS minimal, MS + 90 mM sucrose, MS minimal + 5 mM

A Transfer to
different
Transfer to conditions
Germination in  MS minimum
MS + 1% suc
\ 4
JL I | |MS minimum
| I [ [

| | s 90 mm suc
| | Jus 5 mM 206
[ I | s 8 um Demu

MS + 90mM MS min + MS min +
sucrose 3mM 2DG 8 uM DCMU
24 48 24 48 24 48 hrs

70 KDab’m *  URI-3xFLAG

MS min MS 90 mM sucrose  MS min 5 mM 2-DG MS min 8uM DCMU

WT uri1-1 WT urit-11 WT uri1-1 WT uri1-1

Figure 6. Hypocotils of uril-1 mutant respond to induced chemical starvation. A. Workflow followed
to treat 6 day-old-seedlings with different sugar conditions. B. URI1-3xFLAG protein levels are lower when
chemical starving induced. Western blot showing URI1-3xFLAG protein (70 KDa). Ponceau staining was
used as loading control. C. Hypocotyl treated with MS minimal, MS 90 mM sucrose, MS minimal + 5 mM
2-DG and MS minimal + 8 yM DCMU. Quantification of hypocotyl length after treatments. Black asterisks
represent statistical significance of WT under each condition compared with WT control. Red asterisks
represent statistical significance of uril-1 mutant under each condition compared with WT under same
condition. Statistical significance used; p value=0,12 (ns), p value = 0,033 (*), p value = 0,002 (**), p value

< 0,001 (**).
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2DG and MS minimal + 8 yM DCMU and maintained under these conditions for three days (Figure
6A). Treated seedlings were harvested and analysed by western blot to determine the levels of
the URI1-3xFLAG fusion protein. We observed that the URI1-3xXFLAG level decreased slightly 48
hours after the addition of 2-DG (Figure 6B). The same trend was observed in seedlings treated
with DCMU, although the effect was stronger (Figure 6B). Taken together, these results suggest
that level of URI1 protein is positively regulated by sugar (sucrose) in both cell suspensions and
Arabidopsis seedlings. Considering that URI is involved in energy stress signalling downstream of
sugar in animals and yeast (Gstaiger et al., 2003 and Djouder et al., 2007), our results suggest
that URI1 may also function as a signalling protein in energy stress pathways in plants.

Next, we investigated the possible involvement of URI1 in the response to sugar by
analyzing hypocotyl length in WT and uril-1 seedlings subjected to the same growth protocol
(Figure 6A). Several findings can be derived from this analysis. First, although the difference was
not significant, the uril-1 mutant tended to grow less than the WT in the presence of 90 mM
sucrose. Second, and more importantly, the uril-1 mutant grew more in MS minimal medium and
in the presence of 2-DG and DCMU than the WT, especially in the presence of DCMU (Figure
6C). This genetic analysis suggests that URI1 plays a negative role in the signalling pathway that
regulates hypocotyl elongation and seedling growth -according to the aspect of cotyledons- in
response to sugar availability.

In plants, as in other eukaryotes, the protein kinase TOR is a central regulator of
intracellular energy state (Xiong et al., 2014; Dobrenel et al., 2016). In recent years, humerous
studies have focused on TOR and its regulation. It has been observed that TOR controls ribosome
biogenesis, translation initiation and elongation processes by phosphorylating its substrates, such
as ribosomal S6 kinase (S6K) (Xiong et al., 2012; Xiong et al., 2017). Previous studies have shown
that phosphorylation of ribosomal protein S6 (RPS6) relies primarily on the TOR-S6K signalling
module (Meyuhas et al., 2015). RPS6 phosphorylation is stimulated by the availability of nutrients
(Xiong et al., 2017 and Xiong et al., 2013). In addition, in plants cultivated under light-dark cycles,
the rate of RPS6 phosphorylation was observed to be higher during the light period (Turkina et al.,
2011), which is also related to photosynthetic activities (Boex-Fontvieille et al., 2013). In this way,
the phosphorylation of RPS6 is used as a readout of the TOR activity, being RPS6 more
phosphorylated when TOR is more active.

Considering the relevance of TOR signalling for energy stress signalling (Baena-Gonzélez
et al., 2007 and Dobrenel et al., 2016), the role of URI in the TOR pathway both in animals and
yeast (Gstaiger et al., 2003; Djouder et al., 2007; Gutiérrez-Santiago et al., 2022), and our results,
we investigated whether URI1 participates in the TOR pathway in Arabidopsis as well. To
investigate this, we examined if TOR activity was altered by the uril-1 mutation. To this end, we
grew seedlings of the uril-1 mutant and the WT in MS minimal and in MS minimal supplemented
with 8 uM DCMU for 48 hours (Figure 7A). We used the phosphorylation of RPS6 (RPS6-P) protein
as a readout of TOR activity. Notably, RPS6-P levels were higher in uril-1 seedlings compared to
the WT seedlings in MS minimal (Figure 7B), suggesting that TOR activity is higher in the mutant.
When examining the effects of DCMU, a drastic decrease in RPS6-P was observed after 24 hours
in the WT and levels were below the detection limit after 48 hours of treatment. In uril-1 seedlings,
the reduction was less dramatic. These results confirm that TOR is more active in the uril-1
mutant, even under conditions of severe sugar deprivation. This result may explain why the growth
of the mutant is less sensitive to the energy stress induced by sugar deprivation (Figure 6C). URI1
could therefore be a regulator of TOR.
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URI1 is required for the transcriptional response to energy stress

We have shown that uril-1 mutant is more resistant to the energy stress induced by DCMU
compared to the WT, supporting the hypothesis that URI1 is involved in the pathway sensing
energy stress in Arabidopsis. To further test this hypothesis, we performed RNA-seq analysis of
7-day-old WT and uril-1 seedlings grown on MS minimal for 5 days and then transferred to MS
minimal (as a control) or to MS minimal supplemented with DCMU for 2 days. Consistent with the
phenotypes of seedling growth (Figure 6), we observed that the transcriptome of uril-1 was
generally less affected by DCMU treatment than that of WT. We found 8805 DEGs in WT affected
by DCMU (3373 upregulated and 5432 downregulated) (q value < 0.05, |[log2FC| > 1), whereas in
uril-1 we found 2633 DEGs (1286 upregulated and 1347 downregulated) (Figure 8A and B, Supp
Table 1).

A Transfer to different

conditions
Transfer to

L MS minimal
Germination in
24hrs 48 hrs

vy

l v | MS minimal

L L | vy

%2 MS + 1% suc

MS 8 uM DCMU
B
WT uri1-1
MS min + MS min +
MS min 8 uyM DCMU MS min 8 yM DCMU
24 48 24 48 24 48 24 48 hrs
- — —— -— RPS6 P

’--- - s e " Rubisco

’.-‘- ~-'.\ RPS6
SES SN SBn AW S v oo Rubiso

Figure 7. TOR activity in uri1-1 mutant is upregulated when there is no carbon source. A. Workflow
followed to treat 6-day-old seedlings with MS minimal and MS minimal with 8 yM DCMU. B. Western blot
showing RPS6 and RPS6® protein levels after different treatment conditions, using WT and uri1-1 mutant.
Ponceau staining was used as loading control.
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To determine which categories comprised the affected genes by DCMU in WT and uril-1, we
performed a GO enrichment analysis using the BGI’s Dr. Tom online tool for genomic analysis.
Enrichment analysis based on the biological process was performed with DEGs that had a
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Figure 8. Transcriptomic analysis of uri1-1 and WT seedlings after DCMU treatment. A. DEGs upreg-
ulated (3373) and downregulated (5432) after DCMU treatment in WT seedlings compared with DEGs up-
regulated (1286) and downregulated (1347) after DCMU treatment in uri1-1 seedlings. B. Volcano plots
showing the genes expressed in DCMU_WT/Control WT (24355) and DCMU_uri1-1/Control_uri1-1
(24476). Differential analysis was done with Dr. Tom with default options (Beijing, China). The red and blue
dots indicate upregulated and downregulated genes, respectively. DEGs were considered when log2 FC 2
1 and g-value < 0.05. All genes are on Supp Table 1.

|log2FC| = 1 and a g-value < 0.05. We plotted the 60 most overrepresented categories (out of 100)
with a g-value < 0.05 (Figure 9). In the WT, multiple processes related with metabolism, protein
phosphorylation, response to different stimuli and cell growth were
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Figure 9. Gene ontology enrichment among genes that are differentially expressed in WT after
DCMU treatment. Bubble plot showing “Biological process” of the first 60 categories overrepresented
in WT after DCMU treatment when log2 FC = 1 and g value < 0.05. The size of the points match with the
number of genes enriched in this category (bigger means more genes). g-value is represented by colour.
Rich ratio of a particular GO term refers to its enrichment in WT DEGs set compared with the reference
genome background set. All the GO are included in Supp Table 2.
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enriched (Figure 9, Supp Table 2). We then performed the same analysis in the uril-1 mutant.
After plotting the 60 most overrepresented categories (g-value < 0.05), we found similar affected
processes (Figure 10, Supp Table 3), with the most enriched categories being those exhibited
DEGs related to cell wall organization, response to various stimuli (e.g., water deprivation, abscisic
acid, oxidative stress, cold, among others), lipid and carbohydrate metabolism, etc.

Using a g-value < 0.05 and |log2FC| > 1 cut-off, we observed 1,070 common upregulated
genes in WT and uril-1 mutant, and 1,191 common downregulated genes in response to DCMU.
In contrast, the common DEGs that were misregulated in the opposite direction were much less
(Figure 11). This is an important indication that the uril-1 mutation and the treatment with DCMU
act on the same transcriptional pathways. Notably, 4,213 downregulated genes by DCMU and
2,280 upregulated genes by DCMU in the WT were not affected in uril-1 seedlings. This indicates
that URI1 function is required for the plant to fully respond to this inhibitor. The genes that are
exclusively altered in the WT (both downregulated and upregulated) belong to categories that are
mainly involved in metabolism, similar to the genes shared with the uril-1 mutant. The fact that
the WT has the same altered categories in both the common and exclusive deregulated genes
may suggest that DCMU affects the WT more than the uril-1 mutant, possibly because the latter
is better adapted to stress. Given our observation that the uril-1 mutant has increased TOR ac-
tivity under control conditions, this could explain why the mutant is more resistant to energy stress.

To better understand the effects of the uril-1 mutation on the response to DCMU, we
analysed the expression of different DEGs in WT and uril-1, which belong to different biological
processes related to primary metabolism (Figure 12, Supp Table 4). Consistent with the results
described above, the uril-1 mutant had fewer genes related to primary metabolism whose expres-
sion is affected by DCMU compared to WT. When comparing the DEGs in the “Carbohydrate
metabolic process” we found three times more affected genes in the WT than in the uril-1 mutant
(Figure 12). Moreover, in biological processes such as the "Reductive pentose-phosphate cycle"
and the "Photosynthetic electron transport in photosystem | (PSI)", only genes in uril-1 are upreg-
ulated (Figure 12), suggesting that uril-1 has a compensatory mechanism when the photosystem
Il (PSl) is disrupted and is therefore more resistant to starvation than WT. Overall, these data are
consistent with the hypothesis that URI1 is required for energy stress response in Arabidopsis.

Next, we analysed which metabolic pathways were affected in relation to carbohydrate
metabolism. In particular, we focussed on glycolysis/gluconeogenesis, fructose metabolism, man-
nose metabolism, galactose metabolism, starch formation and the pentose phosphate pathway.
The latter is necessary for the production of intermediate metabolites that are essential for glycol-
ysis. In plants, which are autotrophic organisms, sugar metabolism must be finely controlled and
regulated. Plants have a complex and dynamic carbohydrate metabolism, as they exhibit altered
metabolic fluxes and sugar concentrations that change during plant development, not only in re-
sponse to the environment or stress, but also between day and night (Blasing et al., 2005; Roitsch.,
1999; Smith et al., 2005). Therefore, the integration of environmental signals into metabolism of
plants is particularly important as they are sessile organisms. It is important to remember that
photosynthesis and carbon metabolism are also involved in sugar signalling.
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Figure 10. Gene ontology enrichment among genes that are differentially expressed in uri1-
1 after DCMU treatment. Bubble plot showing “Biological process” of the first 60 categories
overrepresented in uri1-1 after DCMU treatment when log2 FC = 1 and g-value < 0.05. The size of
the points match with the number of genes enriched in this category (bigger means more genes).
g-value is represented by colour. Rich ratio of a particular GO term refers to its enrichment in WT
DEGs set compared with the reference genome background set. All the GO are included in Supp
Table 3.
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All DEGs identified with a g-value < 0.05 and |log2FC| > 1 from the RNA-seq analysis were com-
piled. The list of genes was analysed via Shinny-GO (http://biocinformatics.sdstate.edu/go/) using
KEGG databases to localize the DEGs involved within the metabolic pathways. The images were
then colour coded with R Studio according to whether the enzymes were upregulated or

downregulated.
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Figure 11. URI1 shares downstream DEGs with WT after DCMU treatment. Venn diagram showing
the overlap of upregulated and downregulated in uril-1 WT DEGs. Statistical significance of the overlaps
is represented by the Fisher’'s exact test.
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Figure 12. Multiple genes involved in cell metabolism are differentially expressed in uril-1
compared to WT after DCMU treatment. Relative expression of several genes involved in different
metabolic processes in DCMU/control. Orange dots represent WT DEGs and green dots represent uril-
1 DEGs. Enrichment of the genes ‘reductive pentose phosphate pathway’ and ‘photosynthetic electron
transport in photosystem I’ are only found in the uril-1 mutant. The relative expression is shown as log2
FC (DCMU/control) for each genotype. The numbers and names of the genes can be found in Supp

Table 4.
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The glycolysis/gluconeogenesis pathway is one of the best-known metabolic pathways. It is
considered to be a participant in the core metabolic processes, as it is the main pathway for
glucose assimilation (Plaxton et al., 1996). When analysing the difference between the uril-1
mutant and the WT in glycolysis/gluconeogenesis, we found that the WT in general not only had
more affected enzymes after DCMU treatment, but that those that were also affected in the uril-1
mutant under the same conditions had a higher level of misregulation in the WT (Figure 13). This
pattern was also observed when we analysed fructose and mannose metabolism (Figure 14),
galactose metabolism (Figurel5), sucrose metabolism and starch formation (Figure 16). With
regard to sucrose metabolism and starch formation (Figure 16), it is noteworthy that DCMU
treatment resulted in an overall suppression of the metabolic pathway in the WT compared to the
uril-1 mutant, whereas upregulation was observed in the uril-1 mutant, which might provide some
clues as to why the uril-1 mutant exhibits resistance to DCMU treatment. It is worth noting that
the production of trehalose-6P, an inhibitor of SnRK1 kinase (Peixoto et al., 2022), can be affected
by DCMU in the WT and uril-1 mutant in different ways (Figure 16). Although it seems paradoxical,
since SnRK1 is active under energy stress, the trehalose-6-P production in the WT is likely
enhanced by DCMU, as the expression of the trehalose-6-P synthase step was upregulated and
that of trehalose-6P phosphatase was downregulated. In contrast, both steps were upregulated in
the mutant, most likely resulting in lower levels of trehalose-6P compared to the WT. This result
could be the consequence of a regulatory pathway that prevents excessive activation of ShRK1
kinase. On the other hand, the pentose phosphate pathway plays an essential role in the
generation of precursors for nucleic acid synthesis and the provision of NADPH to maintain redox
balance and support anabolic responses in cells. Analysis of this pathway showed that the
repression of several genes by DCMU in the WT was not observed in the uril-1 mutant (Figure
17). In summary, this analysis suggests that the uril-1 mutant can withstand DCMU treatment that
induces energy stress, in part because certain metabolic pathways are upregulated in it compared
to the WT.
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Figure 13. Glycolysis/gluconeogenesis KEGG pathway. The enzymes involved are coded with the
KEGG code for each pathway. The colour gradient represents the log2 FC and shows a gradation where
blue represents downregulation and red represents upregulation.
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FRUCTOSE AND MANNOSE METABOLISM
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Figure 14. KEGG pathway showing the fructose and mannose metabolism with the enzymes
involved. The enzymes are coded with the KEGG code for each pathway. The colour gradient repre-
sents the log2 FC and shows a gradation where blue represents down-regulation and red represents
up-regulation in DCMU_WT/Control_WT and DCMU_uri1-1/Control_uri1-1.
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GALACTOSE METABOLISM
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Figure 15. KEGG pathway showing galactose metabolism with the enzymes involved. The
enzymes are coded with the KEGG code for each pathway. The colour gradient represents the log2
FC and shows a gradation where blue represents downregulation and red represents upregulation.
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STARCH AND SUCROSE METABOLISM
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Figure 16. KEGG pathway for the visualisation of starch and sucrose metabolism with the enzymes
concerned. The enzymes are coded with the KEGG code for each pathway. The colour gradient represents
the log2 FC and shows a gradation where blue represents down-regulation and red represents up-
regulation in DCMU_WT/Control_WT and DCMU_uri1-1/Control_uri1-1.

To determine whether the transcriptional changes observed in response to DCMU are
reflected in changes in metabolite levels, we next analysed the levels of primary metabolites in the
WT and uril-1 seedlings under control conditions and after DCMU treatment. Primary metabolites
are abundant and essential for plant growth and development (Fernie et al., 2015). Secondary
metabolites, which include important groups such as phenols, terpenes and nitrogenous
compounds, are often specific to certain plant lineages and help plants interact with the biotic and
abiotic environment (Hartmann et al., 2007). The primary metabolites were analysed according to
the instructions described in the ‘Material and Methods’ section. We analysed different carbon
sources, such as mannitol, glycerol, glucose, sucrose, fructose and myoinositol, different amino
acids and derivatives as well as different organic acids involved in primary metabolism, and
nitrogen-containing compounds such as putrescine, uracil and urea. When analysing the levels of
the different carbon sources, it was found that the DCMU treatment resulted in a general decrease
of these sugars in the WT (Figure 18). However, this drastic decrease did not occur in the uril-1
mutant; rather, the values remained very similar to the control. When analysing amino acids and
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derivatives, DCMU was found to promote the accumulation of certain amino acids, probably
because the plant enters an autophagy process that promotes protein degradation. In contrast,
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Figure 17. KEGG pathway showing the pentose phosphate pathway

with the enzymes involved.

The enzymes are coded with the KEGG code for each pathway. The colour gradient represents the log2
FC and shows a gradation where blue represents down-regulation and red represents up-regulation in
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in the uril-1 mutant was quite similar when comparing control conditions with DCMU treatment.
As for organic acids, we found that the concentration of threonic acid (an intermediate in the
pentose phosphate pathway), glyceric acid (an intermediate in glycolysis/gluconeogenesis),
fumaric acid (Krebs cycle) and malic acid (Krebs cycle) decreased after DCMU treatment in the
WT, but remained stable in the uril-1 mutant. In the mutant, the concentration of succinic acid and

citric acid, which are both involved in the Krebs cycle, decreased after DCMU treatment.
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Figure 18. Metabolome of WT and uri1-1 mutant under control conditions and DCMU treatment.
The colour gradients represent the quantification of the metabolites (using arbitrary units). The
metabolites analysed were classified into saccharides and derivatives, amino acids, organic acids and

others. Four independent replicates were performed and quantified.
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The results obtained in the metabolome are consistent with the results of the transcriptome
analysis. In the metabolome, it was observed that the WT had lower levels of sugars and deriva-
tives that serve as carbon and energy sources after treatment with DCMU, while the uril-1 mutant
showed no changes. These sugars are essential metabolites for the generation of cellular energy
via various metabolic pathways such as glycolysis/gluconeogenesis, fructose, mannose and ga-
lactose metabolism as well as starch and sucrose metabolism. Thus, since all of the above meta-
bolic pathways are impaired in WT after treatment with DCMU, it is logical that there would be a
reduction in these metabolites. In fact, the observed reduction in organic acids could also be re-
lated to energy production. The organic acids that were impaired in WT after DCMU treatment are
involved in glycolysis/gluconeogenesis, cellular respiration and the pentose phosphate pathway,
all of which were impaired in the transcriptome.

On the other hand, the increase of certain amino acids in the WT after DCMU treatment
could be due to the plant entering an autophagy process when simple sugars are not available for
metabolism (Pu et al., 2017 and Magen et al., 2022). Plant metabolism during autophagy would
degrade proteins to simple amino acids, which could be converted to metabolic intermediates of
gluconeogenesis (pyruvate and oxaloacetate) by transamination, oxidative deamination by loss of
the amino group or by conversion of keto acids to gluconeogenic derivatives to obtain energy (Ren
et al., 2014 and Magen et al., 2022). When the gluconeogenesis pathway was analysed, it was
found to be suppressed in the same way as glycolysis. Amino acids would then accumulate be-
cause they do not enter the gluconeogenesis pathway. Thus, since uril-1 had a milder effect on
metabolism in general, these abrupt changes were not reflected in metabolite levels after DCMU
treatment, suggesting that the uril-1 mutant must have a previously unknown compensatory
mechanism that allows it to maintain metabolism despite treatment with DCMU.

Our results suggest that URI1 plays a role in the response of the plant to energy stress.
Here is the evidence that supports our claim: (i) the URI1 protein levels are sensitive to sugars,
being reduced upon sugar deprivation; (ii) seedlings of the uril-1 mutant grow better than the WT
in the presence of compounds that induce energy stress; (i) the uril-1 mutant exhibits higher
TOR activity than the WT; and (iv) the transcriptome and metabolome of the uril-1 mutant are less
affected by energy stress than the WT. This is in line with what has been observed for URI in
animals and yeast (Gstaiger et al., 2003 and Djouder et al., 2007). Nevertheless, our results sug-
gest that the mechanisms by which URI1 operates in the energy stress pathways may be different
from those reported for animals and yeast, as URI1 in plants may be an upstream regulator of
TOR, whereas in yeast and animals it acts downstream of the kinase. For example, phosphoryla-
tion of URI by the TOR/S6K1 kinase pathway prevents the interaction of URI1 with the phospha-
tase PP 1y, which is crucial for controlling excessive growth under nutrient-rich conditions (Djouder
et al., 2007). Under other physiological conditions, such as glucose deprivation, the protein kinase
PKA phosphorylates URI to prevent its interaction with PP1y, allowing URI to interact with and
inhibit the O-linked N-acetylglucosamine transferase, which alters O-GlcNacylation-dependent
signalling pathways (Burén et al., 2016). Thus, the results in this chapter position URI1 as an
indicator of cellular nutritional status. Further studies are needed to determine whether URI1 di-
rectly or indirectly affects TOR activity and whether URI1 is regulated by other kinases as observed
in animals.
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Supplemental tables

All supplemental tables are available online at: http://plasticity.ibmcp.csic.es/tools.html
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Cellular homeostasis relies on intricate protein interactions that act at the core of a myriad of
signalling and regulatory pathways, in most cases involving multiprotein complexes. One protein
complex that acts as a nexus of multiprotein complexes and that is poorly understood in plants is
the PFDLc. This poses several questions that span from the putative conserved role of this
complex in eukaryotes to the endogenous and exogenous signals that modulate its activity.
Understanding these questions will allow us to decipher how the PFDLs operate in plants and
maybe in other eukaryotes. Furthermore, the functional characterisation of these proteins in plants
can break new grounds for biotechnological approaches to improve plant fitness and resilience by
modulating their interactions with specific proteins.

The discovery of PFDLs in the early 2000s led to research in yeast and mammals,
focussing mainly on the function of Bud27/URI. The versatility of Bud27/URI became apparent as
it interacted with many proteins involved in different processes, suggesting pleiotropic functions.
In both yeasts and mammals, Bud27/URI played a crucial role in cytoplasmic assembly of RNA
polymerases (Mirén-Garcia et al., 2013; Cloutier and Coulombe, 2010) and contributed to the
regulation of transcription and transcription elongation through interactions with various complexes
(Mirén-Garcia., et al; 2014; Cuevas-Bermudez et al., 2023; Mita et al., 2011; Millan-Zambrano et
al., 2013; Yart et al., 2005; Herranz-Montoya et al., 2021). In yeasts, the involvement of Bud27
extended to translation processes and the influence on ribosomal components and biogenesis
(Deplazes et al., 2009; Martinez-Fernandez et al., 2020). Complexity increased in mammals,
where URI together with R2TP formed the PAQsome complex (Houry et al., 2018), which stabilises
the assembly of macromolecular complexes, including RNA polymerases (Cloutier and Coulombe,
2010), snoRNPs (Zhao et al., 2008; Boulon et al., 2008; Machado-Pinilla et al., 2012), U5 snRNP
(Cloutier et al., 2017; Malinova et al., 2017), PIKKs (Horejsi et al., 2010; Izumi et al., 2012) and
the TSC complex (Cloutier et al., 2017; Malinova et al., 2017). In particular, the PAQsome has
shown a role in regulating mTOR activity (Woodford et al., 2017) and plays a crucial role in the
assembly of macrocomplexes, especially under stress conditions (Houry et al., 2018). The
complex functions of URI emphasise its importance in cellular processes and provide insights into
molecular mechanisms in both yeast and mammalian systems.

When we started this PhD, there was no available information about the PFDL complex
in plants. Considering the research done in yeast and mammals, particularly with URI, we
wondered about its function in plants and to what extent it was conserved. The results obtained in
this PhD thesis have allowed us to clarify some of the questions originally posed. We have found
that the URI1 protein is present in Arabidopsis and that it is part of the PFDL complex. The strong
overlap of misregulated genes in both uril-1 and pfd2 pfdé mutant seedlings indicates that at least
part of the functions performed by URI1 are as part of PFDLc. One feature of URI1 that caught
our attention was that it is found mainly in the cytoplasm and to a lesser extent in the nucleus, as
observed for the orthologs in yeast and mammals. This observation contrasts with the results of
Yang et al., 2022, who reported that URI1 is exclusively located in the cytoplasm. They reasoned
that the amino acid sequence of URI1 in Arabidopsis lacks a nuclear localisation signal (NLS) and
it was therefore not surprising that URI1 was found exclusively in the cytoplasm. However, it is
noteworthy that Yang et al. determined nuclear localisation exclusively by confocal microscopy of
Arabidopsis root cells using pURI1:URI1-GFP lines. Considering that URI1 probably enters the
nucleus to fulfil certain functions and is subsequently recycled to the cytoplasm, the probability of
finding URI1 in the nucleus might depend on the specific cellular state in which this process takes
place. Under our experimental conditions, we demonstrated that URI1 can be localised in the
nucleus by confocal microscopy, after transient expression of the protein fused to YFP in N.
benthamiana leaves and in the root of Arabidopsis seedlings expressing the pURI1:URI1-GFP,
and also by cell fractionation using seedlings of the pURI1:URI1-3XFLAG line. Interestingly, we
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found that the domain that promotes the entry of the protein into the nucleus is the PFD domain.
This suggests that there is either a non-canonical NLS region in the amino acid sequence of the
PFD domain or that the domain itself is sufficient to interact with a partner that then transports it
into the nucleus.

Our AP-MS experiments with URI1 and UXT as baits allowed us to demonstrate the
presence of the PFDL complex in Arabidopsis. In addition, we also found RPAP3 subunit of the
R2TP cochaperone complex as an interactor, suggesting that the PAQsome, formed by the PFDL
and the R2TP subcomplexes, is present in plants. One of the conserved functions of URI1 as part
of R2TP/PFDLc could therefore be the assembly of macromolecular complexes and thus
contribute to protein homeostasis. Indeed, we found that URI1 has a rather extensive interactome,
interacting with a relatively high number of proteins. When we analysed the interactors based on
GO enrichment and categorise them according to biological processes, we found that they are
mainly related to mRNA processing, mMRNA metabolism and RNA splicing. Many of the partners
may interact with URI1 as part of the R2TP/PFDL complex, while others may do it with the subunit
alone. How the impaired interactions with partners contribute to the observed phenotypes in the
uril-1 mutant awaits further investigations. In some cases, the phenotypes are likely to be indirect
effects resulting from the impairment in the assembly of client complexes, although in other may
reflect the direct involvement of URI1 in certain physiological processes. For example, the defects
observed in the root apical meristem could be a consequence of a defect in microtubule assembly,
as also observed in the pfdé mutant (Gu et al., 2006 and Yang et al., 2022).

The URI1 protein has features that make it different from the other PFDLs. In Chapter 2,
we found that the region of URI1 located at the C-terminal part of the PFD domain is predicted to
be disordered, as feature conserved in the human and yeast orthologs. Thus, this feature of URI1
has been maintained throughout evolution, indicating its importance for protein function. In fact,
complementation analyses in yeast with deleted variants of URI/Bud27 have shown that the region
corresponding to the IDR is sufficient to mitigate the translation defects (Deplazes et al., 2009)
and temperature sensitivity (Miron-Garcia et al.,, 2013) observed in Auri/bud27 cells. Two
properties often observed in IDPs or in proteins with IDRs, i.e. the promiscuity for interaction with
partners and instability (Haynes et al., 2006; Dyson and Wright, 2005), are present in URI1.

In humans, IDPs preferentially interact with other IDP or proteins with IDRs (Shimizu and
Toh, 2009). We confirmed that a significant percentage of URI1 interactors tend to be disordered
or have IDR regions. However, this feature was not conserved in humans and yeast, suggesting
that the composition of the interactome is strain-specific and dependent on the specific sequence
of the URI1/URI/Bud27 protein, including the IDR sequence. The involvement of IDP or proteins
with IDR regions in regulatory pathways, coupled with their promiscuity in interacting with different
proteins, suggests that their levels must be tightly controlled (Gsponer et al., 2008; Popelka H,
2020). We found that Arabipdopsis URI1 is an unstable protein and it is degraded by the core of
the proteasome independently of ubiquitination, also described for the degradation of the SE
protein in Arabidopsis (Li et al., 2020), a protein with IDR regions in Arabidopsis.

IDRs are particularly accessible to post-translational modifications (PTMs) such as
phosphorylation, which in many cases alters the stability of the protein (Wright and Dyson, 2015;
Zhou et al., 2018). Several phosphorylated residues have been reported for URI1 in vivo, all
located as Ser/Thr in the IDR region (Xu et al., 2017; Cruz et al., 2019; Willems et al., 2019). We
have observed that URI1 is also phosphorylated in Arabidopsis and that phosphorylation of these
residues likely promote URI1 stabilisation. It is tempting to speculate that CK2, a Ser/Thr kinase
with high and constitutive activity conserved in eukaryotes (Wang et al., 2022a), is one of the
kinases that contribute to keeping URI1 phosphorylated and stable, because several in vivo
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phosphorylated Ser/Thr on URI1 have been reliably predicted as target sites of CK2. It has been
suggested that interaction with partners can stabilise disordered proteins (Li et al., 2020).
Phosphorylation of residues within the IDR could enhance the interaction of URI1 with its partners
and thus contribute to its stabilisation. This could be through a mechanism involving
phosphorylation-induced folding of the disordered region that mediates the interaction (Bah et al.,
2015). Alternatively, it could directly influence stability by preventing URI1 from being degraded by
the proteasome. An example related to the latter scenario, albeit with the opposite outcome, is the
phosphorylation of the partially disordered protein SE by PRP4KA in Arabidopsis, which triggers
the degradation of SE (Wang et al., 2022b).

One piece of information that suggested that the levels of URI1 are tighly regulated came
from the analysis URI1-overexpressing plants. We observed that the lines with severe phenotypes
had lowest levels of YFP-URI1. When we analysed mRNA levels in these lines and correlated
them with protein levels, the correlation was not linear. More mRNA did not necessarily lead to
higher protein levels. A similar situation was reported for SE (Li et al., 2020). The excess of
transgenic SE protein in the SE overexpressing lines triggered its degradation by the 20S
proteasome, which also degraded the endogenous SE resulting in a similar phenotype of se
mutants and SE transgenic lines. Li et al. (2020) proposed that SE is normally part of different
protein complexes and any fraction of SE not associated with a complex is degraded by the 20S
proteasome to prevent undesirable effects of the excess of this partially disordered protein. SE,
like other proteins with disordered regions, can be protected from degradation by masking the
unfolded region if it is part of a complex, or by undergoing a folding-upon-interaction transition
(Asher et al., 2006). We propose that a similar mechanism could operate to control URI1 protein
levels. This suggest that the developmental phenotypes observed were caused by the reduced
URI1 activity rather than overaccumulation. These developmental phenotypes, however, are not
observed in the aturi-1 mutant (Yang et al., 2022). This likely reflects the different molecular nature
of the defects, i.e. a change in amino acid in the uril-1 protein compared to a reduced level of the
protein in the transgenic plants, which have a different effect on the developmental processes
involving URI1.

In the third chapter, we investigated whether URI1 is involved in stress responses. This
was prompted by our observations that a significant enrichment of genes related to the stress
response was found in the RNA-seq analysis of the uril-1 mutant (Chapter ). Interestingly, when
we exposed plants to different stress situations (osmotic, saline, oxidative, thermal and energy
stress), we observed significant changes in URI1 abundance or subcellular localization in
response to some of them. For example, we observed that URI1-GFP relocalizes into granules in
the cytoplasm after osmotic, oxidative and especially heat stress, without affecting the transcript
or protein levels. These granules are probably stress granules or P-bodies, which are formed
mainly by mRNAs, whose translation has been stalled in response to stress, and by proteins, many
of them RNA-binding proteins. The current view is that these granules act as storage places where
MRNAs are kept during stress and that resume translation after the stress is over and granules
dissolved (Chantarachot et al., 2018). Given the presence of the other PFDLs in granules (Alberto
Palacios-Abella and Alabadi, unpublised results) and the proposed role for them in protein
homeostasis, we propose that URI1 exerts an active role there, and that it is not simply
sequestered. The role of URI1 and the other PFDLs in these structures is being investigated in the
PhD thesis of Alberto Palacios.

In the case of energy stress caused by sugar deprivation, we have observed that URI1
responds to the availability of sugar. Specifically, the plant requires a certain level of sugar to
maintain the URI1 protein level post-transcriptionally. Two pieces of evidence support this claim:
(i) URI1 protein levels are reduced in Arabidopsis cell suspensions and seedlings after sucrose
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deprivation, and (ii) URI1 is expressed in the cell suspensions under the constitutive promoter
35S. This behaviour is like that of URI/Bud27 in yeast subjected to starvation, where there is a
steady decrease in the protein as cells experience energy stress (Gstaiger et al., 2003). These
results and the misregulation of carbohydrate metabolism genes observed in the uril-1 mutant
suggest that URI1 may be involved in the pathway controlling the response to energy stress in
Arabidopsis. Indeed, we have demonstrated the involvement of URI1 in the response to this stress
by showing that in the presence of specific inhibitors of glycolysis (2DG) and photosynthesis
(DCMU), the hypocotyls of the uril-1 mutant elongated more, and the seedlings appeared
healthier. These results suggest that URI1 exerts a negative role in the pathway that promotes
growth. Thus, the positive effect of sugar on URI1 levels could therefore serve as a mechanism to
prevent excessive growth. In addition, we observed that the flowering time of the uril-1 mutant is
influenced by light conditions, showing early flowering under LD conditions and late flowering
under SD conditions. It is known that in several plant species, including Arabidopsis, there is an
accumulation of sucrose in the phloem sap and SAM prior to flower induction (Corbesier et al.,
1998 and Yoon et al., 2021). Thus, we have observed that the uril-1 mutant has higher sucrose
concentrations compared to the WT, even under control conditions, and this could be one of the
reasons that promote early flowering under long-day conditions. Further experiments are needed
to determine whether URI1 is necessary for flowering and whether it is dependent on the circadian
cycle.

Considering the importance of TOR in nutrient signalling, we investigated its possible
functional relationship with URI1. Our results suggest that URI1 is likely to be an upstream
regulator of TOR activity. We observed that the activity of TOR, as measured by phosphorylation
of the ribosomal protein RPS6, was higher in the uril-1 mutant than in the WT mutant. This may
explain why the uril-1 mutant is less sensitive to energy stress induced by sugar deprivation and
position URI1 as a potential negative regulator of TOR. This relationship is different of the one
reported for animals and yeast, where URI1 acts downstream of the master kinase (Gstaiger et
al., 2003; Djouder et al., 2007). Whether the regulation of TOR by URI1 is direct or indirect is a
guestion that requires further investigation. The relationship of URI1 with TOR could also go
beyond this regulation. URI1 is part of the R2TP/PFDL complex (Palacios-Abella and Alabadi,
unpublished results), which is involved in the formation of TORC homodimers required for TOR
activation in animals and most likely also in plants (Brunkard et al., 2020). Thus, although it seems
paradoxical, URI1 could have a positive effect on TOR by supporting the assembly of TORC and
also a negative role by regulating TOR activity.

Consistent with the growth phenotypes, RNA-seq analysis showed that the transcriptome
of the uril-1 mutant seedlings was less impaired than that of the WT after DCMU treatment. For
example, genes involved in carbohydrate metabolism were less repressed in the uril-1 mutant
compared to the WT. Interestingly, when we analysed sucrose metabolism and starch formation,
and genes involved in photosynthesis, we observed induction of enzymes related to this process
in the uril-1 mutant after treatment. This could explain why the uril-1 mutant is able to withstand
the stress. The upregulation of photosynthetic genes could potentially lead to higher availability of
energy through the Calvin cycle. Combined with the ability to produce more starch and metabolize
sucrose faster, more energy could be available for plant growth, making uril-1 better adapted to
the stress.

In summary, our results show that the PFDL complex is present in Arabidopsis and that
URI1 is one of its subunits. URI1 exhibits features of intrinsically disordered proteins thanks to the
IDR located downstream of the PFD domain. These features include promiscuity to establish
protein-protein interactions and instability of the protein. URI1 instability could allow the plant to
precisely control the amount of URI1, for example in response to sugar availability, so that isolated
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protein that is not incorporated into functional protein complexes is degraded to prevent unwanted
effects. These properties could be reflected in the activity of URI1, both as part of the PFDL
complex and as an independent subunit. Our interactome analysis suggests a possible role for
URI1 in RNA metabolism, likely exerted as an independent subunit via the promiscuity of the IDR.
URI1 could also recruit interactors to the complex via the IDR and limit the formation of the complex
under those physiological conditions where URI1 becomes unstable and thus limiting. We
hypothesize that the instability of URI1 is regulated by environmental changes and endogenous
signals via phosphorylation and dephosphorylation of residues in the IDR, which likely influences
the interaction of URI1 with its partners. This regulation of URI1 could potentially serve as a
mechanism to control downstream pathways, both dependent and independent of the PFDL
complex, for instance the transfer of the nutritional status to the TOR signalling pathway.

In addition to the results proposed by Yang et al. (2022), which showed that URI1
regulates gravitropism by modulating the distribution of auxins through PIN2 trafficking in the root
and contributes to PIN1 recycling depending on the PFD complex, we updated the model for URI1
action in Arabidopsis (Figure 1). In Arabidopsis, like in animals, URI1 is part of the PFDL complex,
which associates with the R2TP likely participating in the assembly of protein complex (PhD project
by Alberto Palacios). Thus, URI1 as part of the R2TP/PFDLc in Arabidopsis could assist in the
formation of large protein complexes such as nuclear RNAPs (PhD project by Laura Hernandez),
snRNPs involved in splicing or ribosomal RNA biogenesis and large protein kinases of the PIKK
family, such as TOR.
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Figure 1. Proposed model for URI1 in Arabidopsis. URI1 regulates the organisation of the cytoskeleton
and also the intracellular transport of the auxin efflux carrier PIN2, which is necessary to establish the
asymmetry of auxin accumulation in the root to respond to gravitropic stimuli (Yang et al., 2022). On the
other hand, URI1, which is incorporated into the PFDLc together with R2TP, presumably maintains the
homeostasis of cellular proteins by promoting the assembly of macromolecular protein complexes such as
RNAPs, PIKK (mMTOR) and snRNPs. In addition, URI1 acts as a negative regulator of mTOR and influences
cell growth.
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The PFDL complex is formed in Arabidopsis and URI1 is one of its subunits.

Arabidopsis URI1 has features of intrinsically disordered proteins, which are
conserved in the URI1 orthologs of yeast and humans. These features are
promiscuity to interact with partners and instability of the protein, so its lev-
els can be tightly controlled by the plant.

URI1 participates in the pathway controlling the response of the plant to
energy stress as an upstream, negative regulator of TOR.
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In sylico analysis

The sequencences used for the phylogenetic analysis were acquired through a TBLASTN analysis
for each species, using data sources from the Phytozome (http://www.phytozome.net/) and NCBI
(http://Aww.ncbi.nim.nih.gov/) databases. The amino acid sequences of the proteins were used to
construct a preliminary maximum likelihood (PhyML) phylogenetic tree using default parameters
in NGPPhylofeny.fr (Lemoine et al. 2019 and Goodstein et al. 2012). URI1 tree included repre-
sentative sequences from S. cerevisiae, C. reinhardtii, P. patens, S. moellendorffii, M. polymorpha,
0. sativa, A. thaliana, P. pinaster, S. lycopersicum, D. rerio, M. musculus, H. sapiens, and D.
melanogaster. PFD3 from Arabidopsis was used as outliers. UXT and ASFURF trees included
representative sequences from M.acuminata, O.sativa, A.coerulea, V.vinifera, A.thaliana, M. trun-
culata, M.musculus, and H.sapiens. PFD1 and PFD5 from Arabidopsis were used as outliers. To
ensure a phylogenetic tree with stronger support, sequences with insertions or missing bases were
eliminated from the final alignment. The orthologs of URI1, UXT and ASDURF were aligned sep-
arately in MEGA X (Kumar et al. 2018) using MAFFT ver.7 with default parameters (Katoh &
Standley, 2013). The alignment was manually curated to verify the presence of conserved do-
mains in URI1, UXT and ASDURF. The Shimodaira-Hasegawa-like approximate likelihood ratio
test (SH-like aLRT) was used to calculate the statistical significance. Graphical representations of
the phylogenetic trees were created using the webtool Interactive Tree of Life version 6.5.8
(https://itol.embl.de/), and final figures were manually edited.

The 3D structure of each Arabidopsis prefoldin-like protein was determined by homology
with the models of Arabidopsis canonical prefoldins (Blanco-Tourifian et al., 2021) using Modeller
(release 10.1) (Webb and Sali, 2016). Similarly, the 3D structure of each human prefoldin-like
protein was determined by homology with the human canonical prefoldins (PDB code 6NR8)
(Gestaut et al., 2019). The 3D structure of the Arabidopsis and human PFDL complex was
assembled using the human PFD complex (PDB code 6NR8) as a template and visualized using
PyMOL 2.4 software. The protein disorder was predicted with the online tools DEPICTER
(http://biomine.cs.vcu.edu/servers/DEPICTER/)  (Barik et al., 2020) and MobiDB
(https://mobidb.bio.unipd.it/) (Piovesan et al., 2023), and with preFold
(https://github.com/aretasg/preFold), a tool written in Python and inspired by Foldindex (Prilusky
et al., 2005).

Plant material and growth conditions

Some of the lines that were used in this study uril-1 and uril-2 (SALK_038314) mutants in the
Col-0 background have been described in Yang et al. 2022. The pst10814 insertion line of URI1
expressed in the No background, was obtained from RIKEN. Unless otherwise stated, the seeds
were surface-sterilised with 70% EtOH with 0.01% Triton X-100 (T8787, Sigma-Aldrich), sown on
half-strength Murashige and Skoog (MS, Duchefa Biochemie) media containing 1% (w/v) sucrose,
8 g/L agar (pH 5.7) and stratified for three days at 4°C in the dark. Seedlings were grown at 22°C
under continuous white light (50-60 pmol-m™2s™?) for seven days.

Molecular cloning

Within the framework of this thesis, several DNA constructs were generated. To investigate the
accumulation and localisation of the URI1 protein, different constructs were cloned using Gateway
Technology®. The promoter of URI1 (1.3 Kb upstream of the ATG) was amplified from genomic
DNA by PCR using Fusion High-Fidelity Polymerase (Thermo Fisher Scientific) with attB-
containing primers, and introduced into pDONR207 (Thermo Fisher Scientific) vector using
Gateway BP Clonase Il Enzyme mix (Thermo Fisher Scientific) to generate pENTR207-pURI1.
Then, pENTR207-pURI1 was recombined with pGWB104 (Ishizaki, Kimitsune et al. 2015) to
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obtain pGWB104-pURI1 using Gateway LR Clonase Il enzyme mix (Thermo Fisher Scientific).
Afterwards, pPGWB104-pURI1 was introduced into Arabidopsis plants by Agrobacterium-mediated
transformation using the floral dip method (modified from Clough and Bent, 1998). Using the same
molecular cloning technique and reagents mentioned above, the genomic region of URI1 including
the promoter, introns and exons to STOP codon, was cloned into two destination vectors — a
modified pEarlyGate302 (pEG302) plasmid containing a 3xFLAG tag downstream of the Gateway
cassette and pGWB107, to generate pEG302-gURI1 and pGWB107-gURI1. Both independent
constructs were introduced into Arabidopsis plants using the floral-dip method.

To generate the overexpression lines, an available pENTR223-URI1 plasmid containing
the CDS of URI1 was used and recombined with pEarlyGate104 and pEarlyGate201 (Earley et al.
2006) using Gateway LR Clonase Il enzyme mix (Thermo Fisher Scientific) to generate pEG104-
URI1 and pEG201-URI1l. Subsequently, pEG104-URI1 was introduced into Arabidopsis as
previously described but both constructs were used for agroinfiltration of Nicotiana benthamiana
(N. benthamiana) leaves. Finally, different versions of the URI1 protein regions (PFDD 1bp - 402
bp, APFDD 403bp - 1176bp, and AUri1Box 1bp - 1146bp) were amplified from pENTR223-URI1
by PCR using Fusion High-Fidelity Polymerase (Thermo Fisher Scientific) with attB-containing
primers, and introduced into pDONR207 (Thermo Fisher Scientific) vector using Gateway BP
Clonase Il enzyme mix (Thermo Fisher Scientific) to generate pENTR207-URI1-PFDD, URI1-
APFDD and URI1-AUri1Box. To overexpress the deleted versions of URI1, pENTR207-URI1-
PFDD, URI1-APFDD and URI1-AUri1Box were recombined with pEarlyGatel04 and
pEarlyGate201 using Gateway LR Clonase Il enzyme mix (Thermo Fisher Scientific) to generate
pEG104-URI1-PFDD, URI1-APFDD, URI1-AUri1Box. The deleted versions of URI1 were used to
infiltrate N. benthamiana leaves.

The CDSs of URIL™®A and URIL™®A were synthesized by Intregrated DNA
Technologies (Belgium) and transferred into the pEarleyGate104 vector by Gateway to create YFP
fusions. The WT and the two mutant versions were transiently expressed in N. benthamiana leaves
as explained below. Protein levels were analyzed by Western blot. All the oligos used for molecular
clonning in this work are listed in the Supp Table 1.

Phenotypic analyses

Root measurements

To determine the length of the primary root, Wild-Type (WT) and uril-1 roots were measured using
10-day-old seedlings grown on vertical plates in continuous light. First, seeds were sown and
germinated as described previously. Three days after germination, the seedlings were transferred
to new plates containing half strength MS (Duchefa) media containing 1% (w/v) sucrose, 8 g/L
agar (pH 5.7), and grown vertically. At this timepoint, the position of the root tips was marked. After
seven days, the root tips were marked and the plates were scanned. The total root length was
measured using the NIH ImageJ software (Rueden et al. 2017).

Shoot measurements

In order to determine the total shoot length from the lines p35S::YFP-URI1 4.9 (4.9), p35S::YFP-
URI1 5.3 (5.3), p35S::YFP-URI16.7 (6.7), p35S::YFP-URI1 16.11 (16.11), p35S::YFP-URI1 29.6
(29.6) and WT, the plants were grown in soil (containing a mixture of peat moss, perlite, and
vermiculite of 1:1:1 ratio) for 25 days under a long day (LD; 16 hrs light at 22°C, and 8 hrs dark at
19°C) photoperiod. The plants were watered twice a week with nutritive solution containing the
following ingredients - 0.15 g/L H3POg4, 0.82 g/L Ca(NOs3)2, 0.3 g/L KNO3, 0.35 g/L K2S04, 0.24 g/L
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MgSOs4, 0.1 g/L micronutrients. The shoot length was measured with a ruler, from the rosette to
the last flower of the main shoot.

Tracking of aborted seeds

The seedlings from uril-1 and uril-2 and pst10814 mutants were sown in soil and stratified for
seven days. Subsequently, they were also germinated under long-day conditions. Once the plants
had reproduced and had matured siliques, they were dissected and observed under a Leica
DMS1000 microscope aborted seeds.

Analysis of flowering time

The seeds from uril-1 and WT were sown in soil under LD and short day (SD: 8 hrs light at 22°C
and 16 hrs dark at 19°C) light regimes. Plants were germinated at LD or SD for each assay. The
flowering time was determined by counting the total number of leaves produced before bolting.

GUS staining assays

Seven-day-old plants were fixed in cold acetone for 20 mins, and vacuum-infiltrated with GUS
staining solution (50 mM sodium phosphate buffer pH 7.2, 0.5 mM potassium-ferrocyanide, 0.5
mM potassium ferricyanide, 10 mM EDTA, 0.01% Triton X-100 and 1 mM 5-bromo-4-chloro-3-
undolyl-B-glucuronic acid) for 15 mins, and then incubated at 37°C overnight. The tissues were
clarified with a series of ethanol solutions, and imaged with a Brightfield filter under a Nikon Eclipse
E600 microscope or a Leica DMS 1000 macroscope.

Yeast two-hybrid assays

For yeast two-hybrid (Y2H) analyses, the coding sequence of URI1, UXT, PDRG1, RuvBL1,
RuvBL2 full length CDS cloned in pENTR223 (obtained from the ABRC) was transferred to the
pGADT7-GW and pGBKT7-GW destination vectors using Gateway LR Clonase Il enzyme mix
(Thermo Fisher Scientific) to produce fusion proteins of the Gal4-activation domain (AD) and GAL4
DNA—binding domain (BD). The RPAP3 CDS was amplified by PCR using Fusion High-Fidelity
Polymerase (Thermo Fisher Scientific) with attB-containing primers from an Arabidopsis cDNA
pool and introduced into pDONR207 (Thermo Fisher Scientific) using Gateway BP Clonase ||
enzyme mix (Thermo Fisher Scientific) to generate pENTR207-RPAP3 and then transferred into
pGADT7-GW and pGBKT7-GW as previously described. pGADT7 and pGBKT7 of PFD2 and
PFD6 were already described in Blanco-Tourifidn et al., 2021. The expression vectors derived
from pGADT7 and pGBK7 were introduced into Y187 and Y2HGold yeast strains, respectively.
The transformants were selected with Synthetic Defined (SD) medium, which lacked leucine (-
Leu) or tryptophan (-Trp), respectively, where haploid yeasts were mated to obtain diploid cells by
selection in SD-Leu-Trp medium. Protein interactions were tested by the nutrient requirement of
histidine (His), where SD-Leu-Trp was used as a growth control, and SD-Leu-Trp-His was used to
test for protein-protein interactions. Interaction assays were performed using serial dilution of
diploid cultures (1:1, 1:10, 1:100 and 1:1000) dripping. The same-fold dilutions were photographed
two days after plating.

Confocal microscopy

Leaves of three-week-old Nicotiana plants grown at LD were agroinfiltrated with pEG104-URI1,
URI1-PFDD, URI1-APFDD, URI1-AUri1Box and the pl19 silencing suppressor. Leaf confocal
fluorescence was recorded on the third day after agroinfiltration using a Zeiss Axio-Observer 780
Pascal with a water immersion objective (C-Apochromat 40X/1.2; Zeiss) lens. The YFP signal was
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excited with an argon laser at the wavelength of 488 nm, and its emission was detected at 505-
530 nm.

The seedlings of pURI1::URI1-GFP were grown vertically for five days under continuous
light conditions. Roots were stained with 10 pg/ml of propidium iodide (PI) for 3 mins and washed
with water twice before imaging with the Axio-Observer 780 Pascal Zeiss microscope, with a water
immersion objective (C-Apochromat 40X/1.2; Zeiss). The GFP signal was excited with an argon
laser at 488 nm and, its fluorescence was detected at 505-530 nm. The images were taken from
the quiescent centre of the root tip.

To image the inflorescence apices of Arabidopsis WT and uril_sarll the apices were
prepared and imaged as described (Serrano-Mislata et al. 2015). The dissected apices were
imbibed in 10 pg/ml Pl staining for 5 mins and imaged with an Axio-Observer 780 Pascal Zeiss
microscope with a water-immersion objective lens (Apochromat 40X/1.0; Zeiss).

Protein co-immunoprecipitation assays

Leaves of three-week-old Nicotiana plants grown under LD conditions were infiltrated with different
mixtures of Agrobacterium C58 cells carrying the expression vectors p35S:YFP-URI1 and
p35S::HA-UXT and the p19 silencing suppressor.

Three days after infiltration, the leaves were collected and frozen in liquid nitrogen.
Approximately 1 ml of the frozen tissue was carefully minced before homogenisation in 0.5 ml of
extraction buffer containing 25 mM Tris-HCI pH 7.5, 10% glycerol, 1 mM EDTA pH 8.0, 150 mM
NaCl and 1X protease inhibitor cocktail (cOmplete, EDTA-free; Roche). The resulting extracts
were kept on ice for 15 mins, followed by 2 rounds of centrifugation at maximum speed in a
benchtop centrifuge at 4°C to remove cell debris. Quantification of total protein content was
performed using the Bradford assay, and 150 ug of total proteins were subjected to denaturation
in 1 volume of 2X Laemmli buffer and stored for later use as input samples. In addition, 850 ug of
total protein was incubated in 1 ml of extraction buffer containing 25 ul of anti-GFP-coated
paramagnetic beads (Miltenyi) at 4°C for 2 hrs, facilitated by a rotating wheel.

The extracts were added to uColumns (Miltenyi) at room temperature. The columns were
then washed once with 800 pl of cold extraction buffer and then subjected to two further washes
with 200 pl Wash Buffer Number 2, as provided in the Miltenyi kit. Next, the proteins were eluted
under denaturing conditions, using 70 pl of elution buffer according to the manufacturer's
instructions. For analysis, 63 pl of the immunoprecipitated samples (representing 90% of the
total) were loaded onto a 10% SDS-PAGE gel together with 20 ug of the starting material. After
electrophoresis, the proteins were transferred to a PVDF membrane and subjected to
immunodetection with an anti HA-HRP antibody (HA-HRP 3F10, 1:5000, Roche). The remaining
10% of the immunoprecipitated samples were subjected to the same procedure together with 20
ug of the starting material, but probed with an anti GFP antibody (JL-8, 1:5000, Living Colours).
The chemiluminescence signal was recorded with SuperSignalTM West Femto (Thermo-Fisher
Scientific) and visualised with the ImageQuant 800 (Amersham).

Subcellular fractionation assay

Subcellular fractionation was performed as described previously in Zhang et al. 2014 with minor
modifications. 2 g of seven-old-seedlings were ground in liquid nitrogen and homogenised in 4 ml
of cold Honda buffer (0.44M sucrose, 20 mM HEPES KOH pH 7.4, 2.5% Percoll, 5% Dextran T40,
10 mM MgCI2, 0.5% Triton X100, 5 mM DTT, 1 mM PMSF and 1X protease inhibitor cocktail
(cOmplete, EDTA-free; Roche)). The homogenate was filtered through a layer of Miracloth and

158



centrifuged at 2000g at 4°C for 5 mins. 1 ml of the supernatant was centrifuged at 10000g at 4°C
for 10 mins and collected as a cytoplasmic fraction.

The pellet was resuspended in 1 ml Honda buffer and centrifuged at 1800g for 5 mins at
4°C to pellet the nuclei. The nuclear pellet was washed 5 times with Honda buffer (137 mM NacCl,
2.7 mM KCI, 10 mM Na2HPO4, 2 mM KH2PO4, 1 mM EDTA), rinsed with 1X PBS and then
resuspended with 150 pl cold glycerol buffer (20 mM Tris-HCI pH 7.9, 50% glycerol, 75 mM NacCl,
0.5 mM EDTA, 0.85 mM DTT, 0.125 mM PMSF and 1X protease inhibitor cocktail (cOmplete,
EDTA-free; Roche)), then 150 pl cold nucleus lysis buffer (10 mM HEPES KOH pH 7.4, 7.5 mM
MgCI2, 0.2 mM EDTA, 0.3 M NaCl, 1M urea, 1% NP -40, 1 mM DTT, 0.5 mM PMSF, 10 mM -
mercaptoethanol and 1X protease inhibitor cocktail (cOmplete, EDTA-free; Roche)) was added.
The mixture was vortexed twice for 5 secs and incubated on ice for 2 mins. It was then centrifuged
at 14000 rpm at 4°C for 2 mins. The supernatant was collected as a nucleoplasmic fraction.

The chromatin pellet was rinsed with 1X PBS+1mM EDTA and resuspended in 150 ul of
cold glycerol buffer and 150 ul of cold nuclei lysis buffer. The protein concentrations were
determined using the Pierce 660 nm Protein Assay (22662, Thermo Fisher Scientific) according
to the manufacturer’s instructions, and the fractions were analysed by western blot.

Analysis of protein levels by Western Blot

Approximately 1 ml of ground frozen tissue was homogenised in 0.5 ml of extraction buffer (25
mM Tris-HCI p 7.5, 10% glycerol, 1 mM EDTA pH 8.0, 150 mM NacCl and 1X protease inhibitor
cocktail (cOmplete, EDTA-free; Roche)). Extracts were kept on ice for 15 mins and cell debris was
removed by centrifugation twice at maximum speed in a bench top centrifuge at 4°C, and the total
proteins were quantified using the Bradford assay. The protein samples were mixed with 1 volume
of 2X Laemmli buffer and denatured at 95°C for 5 mins. 25 ug of proteins were separated in a 10%
SDS-PAGE, transferred to a 0.45 ym PVDF membrane (Amersham) and immunodetected with
specific antibodies: anti FLAG-HRP (A8592, 1:5000, Sigma-Aldrich), anti GFP (JL-8, 1:5000,
Living Colours), anti HA-HRP (3F10, 1:5000, Roche), anti RPS6 (AS194292, 1:1000, Agrisera),
anti RPS6 P240 (AS194302, 1:1000, Agrisera), anti RPL13 (1:10000, provided by Dr. Cecile
Bousquet-Antonelli, LGDP — CNRS, Université de Perpignan Via Domitia), HRP anti-HRP (P1291,
1:5000, Sigma), anti MBP (PA1-989, 1:5000, Invitrogen), anti H3 (AB1791, 1:5000, Abcam),
horseradish peroxidase (HRP)—conjugated anti-rabbit (AS09-602, 1:20000, Agrisera) and anti-
mouse HRP (NA931V, 1:10000, Amersham) were used as secondary antibodies. The PVDF
membranes were stained with Ponceau S to check for protein loading consistency.

Chemiluminescence was detected using Supersignal west FEMTO substrate with
maximum sensitivity (Thermo Fisher Scientific) and imaged using ImageQuant 8000 (Amersham).
The protein bands were quantified using the NIH ImageJ software.

Gene expression analysis

Three different RNA-sequencing (RNA-seq) were performed with three independent biological
replicates for each condition. The specific growth and extraction conditions for each of these
analyses are described below.

For the first RNA-seq, Arabidopsis seedlings of uril-1 and WT were grown for 7 days
under continuous white fluorescent light (80 umol m-2s1) at 20°C. Total RNA was isolated using
the NucleoSpin™ RNA Plant Kit (Macherey-Nagel) according to the manufacturer’s instructions,
and the RNA concentration and integrity (RNA Integrity Number — RIN) were measured with a
RNA Nano Chip (Bioanalyzer, Agilent Technologies 2100).
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For the second RNAseq, the calli obtained from hypocotyls of WT and uril-1 plants (the
protocol for callus generation is described in detail later) were exposed to shoot induction media
for three weeks. The calli were harvested and rapidly frozen with liquid nitrogen. Total RNA was
extracted from the frozen samples using RNAzol reagent (RNAzol® RT, R4533, Sigma) using a
method described in Chomczynski et al. 2010. Subsequently, the RNA concentration and its RIN,
were determined with an RNA nano-chip on a bioanalyzer (Agilent Technologies 2100).

For the third RNA-seq, the WT and uril-1 seedlings were maintained for 5 days in minimal
MS media (3 mM CacCl2, 1.5 mM MgS04, 5 mM KCI, 1.25 mM KH2PO4, 0.5% D-mannitol, 3 mM
MES and 1X Murashige and Skoog basalt salts micronutrient solution Ref. M0529 RNBL1484,
Sigma) and transferred to a new plate containing minimal MS media as control, or to a new minimal
MS media supplemented with 8 uM DCMU (#45463, Sigma) under white fluorescent light (80 pmol
m=2s1) at 20°C for 2 days. Total RNA was isolated using the NucleoSpin™ RNA Plant Kit
(Macherey-Nagel) according to the manufacturer’s instructions. RNA concentration and integrity
(RNA Integrity Number — RIN) were measured in an RNA Nano Chip (Bioanalyzer, Agilent
Technologies 2100).

cDNA library construction, mRNA fragmentation, sequencing and analysis for each RNA-
seq was performed by the Beijing Genomics Institute (BGI, Shenzhen, China). The data were
analyzed on the Dr. Tom system from BGI.

Identification of the Arabidopsis URI1 and UXT proteome

To generate the Protein_G-URI1 (GS-URI1) and GS-UXT fusion proteins, the URI1 and UXT CDS
were transferred into the pKNGs::Rhino-GS vector using the Gateway LR Clonase Il enzyme mix
(Thermo Fisher Scientific). This vector expresses the fusion protein under the 35S promoter.
pKGNs::Rhino-GS fused to a nonsense sequence was used as a control. Agrobacterium C58 cells
carrying pKNGs::Rhino-GS-URI1, pKNGs::Rhino-GS-UXT and the control construct were used to
transform PSB-D cell cultures following the protocol previously described with minor modifications
(Van Leene et al. 2015). Cultures of Arabidopsis cell lines were increased to obtain 50 g per cell
culture. 10 g of cells were used per replicate, and three replicates were performed per line. The
cells from each line and replicate were harvested, frozen in liquid nitrogen and ground into fine
powder using a protocol adapted from Antosz et al. 2017, with minor modifications. After the single
immunoprecipitation affinity purification and elution, the proteins were precipitated overnight with
cold acetone at -20°C. The pellet was washed three times with cold acetone and then dried at
room temperature. The dried white protein pellet was dissolved with 1X PBS. Finally, the samples
were mixed with 1 volume of 2X Laemmli buffer and boiled for 5 mins before sending to the Servicio
de Protedmica of the Universidad de Coérdoba to identify the proteins in the immunoprecipitate
with Liquid Chromatography-Mass Spectrometry (LC-MS/MS).

The proteins identified in the purification of the control proteins were referred to as the
control list and include all proteins that bind non-specifically to the GS tag. The proteins from the
control list were excluded from the proteins identified in the immune-precipitated-URI1 (IP-URI1)
and IP-UXT protein precipitation.

Callus formation and regeneration assays

Surface-sterilised seeds of WT and uril-1 were sown on half-strength MS (Duchefa) plates
containing 1% (w/v) sucrose, 8 g/L agar (pH 5.7), stratified at 4°C for 3 days and then germinated
under continuous light for 48 hrs. The plates were then covered with aluminium foil to promote
hypocotyl elongation. After five days in the dark, the cotyledons and roots were removed with a
sterile scalpel, and the trimmed hypocotyls of similar length were transferred to a callus-inducing
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medium (CIM: 3 g/L Gamborg B5 medium, 0.5 g/L MES, 0.8% agar, 20 g/L sucrose, 2.2 yM 2,4-
diclorophenoxyacetic acid (2,4-D) and 0.46 uM kinetin). The plates were stored in the dark at 23°C
for 30 days. The 30-day-old calli were weighed with a laboratory balance and images were taken
with a brightfield filter using a Leica DMS 1000 macroscope.

To test the ability of the 30-day-old hypocotyl calli to form shoots, they were transferred
to shoot-inducing media (SIM: 3 g/L Gamborg B5 medium, 0.5 g/L MES, 0.8% agar, 20 g/L
sucrose, 4.4 pM 6-(y,y-dimethylallymino) purine (2iP) and 0.5 1-naphthylacetic acid). The plates
were set up for 30 days at LD photoperiod and imaged in brightfield with a Leica DMS 1000
macroscope.

Cell free protein degradation assays

Assays for cell-free protein degradation were performed in vitro with extracts of Nicotiana, various
Arabidopsis lines, Arabidopsis lines that had the recombinant MBP-URI1 protein, (as described
below).

The leaves of three-week-old N.benthamiana plants were infiltrated with mixtures of
Agrobacterium C58 cells carrying the vector p35S::HA-URI1, p35SS::GFP and the p19 silencing
suppressor. The leaves were harvested after three days and frozen in liquid nitrogen.
Approximately 1 ml of the grinded frozen tissue was homogenised in 0.5 ml extraction buffer (25
mM Tris-HCI pH 7.5, 10% glycerol, 1ImM EDTA pH 8.0, 150 mM NaCl). The extracts were kept on
ice for 15 mins and cell debris was removed by centrifugation twice at maximum speed in a
benchtop centrifuge at 4°C. The total protein concentration in the extracts was adjusted to be equal
to the extraction buffer. To the final supernatant, 0.5 mM cycloheximide (CHX) (C7698, Merck)
was added, and the mixtures were then divided into two parts. One part was mixed with 100 uM
MG132 (Insolution™, 474791, Merck) or 50 yM PYR41 (N2915, Sigma), and the other with 2%
DMSO, as control. The mixtures were then incubated at 30 °C for 0, 5, 10, and 20 mins prior to
western blot.

For the degradation assays with recombinant MBP-URI1, the pTH1::MBP-URI1 construct
was generated by transferring the URI1 CDS from pENTR223-URI1 to the pTH1:: MBP-GW
(Hammarstrom, Martin et al. 2002) by LR reaction. For MBP-URI1 protein production, pTH1::MBP-
URI1 was transformed into Escherichia coli (E. coli) BL21 Rosetta strain and a single colony was
collected to inoculate a 50 ml Terrific-Broth (TB) medium containing 34 ug/ml chloramphenicol and
100 pg/ml carbenicillin, and incubated at 37°C overnight. Then, 200 ml of Rich-Broth medium
containing 0.2% glucose, 34 pg/ml chloramphenicol and 100 pg/ml carbenicillin was inoculated
with 400 pl of the overnight cultured cells. The cells were grown at 37°C in a shaking incubator set
at 250 rpm. To induce protein expression, 0.5 mM of IPTG at an Optical Density of 600 (OD600)
of 0.53 was added to the culture.

The cells were incubated at 16°C for 16 hrs, and harvested by centrifugation at 4500 rpm
for 15 mins and the medium was discarded. The pellet was stored at -80°C until ready for use. To
purify MBP-URI1, the pelleted cells were resuspended in 5 ml of column buffer (20 mM Tris-HCI
pH 7.4, 200 mM NaCl, 1 mM EDTA), and sonicated with a cell disruptor (Fisherbrand™ Model 120
Sonic Dismembrator) until the cells were completely homogenised. The sonicated sample was
centrifuged at 14000 rpm for 20 mins at 4°C, then the supernatant was collected and diluted with
column buffer to a final volume of 35 ml, which was filtered through a 0.45 umpore membrane for
further purification. Amylose resin (E8021S, New England Biolabs) was used to purify MBP-URI1,
where 1 ml of amylose resin was added into a 1.5 x 10 cm column at 4°C. The column was washed
with column buffer using 5 column volumes (CVs). The diluted crude extract was loaded, and the
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non-specifically bound proteins were washed from the column using 10 CVs of column buffer.
MBP-URI1 protein was eluted with 5 CVs of column buffer supplemented with 10 mM maltose. Up
to 20% glycerol was added to the eluted fractions. The MBP-URI1 protein was stored at -80°C for
further use. Seven-day-old seedlings of WT and uril-1 were harvested and ground in liquid
nitrogen, and the total proteins were then extracted with the same extraction buffer. The total
protein extracts of WT and uril-1 were adjusted to equal concentration in the extraction buffer for
each assay. 100 ng of recombinant MBP-URI1 protein was incubated in 250 pg of total protein for
each assay. The same amount of solvent was used for each drug in all the controls. For the WT,
100 uM of MG132 and 150 uM of PYR41 were added and incubated at 30 °C. The samples were
collected at the following time points (0, 5, 10, 20, 30 and 60 mins) before Western blot analysis
was performed. The quantification of all the results obtained was performed on the NIH ImageJ
software after Western blot.RNA extraction and real-time qPCR

The Arabidopsis URI1 overexpressor lines 4.9, 5.3, 6.7, 16.11, 29.6 and WT were grown
under continuous white fluorescent light (80 pymol m=s?) at 20°C for 7 days. Total RNA was
isolated using the NucleoSpinTM RNA Plant Kit (Macherey-Nagel) according to the manufacturer’s
instructions. The cDNA was prepared from 1 ug of total RNA using the NZY-First Strand cDNA
Synthesis Kit (NZYTech) according to the manufacturer’s instructions. The resulting cDNA was
used for real-time gquantitative Polymerase Chain Reaction (RT-qPCR). The primers used for the
amplification during the different assays are listed on Supplemental Table 1.

Stress tolerance assays.

NaCl, H202 and mannitol tolerance was analysed by transferring 5-day-old seedlings grown on
vertical under continuous light to new half strength MS plates supplemented with or without 100
mM NacCl, 300 mM mannitol and 1 mM H202. Time points sampling were done after 8 hours and
24 hours on NaCl treatment; 6 hours and 12 hours after mannitol treatment and; 30 minutes, 60
minutes and 180 minutes for H202 treatment. Samples were taken and used for, protein extraction
and western blot analysis, confocal imaging and gRT-PCR (protocol and primers used described
at RNA extraction and RT-gPCR section).

Heat shock treatments were done by transferring 5-day-ols seedlings grown on vertical
under continuous light to darkness and 37°C in darkness during 3 hours (control samples were
also under darkness but at 22°C). After the heat shock treatment, plants were recovered at 22°C
during 4 hours and under continuous light. Time points sampling were done before the treatment,
just after 3 hours of heat shock and after 2 hours and 4 hours of recovery at 22°C. Samples taken
were used for protein extraction, western blot analysis and confocal imaging.

For confocal imaging, in order to preserve the integrity of the granules observed, the
samples were placed in 1.5 mL of 2% paraformaldehyde in 1X PBS buffer. Afterwards, vacuum
was applied for 1 minute (twice). Seedlings were washed twice for 5 minutes each in NH4CI, and
transferred to 1X PBS until the confocal images were obtained.

Carbon starving assays and hypocotyl length measurement

Arabidopsis PSB-D cells expressing pKNGs::Rhino-GS-URI1 were grown in MSMO (4,43 g/L MS
[MS minimal organics Sigma #M6899], 30g/L sucrose, 0.5 pg/ml of alpha-naphthaleneacetic acid
[NAA], 0,05 pg/ml of kinetin, pH 5.7) fresh media supplemented during three days, the fourth day
cells were transferred to MSMO media with or without sucrose, and let them grown at 22°C during
24 hours under darkness. Samples were taken and frozen in liquid nitrogen. Total protein extracts
were analysed using western blot.
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Seeds of pURI1L:URI1-3xFLAG were surface-sterilised as previously described, and
incubated at 4°C for 3 days, then they were germinated in continuous light at 22°C for 3 days. The
seedlings were transferred into half strength MS supplemented with 1% sucrose or to half strength
MS without sugar and let them grow under darkness during 48 hours. Samples were taken at 24
hours and 48 hours. Total protein extracts were analysed using western blot.

Seeds were surface-sterilised as previously described, and incubated at 4°C for 3 days,
then they were germinated in continuous light at 22°C for 2 days. The seedlings were transferred
into minimal MS media (3 mM CaCl2, 1.5 mM MgS04, 5 mM KCI, 1.25 mM KH2P0O4, 0.5% D-
mannitol, 3 mM MES and 1X Murashige and Skoog basalt salts micronutrient solution Ref. M0529
RNBL1484, Sigma) and were grown in the light for 4 days. The seedlings were then transferred to
different sugar conditions [MS minimum, MS 90 mM sucrose, MS 5 mM 2DG (D8375, Sigma), and
MS 8 uM DCMU (#45463, Sigma)], and grown in continuous light for another 3 days. Hypocotyl
length was measured using NIH ImageJ software. Total protein extracts were analysed using
western blot.

Analysis of primary metabolism

Arabidopsis seedlings of WT and uril_sarll were grown under the same conditions as for RNA-
seqg analysis in both control and 8 yM DCMU treatments (described in the gene expression
analysis section). Primary metabolite analysis was performed at the IBMCP Metabolomics
Platform as described previously (Minebois et al. 2020). 100 mg of lyophilised tissue samples were
homogenised with liquid nitrogen and extracted in 1400 pl of 100% methanol and 60 pl of internal
standard (0.2 mg ribitol in 1 ml water). The mixture was extracted at 70°C for 15 mins and
centrifuged at 14, 000 rpm for 10 mins. The supernatant was transferred to a glass vial and 750 pl
of CHCI3 and 1500 pl of water were added. The mixture was shaken for 15 secs and centrifuged
at 14,000 rpm for 15 mins. 150 pl aliquots of the methanol/water supernatant were dried rapidly
for 3 hrs.

For derivatisation, the dry residues were dissolved in 40 pl of 20 mg/mL methoxyamine
hydrochloride in pyridine and incubated at 37 °C for 90 mins. Then, 70 pl of MSTFA (N-methyl-N-
[trimethylsilyl]trifluoroacetamide) and 6 pl of a retention time standard mixture (3.7% [w/v] mixture
of fatty acid methyl esters ranging from 8 to 24C) were added and the samples were incubated at
37°C for 30 mins. Sample volumes of 2 pl were injected in split and splitless modes into a 6890 N
gas chromatograph (Agilent Technologies Inc. Santa Clara, CA) coupled to a Pegasus4D TOF
mass spectrometer (LECO, St Joseph, MI). Gas chromatography was performed on a BPX35 (30
m x 0.32 mm x 0.25 ym) column (SGE Analytical Science Pty Ltd, Australia) with helium as carrier
gas, and a constant flow of 2 ml/min. The liner was set at 250°C. The oven programme was 85°C
for 2 min, 8°C/min ramp to 360°C. Mass spectra were collected at 6.25 spectra s~ in the m/z range
of 35-900 and an ionisation energy of 70 eV. Chromatograms and mass spectra were analysed
using the CHROMATOF programme (LECO, St. Joseph, MI), and the metabolites were identified
by comparison with a custom library prepared using commercial standards.
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