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SUMMARY

Plants use light as a source of information to optimize their growth by driving numerous adaptative
responses and developmental transitions. The determination of hypocoty| growth orientation results
from the integration of phytochrome-mediated inhibition of gravitropism and phototropin-mediated
phototropism. Phototropism arises from a phototropins (phot) activation gradient across the stem
in response to unilateral blue light, which leads to an increase in growth on the shaded side of the

stemresulting from asymmetric auxin accumulation.

phot form a protein complex at the plasma membrane (PM) with two families of PM-associated
proteins that are possibly mediating the link between asymmetric phot activation and auxin
gradient: (NONPHOTOTROPIC HYPOCOTYL 3 (NPH3) and ROOT PHOTOTROPISM 2

(RPT2) -like proteins) (NRL) and PHYTOCHROME KINASE SUBSTRATE (PKS). However,
PKS molecular mechanisms in phot signaling remain unknown. Arabidopsis thaliana includes 4
PKS members, among which PKS4 and PKS1 are important for hypocotyl growth orientation,

while PKS3and PKS2 function in another phot-mediated response: leaf flattening.

Our phylogenetic and functional studies suggest that PKS4 is the protein family member appearing
the earliest in evolution and whose function is conserved in monocots, while PKS3 and PKS2 have
functionally diverged at different stages in evolution. PKS are intrinsically disordered proteins
found in all angiosperms and characterized by six evolutionary conserved motifs (called A to F),
whose functional importance was addressed in this work. Our data reveal that conserved Cys amino
acids in motif C are required for PKS4 biological activity and association with the PM.
Additionally, our work shows that motif D is essential for PKS4 function and identifies interactors
of motif D in yeast that we are currently investigating to understand how PKS proteins regulate

auxin asymmetric distribution to control plant organ growth orientation in response to light.



RESUME

La lumiere est une source d’informations pour les plantes, qui leur permet d’optimiser leur
croissance en induisant de nombreuses réponses adaptatives et transitions développementales.
Ainsi, D’orientation de la croissance de I’hypocotyle est déterminée par 1’intégration de deux
processus dépendants de la lumiere: I’inhibition du gravitropisme médiée par les phytochromes
d’une part, et le phototropisme médié par les phototropines d’autre part. Le phototropisme résulte
d’un gradient d’activation des phototropines de part et d’autre de la tige en réponse a un signal
lumineux bleu unilatéral. Cela entraine une croissance accrue des cellules du c6té non éclairé de la

tige, conséquence d’une accumulation asymeétrique d’auxine.

Les phototropines forment un complexe protéique a la membrane plasmique avec deux autres
familles de protéines associées a la membrane, qui pourraient faire le lien entre ’activation
asymétrique des phototropines et le gradient d’auxine : les protéines NRL (NONPHOTOTROPIC
HYPOCOTYL 3 (NPH3) and ROOT PHOTOTROPISM 2 (RPT2) -like proteins) et les PKS
(PHYTOCHROME KINASE SUBSTRATE). Cependant, la fonction moléculaire des PKS dans la
signalisation via les phototropines est encore inconnue. Arabidopsis thaliana possede 4 protéines
PKS, parmi lesquelles PKS4 et PKS1 sont importantes pour 1’orientation de la croissance de
I’hypocotyle, alors que PKS3 et PKS2 jouent un rdle dans la croissance plane des feuilles, une autre

réponse développementale dépendante des phototropines.

Nos analyses phylogénétiques et fonctionnelles suggérent que PKS4 est le membre de la famille
PKS apparu le plus tot au cours de I’évolution et que sa fonction est conservée chez les
Monocotylédones, alors que PKS3 et PKS2 ont divergé fonctionnellement a plusieurs étapes au

cours de I’évolution. LesPKS sont des protéines « intrinsequement désordonnées » retrouvées chez



tous les Angiospermes et caractérisées par six motifs conservés (notés A a F), dont I’importance
fonctionnelle a été analysée dans ce travail. Nos données révelent que les acides aminés cystéines
conservées dans le motif C sont nécessaires a I’activité biologique de PKS4 ainsi qu’a son
association a la membrane plasmique. Par ailleurs, notre travail montre que le motif D est essentiel
a la fonction de PKS4. Nous avons mis en évidence des partenaires protéiques du motif D en levure
qui sont actuellement en cours d’étude afin de comprendre comment les protéines PKS régulent la
distribution asymétrique d’auxine pour contréler 1’orientation de la croissance en réponse a la

lumiére.



Titre: Etude structure-function des protéines PKS (Phytochrome Kinase Substrate)

Projet de these de: Ana LApez Vazquez. Université de Lausanne - Centre Intégratif de Génomique

Résumé simplifié:

Contrairement aux animaux, les plantes ne peuvent se déplacer a la recherche des ressources
nécessaires a leur survie. Mais nous avons tous déja observé qu’une plante a proximité d’une fenétre
se tourne vers I’extérieur afin de recevoir plus de lumicre. Ainsi, les organes végétaux peuvent
bouger, ou plutdt se réorienter, de facon a trouver les conditions les plus favorables pour la
photosynthése, qui permet aux plantes de fabriquer leur propre matiére organique.

Le processus de croissance orientée vers la lumiere est appelé phototropisme et est dii a la présence
de molécules photoréceptrices particuliéres appelées phototropines, qui convertissent le signal
lumineux percu en une information que la plante peut interpréter. Les phototropines sont plus
actives du c6té de la tige qui recoit la lumiére et elles vont diriger le transport d’une hormone de
croissance, 1’auxine, vers le coté non éclairé de la tige. C’est ainsi que la plante pousse dans la
direction de I’éclairement. Néanmoins, nous ne comprenons pas encore bien le lien entre activation
des phototropines et transport de I’auxine. Le professeur Christian Fankhauser a découvert une
famille de protéines, les PKS, qui travaillent avec les phototropines et favorisent le transport de
I’auxine, mais nous ne savons pas comment les PKS fonctionnent.

Dans ce travail de these, nous avons decouvert qu’il existe des protéines PKS chez toutes les plantes
a fleurs. Si chaque protéine PKS est différente des autres, elles ont toutes six segments en commun.
Un de ces segments a pour réle de maintenir PKS4 au bon endroit pour fonctionner, ¢’est-a-dire a
la périphérie des cellules de la tige, la ou se trouvent les phototropines. Un des autres segments
permet a PKS4 de s’associer a d’autres protéines et cette association est importante pour
I’orientation de la tige vers la lumiére. Nous étudions maintenant comment ces autres proteines

travaillent de concert avec PKS4 pour réguler le transport de I’auxine.
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GENERAL INTRODUCTION

1. Plantsuse lightas asource ofinformation

Seed germination requires light, however, some seeds can germinate underground, which follows
a rapid elongation of the embryonic stem (called hypocotyl), and a prominent apical hook protecting
the shoot apical meristem. During this developmental stage, the seedling invests most of the energy
in reaching the soil surface, therefore cotyledon expansion and leaf initiation are inhibited (Chen
et al., 2004). This development in which young seedlings live from the seeds reserves after the
germination in the dark is called skotomorphogenesis (etiolated growth). Once emerged from the
soil, young seedlings acquire a photoautotrophic lifestyle in which plants use light as a source of
energy to generate their organic material through photosynthesis. Besides, plants use light as a
source of information to optimize their growth by driving numerous adaptive responses and
developmental transitions, collectively known as photomorphogenesis (de-etiolated growth).
Inhibition of hypocotyl and promotion of roots and cotyledons growth are rapid photomorphogenic
responses after young seedlings emerge into the light (Chen et al., 2004, Gommers and Monte,

2018).

Plants in open habitats perceive direct sunlight (full sunlight situation) whose spectral composition,
also called color or quality, is rather constant during the day but enriched in blue light (BL) and
far-red light (FRL) during the sunset. In addition to these photoperiodic changes, plants are exposed
to seasonal and latitude-related variations in light quality and to meteorological changes that cause
differences in the amount (intensity) of light that they receive, for instance, clouds can reduce up
to 90% of the incoming light. Light reaching plants is absorbed by pigments from the photosynthetic

system and used as a source of energy to generate plant organic material through photosynthesis.
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The photosynthetically active radiation (PAR) comprises the spectrum visible to the human eye
(400-700 nm) but light absorption by the photosynthetic pigments primarily happens in the blue (400-
500 nm) and red (600-700 nm). In addition, green plant tissues transmit or reflect FRL, which

modifies the light environment in their surroundings (Fiorucci and Fankhauser, 2017).

In nature plants are often found within communities where competition for light between plants of
the same height is high, as it is the case in meadows or agricultural fields. Plants detect the
neighboring plants (neighbor detection situation) through the perception of an increase in FRL
resulting from the reflected light by the surrounding plants which leads to a decreased red to far-
red (R/FR) ratio (Franklin, 2008). In response to this neighbor detection, plants orchestrate a
repertoire of morphological adaptations, collectively known as the shade-avoidance response
(SAR), to outgrow competitors. SAR includes the stem and petiole elongation, leaves elevation
(hyponasty), acceleration of flowering, and decrease of branching (Vandenbussche et al., 2005,

Franklin, 2008, Ballaré and Pierik, 2017).

In denser canopies (canopy shade situation), the area covered by leaves increases, and the light
quantity reaching the plants under the canopy decreases. The covering leaves absorb most of the
BL, red (RL), and UV-B light while the filtered light is rich in green and FRL, which promotes
elongation phenotypes in plants growing under the canopy. Different canopy densities and irregular
leaves covering patterns allow unfiltered light to reach plants under the canopy, which inhibits SAR
in addition to enabling a higher amount of light to do photosynthesis. Under these conditions, plants
reorient their growth to reposition their photosynthetic organs towards favored light conditions to
optimize photosynthesis (Figure 1) (Fiorucci and Fankhauser, 2017). This process known as
phototropism mainly depends on BL directionality and it is the main response to light we are

focusing on in this study.
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Figure 1. Plant adaptative responses to different light environments: full sunlight, neighbor

detection, and canopy shade. Acquired from (Fiorucci and Fankhauser, 2017).

2. Plant photoreceptorsand their involvementin different responses

Plants possess a repertoire of photoreceptors allowing them to sense changes in the amount, quality,
photoperiod, and direction of light. Most of the photoreceptors are chromoproteins composed of
an apo-protein bound to a variety of chromophores that determine the characteristic absorption
spectra of the photoreceptors. In angiosperms, different classes of photoreceptors can be categorized
based on the colors they perceive: sensors of UV-A / BL, including cryptochromes (cry),
phototropins (phot), and members of the Zeitlupe family, sensors of RL and FRL, which comprise
the phytochromes (phy) family, and sensors of UV-B light. In Arabidopsisthaliana (A. thaliana),

12



these families are represented by the members cryl and cry2, photl and phot2, ztl, fkfl and lkp2,

phyA-phyE, and UVR8 respectively (Kami etal., 2010, Rizzini etal., 2011).

One single photoreceptor can be responsible for triggering some physiological responses to light,
however, plants frequently integrate the information from different photoreceptors to orchestrate a
coordinated response (Kami et al., 2010). For instance, important irreversible developmental
transitions, such as induction of germination and transition to flowering, are controlled by phy,
however, the second one is also controlled by cry and members of the Zeitlupe family (Franklin
and Quail, 2010). Comparably, the combined action of phy and cry determines whether a seedling
acquires an etiolated or de-etiolated development (Chen et al., 2004). Similarly, SAR and
phototropism, two adaptative responses that confer plant plasticity to changes in the light
environment, are mainly mediated by phy and phot respectively. However, some aspects of SAR
are modulated by cry and phot, and phototropism is influenced by phy, cry, and UVR8
(Vandenbussche et al., 2005, Christie, 2007, Inoue et al., 2008, Millenaar et al., 2009, Goyal et al.,
2013, Vanhaelewyn et al., 2019). Although less visible to the human eye, chloroplasts movements
and opening of stomata are physiological responses for photosynthesis optimization that are mainly
controlled by phot, however, cry, phy, and UVR8 also influence stomata opening (Christie, 2007,

Kami et al., 2010, Galvédo and Fankhauser, 2015).

13
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Figure 2. Importance of different photoreceptors controlling (a) different adaptative responses, (b)
developmental transitions, and (c) microscopic physiological adaptations in response to light.

Acquired from (Galvdo and Fankhauser, 2015).

2.1 Cryptochromes

Cryptochromes are UV-A/BL photoreceptors present in bacteria, fungi, animals, and plants. A.

thaliana cry are important in developmental transitions in response to BL, including germination,

14



de-etiolation, andtransition to flowering (Figure 2) (Fankhauser and Christie, 2015). Both cryl and
cry2 have important functions during de-etiolation in BL. Cry2 is photo-labile and gets degraded
within hours after BL exposure. Cry2 functions in response to dim BL while cryl is light-stable
and functions at higher fluence rates (Lin et al., 1998, Miao et al., 2022). Moreover, cry exhibits
more specific functions, for instance, cry2 is more involved in the photoperiodic control of
flowering while cryl modulates phototropism in response to BL (Boccaccini et al., 2020, Ponnu
and Hoecker, 2022). Additionally, cry function has been analyzed in some other angiosperms (eg.
Barley and Soybean) and were found to control senescence in addition to germination, de-

etiolation, and control of flowering time (Galvédo and Fankhauser, 2015).

cry contain an N-terminal photolyase homology region (PHR) that binds the Flavin adenine
dinucleotide (FAD) chromophore involved in light sensing and an intrinsically disordered C-
terminal region (CCT) important for the interaction with proteins involved in signal transduction.
cry exist as monomers in the darkness, however upon BL excitation, the reduction of the
chromophore leads to homo- and hetero-oligomers, a process that can be inverted by thermal dark
reversion (Figure 3b) (Liu et al., 2020). PHR interacts with a family of CRYPTOCHROME-
INTERACTING bHLH (CIB) transcription factors to regulate flowering time and seedling de-

etiolation (Wang and Lin, 2020).

The BLUE LIGHT INHIBITOR OF CHRYPTOCHROMES (BIC) BIC1 and BIC2 expression is
induced by BL, RL, and UV-B light providing a negative feedback regulation of cry given that
BIC1 and BIC2 can interact with the PHR inhibiting cry oligomerization and the signaling cascade
leading to function (Wang et al., 2016, Miao et al., 2022, Ponnu and Hoecker, 2022). Additionally,
cry signaling activation requires CCT, which involves cry phosphorylation and degradation (Wang

etal., 2015). Cry2 phosphorylation by the PHOTOREGULATORY PROTEIN KINASES (PPK1-
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PPK4) family is required for function. PPKsare constituted by an N-terminal region containing a
Ser/Thr protein kinase domain and a C-terminal non-catalytic region that interacts with the CCT
(Liu et al., 2017). Photo-activated and phosphorylated cry2 is degraded by the COP1/SPA E3
ubiquitin ligase. Moreover, Light-Response Brick-a-Brack/Trambrack/Broad (LRB) E3 ubiquitin
ligases also rapidly degrade photo-activated cry2, a process depending on the PPK-mediated cry?2

phosphorylation (Chen etal., 2021).

In the darkness, the E3 ubiquitin ligase COP1 mediates the poly-ubiquitination and degradation of
transcription factors that activate gene expression promoting photomorphogenesis. Among
COP1/SPA complex targets are ELONGATED HYPOCOTYL5 (HY5) and CONSTANS (CO),
which promote de-etiolation and flowering respectively. BL-photo-activated cry interact with
COP1 inhibiting the poly-ubiquitination and degradation of these transcription factors, which
enables their accumulation and promotion of photomorphogenesis (Ponnu and Hoecker, 2022). One
of the mechanisms through which cry prevents COP1 from degrading its substrates is by binding
to COP1 through the WD-repeat domain, where COP1 substrates bind. This competitively
displaces substrates from the COP1 WD-repeat domain in response to light, allowing the

expression of light-regulated genes (Lau et al., 2019, Ponnu et al., 2019, Ponnu and Hoecker, 2022).

2.2 Phototropins

Phototropins are BL photoreceptors presentin all green algae and land plants (Christie et al., 2018).
A. thaliana includes two phot (photl and phot2) involved in phototropism, chloroplasts movement,
and stomata opening (Figure 2). They contain an N-terminal light-sensing portion constituted of
two Light Oxygen Voltage (LOV) domains, each binding a Flavin mononucleotide (FMN)
chromophore, and a C-terminal Ser/Thr protein kinase domain involved in signal transduction

(Figure 3c) (Christie, 2007, Tokutomi etal., 2008). They belong to the AGC family of protein
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kinases (CAMP-dependent protein kinase, cGMP-dependent protein kinase G, and phospholipid-

dependent protein kinase C)and are members of the AGC-VII1b subfamily (Christie, 2007).

In the dark, phot are inactive with their LOV domains non-covalently binding oxidized FMN. BL
irradiation on the LOV domains leads to the formation of a covalent bond between the C4a carbon
of the FMN and the sulfur atom of a conserved Cysteine amino acid (Cys), which is essential for
this photochemical reaction. The FMN-cysteinyl adduct is formed within microseconds and can no
longer absorb BL, representing the active signaling state leading to photoreceptor activation
(Christie et al., 2015). This adduct causes conformational changes in the LOV2 domain and two
helical structures (A’a and Ja)) flanking it, which liberates the C-terminal kinase domain from the
inhibitory activity of the photosensory domain (Harper et al., 2003, Tokutomi et al., 2008). The
photochemical reactions can be reverted by the transition to darkness, a process taking a bit longer

than the activation.

The primary step of phot activation is autophosphorylation. Several BL-induced phosphorylation
sites have been identified in photl and phot2 photosensory and kinase domains, but only the
phosphorylation in the activation loop of the protein kinase domain is essential for all the tested
phot-dependent physiological responses (Inoue et al., 2008, Sullivan et al., 2008, Inoue et al.,
2011). Following these common initial signaling events, the subsequent signaling steps differ
depending on the physiological response. For instance, molecular signaling leading to stomata
opening requires the phosphorylation of the Ser/Thr kinase BLUE LIGHT SIGNALING1 (BLUS1)
for the activation of an H * -ATPase leading to the swelling of the guard cells (Takemiya et al.,
2013). However, phototropism involves phot-induced phosphorylation and dephosphorylation of
other key signaling components, which will be described in more detail later (Legris and Boccaccini,

2020).
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2.3 Zeituples

ZEITLUPE (ztl), FLAVIN-BINDING, KELCH REPEAT, F-BOX (fkfl) and LOV KELCH

PROTEINZ (lkp2) proteins (collectively named Zeitlupes) are UV-A/BL photoreceptors present in
land plants exhibiting overlapping functions. Zeitlupes contain a single FMN-binding LOV domain
at their N-terminus followed by an F-box and six Kelch repeats at their C-terminus (Figure 3c).
LOV domains bind oxidized FMN and exhibit a similar photochemical reactivity to that of phot,
where BL irradiation triggers the formation of an FMN-cysteinyl adduct, although this process
occurs much slower than in phot (Christie et al., 2015). F-boxes are associated with Skp Cullin F-
box (SCF)-type E3 ubiquitin ligases, which target proteins for degradation, whereas the kelch
repeats serve to mediate protein—protein interactions and heterodimerization between lkp2 and ztl

and fkf1.

Through a complex interaction network, Zeitlupes have an important function in the photoperiodic
control of transition to flowering by controlling gene expression in response to light through its E3
ubiquitin ligase function (Figure 2b) (Galvdo and Fankhauser, 2015, Shim et al., 2017). Ztl
negatively controls CO in the morning while in the long-day afternoon, BL perception leads to the
interaction of FKF1 with GIGANTEA (GI), which recognizes and degrades the CYCLING DOF
FACTOR (CDF) transcriptional repressors of CO, allowing CO transcriptional activation (Sawa et
al., 2007, Song et al., 2014). ZTL and LKP2 stabilize CIB transcription factors that activate the

expression of the florigenic gene FT (Liu etal., 2013).

18



(a) Phytochromes phyA

Pr YR
—{Pas| GaF | PHY { Pas| Pas |  HkRD )
Pfr
H H
O N A AN A N o
J PDHB
4 -
HCOC COOH 3
— 100aa
(b) Cryptochromes cry2 ey
B eoed

C PHR ) cce )

R

|
c [o]
: N\,I: FAD

(o) CHa
2 J
© _g ‘ 100 aa
2 Phototropins and Zeitlupes (LOV) phot1 ~xixx XXX
< {Lov1} {Lova{ua)(  Kinase )}—
ztl  xdxx
—{LovH FH Kech }—
f
CH o}
NH
CH3 N
—— 100 aa
(d) UVRS8 UVR8

(B11{B2{ B3 { B4 { BS}{ B6 }{ B7]

COOH
H3N_é[>_H

CH2  Tryptophan

Qw?

H —— 100 aa

A(nm) 300 400 500 600 700 800
Current Opinion in Neurobiology

Figure 3. Illustration of the absorption spectra and chromophores of the plant photoreceptors (a)
phytochromes, (b) cryptochromes, (c) phototropins and Zeitlupes, and (d) UVR8. Acquired from
(Galvao and Fankhauser, 2015).

24 Phytochromes
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Phytochromes are RL and FRL photoreceptors present in plants, fungi, and prokaryotes. They are
important for SAR and developmental transitions such as germination, de-etiolation, and transition
to flowering (Figures 2a and 2b). phy are synthesized in the inactive conformation (Pr) and
converted to the active conformation (Pfr) upon light absorption. Pfr reverts to the Pr state in
response to FRL or through thermal relaxation. They act as dimers, consequently, they can exist in
three possible states: Pr-Pr, Pr-Pfr, and Pfr-Pfr. Both conformers Pr and Pfr co-exist in the light,
but only after a long period of absolute darkness all the phy are converted to the Pr state, which is
relevant because what leads to biological functions is the Pfr/P total ratio (Burgie and Vierstra,
2014). A. thaliana contains 5 phytochromes (phyA-E) that can be classified into two groups with
similar absorption but different action spectra: type | phy (phyA), which are light labile and can act
at very low fluence rates or strong fluence rates of FR light, and type 11 phy (phyB-E), which are
light stable and act in a wide range of fluence rates requiring a higher amount of the active
conformer to promote signaling. This relates to the fact that phyA can act as Pfr/Pr heterodimers

while phyB needs Pfr/Pfr(Legris etal., 2019).

phy monomers are constituted by the apoprotein PHY covalently bound to its chromophore: a linear
tetrapyrrole called phytochromobilin (P$B). The apoprotein includes an N-terminal photosensory
module (PSM) comprising an N-terminal extension (NTE), a period/Arnt/SIM (PAS) domain, a
cGMP phosphodiesterase/adenylyl cyclase/FhlA (GAF) domain, and a phy-specific (PHY) domain.
The C-terminal module (CTM) includes two PAS domains and a histidine kinase-related domain
(HKRD) (Figure 3a). The PSM is mainly involved in light perception, signal transduction, and
covalent binding of the chromophore through the GAF domain, while the CTM is involved in phy

dimerization and translocation to the nucleus (Burgie and Vierstra, 2014, Li etal., 2022).
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phy function requires translocation from the cytosol where they are synthesized to the nucleus,
where they act. The light-activated phy (Pfr) conformers interact with members of the
PHYTOCHROME-INTERACTING BASIC HELIX-LOOP-HELIX (bHLH) TRANSCRIPTION

FACTORS (PIF) family of transcription factors and with E3 ubiquitin ligase complexes (Kikis et
al., 2009, Podolec and Ulm, 2018). Pfr interaction with PIFs occurs through their N-terminal APB
(Active phyB) or APA (Active phyA) binding domains. A. thaliana includes 8 PIF (PIF1-PIF8)
that contain an APB domain, while only PIF1 and PIF3 contain an APA domain. PIF interaction
with phy generally leads to PIF inactivation, implying changes in transcriptional regulation. PIF
inactivation occurs through different mechanisms, among them, preventing PIF binding to the
DNA or through PPK-mediated PIF phosphorylation followed by poly-ubiquitination and

proteasome degradation (Ni et al., 2014, Ni etal., 2017, Legris etal., 2019).

25 UVRS

UV RESISTANCE LOCUSS8 (UVRS8) is a UV-B photoreceptor present from algae to flowering
plants that modulates gene expression driving photomorphogenesis and induction to flowering in
addition to the production of anthocyanins and flavonols that act as UV-B protectant “sunscreen”.
Moreover, UVRS has a role in phototropism, stomata opening, and the circadian clock (Figure 2)
(Galvéo and Fankhauser, 2015). Different from other plant photoreceptors, UVR8 does not require
an extrinsic chromophore and it instead uses three closely packed tryptophan amino acids (W233,
W285, and W337) to perceive light (Figure 3d) (Christie et al., 2012). UVR8 exists as an inactive
homodimer mainly in the cytosol in the darkness. Upon UV-B perception, UVRS is reversibly
converted to an active monomer that accumulates in the nucleus where it functions (Podolec et al.,

2021).
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Active UVRS8 binds to the COP1 ubiquitin ligase WD-40 repeat through a beta-propeller core
domain in addition to through its VP motif. This interaction leads to the COP1 inactivation and the
stabilization of the COP1 target transcription factors, such as the bZIP transcription factors HY5
and HY5-HOMOLOG (HYH), CO, and HFRL1, leading to the transcriptional activation of numerous
UV-B induced target genes, including REPRESSOR OF UV-B PHOTOMORPHOGENESIS 1/2
(RUP1and RUP2) and COP1 (Podolec etal., 2021, Shiand Liu, 2021). RUP1 and RUP2 bind UVR8
active monomers with stronger affinity than the homodimer and reverts UVRS8 to the inactive
homodimer state. UV-B-induced UVR8 monomerization promotes its nuclear translocation via free
diffusion, which is counterbalanced with the negative regulation of RUP1 and RUP2, enabling
plants to continuously sense and adapt to the light environment (Fang et al., 2022). On the other
hand, UVRS8 directly binds to specific transcription factors and detaches them from the DNA,
promoting gene expression. An example is the WRKY36 transcription factor that regulates HY5
expression at the same time. Moreover, UVRS activation leads to PIF4 and PIF5 degradation via
poly-ubiquitination and proteasome degradation through an unknown E3 ubiquitin ligase (Podolec

etal., 2021).
3. Processes leading to hypocotyl growth orientation in response to light

In the cases in which seeds germinate underground, plants invest most of their energy from the
seed reserves in promoting rapid growth of the hypocotyl to reach the soil surface and transition to
a photoautotrophic lifestyle. During this etiolated development occurring in the dark, seedlings
grow following the direction of the constant gravity stimulus: roots grow downwards and shoots
grow upwards. When the seedlings emerge from the soil, the plant acquires a de-etiolated
development promoting root and cotyledons and arresting the hypocotyl growth. Starting from this

developmental transition, the hypocotyl or stem orientation becomes an important adaptive
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response to optimize photosynthesis in a continuously changing light environment. During de-
etiolated development, the determination of hypocotyl growth orientation results from an
integration of responses to gravity and light stimuli, which influence the entire adult plants’
physiology and development (Galen et al., 2004). The hypocotyl growth orientation in response to
light is driven by the combined action of two main processes: phy-mediated inhibition of
gravitropism and phot-mediated phototropism (Correll and Kiss, 2002). Although phototropism and
inhibition of gravitropism are independent responses, it was proposed that phy-mediated inhibition
of gravitropism enhances phot-mediated phototropism in response to BL (Lariguet and Fankhauser,
2004, Liscum et al., 2014). This study will be centered on these two processes with a special focus

on phototropism.

3.1 Inhibition of gravitropism

3.1.1 Hypocotyl gravitropism in darkness

Hypocotyl gravitropism comprises gravity sensing, signal generation, and transduction, and
asymmetric growth guided by the regulation of the directional distribution of the plant hormone
auxin in the elongation zone (Sack, 1997, Morita and Tasaka, 2004). In flowering plants, gravity
sensing in the hypocotyl occurs in specialized endodermal cells called statocytes. Statocytes
accumulate starch-filled amyloplasts (also called statoliths) that sediment in the direction of
gravity, the bottom of the statocytes in steady-state conditions. Little is known about the
mechanisms governing this process except that statoliths’ movements are influenced by
intracellular components such as actin filaments and the vacuole (Li etal., 2021, Kawamoto and
Morita, 2022). However, it is noteworthy to point out that the PIF transcription factors are important
for starch accumulation in the amyloplasts to trigger gravitropism in the dark (Oh et al., 2004, Kim

etal., 2011).
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The process comprising the biophysical signal generation and transduction to the hypocotyl
elongation zone, where the differential growth occurs, is not well understood, however, ALTERED
RESPONSE TO GRAVITY1 (ARG1) and ARG1-LIKE2 (ARL2) have been suggested to play a
role in the signal transduction following amyloplasts sedimentation (Nakamura et al., 2019)
(Vandenbrink and Kiss, 2019). Additionally, LAZY1-LIKE (LZY) family has been recently
proposed to play an important role in statocytes signal transduction. However, how LZY transmits
the signal to the elongation zone to control auxin transport regulating gravitropism requires further

investigations (Taniguchi etal., 2017, Nakamura etal., 2019, Furutani etal., 2020).

3.1.2 Phytochromes inhibit hypocotyl gravitropism

Inhibition of hypocotyl gravitropism is a photomorphogenic response affecting hypocotyl growth
orientation during seedlings’ emergence from the soil. During this process, the gravitropism
response established in the dark is disrupted by the perception of RL and FRL, which results in
hypocotyls growing with random orientation (Robson and Smith, 1996). In A. thaliana, the
endodermal statocytes amyloplasts acquire properties of chloroplasts or etioplasts with developed
thylakoids and protylakoids upon monochromatic RL and FRL elicitation. Their starch granule size
becomes reduced, which diminishes the ability of seedlings to sense gravity, and, as a consequence,
hypocotyls show a randomized growth orientation. This process depends on active phyB and phyA

in response to RL and FRL respectively (Kim etal., 2011).

PIF transcription factors inhibit the conversion of the amyloplasts into other plastids in hypocotyl
endodermal statocytes in the dark (Kim et al., 2011). However, RL triggers the activation of phyB
that can transduce the signal from the epidermis to the endodermis to promote PIF degradation,
which releases the PIF-mediated inhibition of the amyloplasts conversion (Kim et al., 2016a).

Complementation of the pif1pif3pif4pif5quadruple mutant by expressing PIF1in the endodermis
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suggests a significant role of PIF1 in this response (Kim et al., 2011). Although little is known
about the PIF-mediated mechanisms in this response, PIF1 directly targeting REPRESSOR OF
PHOTOSYNTHETIC GENES1 (RPGEL1) has been proposed to act in the regulation of amyloplasts
conversion (Kim et al., 2016b). Different from most of the PIF transcription factors, PIF8 is
degraded in the dark but accumulates in response to FRL. A recent study has proposed that PIF8
suppresses phyA-mediated inhibition of hypocotyl gravitropism in response to FRL by inhibiting
the reduced starch composition of amyloplasts, however, the underlying mechanisms remain

elusive (Ohetal., 2020).

In addition to the function of phy and PIF in the inhibition of hypocotyl gravitropism, the
PHYTOCHROME KINASE SUBSTRATES (PKS) protein family has an important role (Schepens
et al., 2008). PKS proteins were found as interactors of phyA and phyB binding to their C-terminal
region that shares homology with the histidine kinases domain (Fankhauser et al., 1999). They also
act in phy signaling to regulate other RL and FRL-mediated growth responses: de-etiolation
(Fankhauser et al., 1999, Lariguet et al., 2003). Among the PKS protein family members, PKS4 is
the most important to mediate inhibition of gravitropism in response to both RL and FRL, however,
PKS1 also has a more discrete function only in response to RL (Schepens et al., 2008). Hypocotyl
gravitropism in darkness is normal in pks mutants, suggesting a PKS light-specific function in
hypocotyl growth orientation. However, the mechanism through which PKS proteins act in this

process remains unknown.

3.2 Phototropism

In natural environments, the hypocotyl growth orientation is not merely the result of the
randomization induced by RL and FRL, but plant hypocotyl orientates according to the

directionality of the incoming light. This process known as phototropism is mainly mediated by
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the BL photoreceptors phot. During positive phototropism, plants orient their photosynthetic organs
toward the light to increase light capture to do photosynthesis (Holland et al., 2009). The
phototropic curvature is mediated by an increase in growth on the shaded side of the stem resulting
from an accumulation of the plant growth hormone auxin (Hohm et al., 2013). Generally, the first
positive phototropism is referred to as the curvature that is produced in response to low fluence and
short irradiation times, while the second positive phototropism is referred to as the increased
curvature at higher fluence and longer irradiation times (Janoudi and Poff, 1990). However, plants
can also avoid light under high light conditions to prevent photo-damage, a process known as

negative phototropism (Strong and Ray, 1975).

3.2.1 Phototropins functions in different responses

In addition to phototropism, phot control other physiological responses in A. thaliana such as leaf
positioning and flattening, chloroplast movements, and opening of stomata (Figure 4). In A.
thaliana photl and phot2 exhibit both overlapping and unique functions in controlling these
responses. For instance, photl and phot2 regulate hypocotyl phototropism in response to high BL
(HBL), however, upon low BL (LBL) irradiation, this response is only mediated by photl. This is
consistent with the fact that photl is light-labile and the protein levels decrease in response to light,
while phot2 abundance increases in response to light (Liscum et al., 2014). Comparably, phot1 and
phot2 mediate the chloroplast movement in LBL while the chloroplast avoidance movement in
HBL is promoted only by phot2. Moreover, photl and phot2 contribute equally to the opening of

stomata response upon a range of light intensities (Christie, 2007).
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Figure 4. Phototropin-induced responses in higher plants. Adapted from (Christie, 2007).

3.2.2 Phototropins function in phototropism

Despite their hydrophilic properties, phot are proteins associated with the plasma membrane (PM).
Upon BL irradiance, a fraction of photl rapidly migrates to the cytoplasm, while phot2 relocates
to the Golgi (Sakamoto, 2002, Kong et al., 2006). Despite this prompt re-localization, photl-
dependent signaling is initiated at the PM (Preuten et al., 2015). In the darkness, photl exists mainly
as inactive monomers at the PM, and upon BL activation photl form dimers in a BL fluence-
dependent manner. Following this dimerization event, a functional photl kinase domain is required
for the translocation of photl to membrane microdomains, where the photl signal transduction is

activated (Xue et al., 2018).

In angiosperms, phototropic curvature in young seedlings is proposed to occur because of higher

activation of photl on the irradiated than on the shaded side of the stem, however, how this phot1-
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activation gradient across the stem leads to a lateral gradient of auxin remains poorly understood.
In A. thaliana, phot interact with members of the families NONPHOTOTROPIC HYPOCOTYL 3
(NPH3) and ROOT PHOTOTROPISM 2 (RPT2) -like proteins (NRL) and PKS, which are
involved in the early steps of phot-mediated signaling pathway inducing phototropism (Goyal et

al., 2013, Boccaccini et al., 2020).

I u
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Figure 5. Unilateral BL irradiation triggers hypocotyl curvature through a photl activation gradient
across the hypocotyl leading to an asymmetric auxin distribution that promotes cell elongation on
the shaded side. BL activates photl at the PM triggering the molecular signaling cascade leading

to phototropism. Acquired from (Legris and Boccaccini, 2020).

3.2.2.1 NPH3and RPT2 -like proteins (NRL) family

In A. thaliana, the NRL family consists of around 30 members. They contain an N-terminal
BTB/POZ (broad complex, tram track, and bric a brac/ Poxvirus and Zinc finger) domain involved
in protein-protein interaction and four conserved regions. NPH3 interacts with photl and phot2 and
it is required for hypocotyl and root phototropisms over a broad range of BL conditions. As phot,
NPH3has hydrophilic nature but is localized to the PM (Motchoulski and Liscum, 1999). In the

darkness, NPH3association with the PM is mainly homogeneous acrossthe hypocotyl, however,
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in response to unilateral BL, NPH3 internalizes into cytosolic aggregates, which are more abundant
in the lit than in the shaded side of the hypocotyl, correlating with the photl-activation gradient
(Sullivan et al., 2019). Recent findings have shown that phototropism requires NPH3
phosphorylation in the C-terminal consensus sequence (RxS) by photl in response to BL, which
leads to 14-3-3 binding and subsequent NPH3 disassociation from the PM poly-acidic phospholipids
where it is bound in the darkness. In darkness, this process is reverted through NPH3 RxS
dephosphorylation and re-association with the PM (Reuter et al., 2021, Sullivan et al., 2021). Later
events lead to NPH3 dephosphorylation by a PP1-type protein phosphatase (Pedmale and Liscum,
2007). The functional significance of this process had been associated with the desensitization of
photl signaling during the transition period from first positive phototropism to second positive
phototropism (Haga et al., 2015). The NPH3 cycles of disassociation and re-association with the
PM depending on the light conditions are important for NPH3 function in phototropism (Reuter et

al., 2021, Sullivan et al., 2021).

Additionally, the NPH3 homologous RPT2 is specifically required in HBL- induced hypocotyl
phototropism and root phototropism (Sakai et al., 2000, Inada et al., 2004). RPT2 modulates the
phosphorylation of NPH3 and promotes the re-association of the phot1-NPH3 complex at the PM,
required for second positive phototropism (Haga et al., 2015). NPH3 and RPT2 are also required
for leaf flattening and positioning, however, they are not essential for other phot-dependent
physiological responses like chloroplast avoidance or opening of stomata (Inoue et al., 2008, de
Carbonnel et al., 2010, Harada et al., 2013, Kozuka et al., 2013, Tsutsumi et al., 2013). Moreover,
additional members of the NRL family are required for other phot-mediated responses, for instance,
RPT2 acts redundantly with the NRL member NRL PROTEIN FOR CHLOROPLAST

MOVEMENT1 (NCH1) in chloroplasts accumulation (Suetsugu etal., 2016).
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3.2.2.2 PKS family

3.2.2.2.1 PKSproteins function

PKS is a family of basic soluble proteins with no predicted functional domain that was originally
identified as phy interactors functioning in phy signaling (Fankhauser et al., 1999, Lariguet et al.,
2003, Schepens et al., 2008). In A. thaliana, this family includes 4 members (PKS1-PKS4), which
seem to exhibit different functions in controlling different phot-mediated responses according to
the analysis of the pks loss of function mutants’ phenotype. Thereby, the phenotype of the
pkslpks2pks4 triple mutant in phototropism, which is comparable to photl phenotype in LBL and
more aggravated than the single and double pks mutants, indicates that PKS1, PKS2, and PKS4 are
important for hypocotyl phototropism (Lariguet et al., 2006, Kami et al., 2014a). According to
single pks mutants’ analysis, PKS4 is the family member with the most remarkable role in
phototropism, followed by PKS1 and PKS2. PKS4 synergistically functions with PKS1 to promote
phototropism in response to LBL, while PKS2 functions with PKS1 to promote phototropism in
response to higher BL fluence rates (Kami et al., 2014b). However, PKS3 has no function in
phototropism in response to any BL fluence (Legris Martina, personal communication). In addition
to its function in hypocotyl phototropism, PKS1 is also required for root negative phototropism in
response to unilateral BL, while no detectable requirement of the other PKS members has been

proposed for this response (Boccalandro et al., 2008).

In addition to phototropism, PKS are important in some aspects of leaf development: leaf elevation
and leaf flattening. Based on pks single mutants’ analysis, PKS3 is the PKS family member with
the most important function in leaf flattening, given that pks3 mutant lines mimic the photlphot2

leaf flattening phenotype (Legris et al., 2021). Moreover, PKS2, followed by PKS1, also has a role

30



in leaf flattening, while no function in this response has been described for PKS4 (de Carbonnel et
al., 2010). Moreover, based on analysis of the pkslpks2pks4 and pkslpks2pks3pks4 mutants’
phenotypes, PKS3 has an important role in diurnal leaf elevation response (Legris Martina, personal
communication). According to the loss of function pks single mutants, PKS2 and PKS1 are also
involved in leaf elevation in response to LBL, while PKS4 has almost no function under these
conditions (de Carbonnel et al., 2010). However, PKS4 seems to synergistically function with PKS2
in leaf elevation in response to shade and wounding (Fiorucci etal., 2022). The role of PKS proteins
in phot signaling appears to be restricted to growth-related responses, given that pks mutants are
not impaired in BL-induced stomata opening nor chloroplast relocation movement (de Carbonnel et

al., 2010).

In addition to their role in phot-mediated responses, PKS are also involved in phy signaling. As
presented above, PKS1 and PKS4 are involved in the inhibition of hypocotyl gravitropism in
response to RL and FRL (Schepens et al., 2008). Moreover, PKS4, PKS1, and PKS2 are involved
in phy-mediated de-etiolation responses such as inhibition of hypocotyl growth and cotyledons

unfolding (Fankhauser et al., 1999, Lariguet etal., 2003, Schepens etal., 2008).

3.2.2.2.2 PKS expression patterns

Broadly speaking, there is a good correlation between the tissue expression patterns of PKS genes
and their main functions in phot signaling. Thereby, PKS4, PKS1, and PKS2 are expressed in the
hypocotyl elongation zone of young seedlings, coinciding with their function in hypocotyl
phototropism (Lariguet et al., 2003, Schepens et al., 2008, Kami et al., 2014a). PKS1 is also
expressed in the root elongation zone, correlating with its function in root phototropism
(Boccalandro et al., 2008). Moreover, PKS2 and PKS3 are expressed in the cotyledon and leaf,

coinciding with their function in leaf movement and flattening (Lariguet et al., 2003, de Carbonnel

31



etal., 2010, Legris etal., 2021) (Legris Martina, personal communication). Additionally, PKS
expression patterns somehow relate to the light environment in which they function. For instance,
PKS4 is mainly expressed in the darkness and its transcripts and protein levels decrease in response
to light, coinciding with its main function in LBL-mediated phototropism. However, PKS1 and
PKS2 are rather induced by light, consistent with their function in HBL-mediated phototropism and
leaf movements (Lariguet et al., 2003, Schepens et al., 2008) Although PKS3 expression patterns
are still under study, PKS3 is mainly induced in the cotyledon and leaf in light-grown seedlings,

also in accordance to its function in leaf flattening (Legris Martina, persona | communication).

3.2.2.2.3 PKS molecular mechanisms

Little is known about the molecular mechanisms of PKS in phot signaling, except that PKS1, PKS2,
and PKS4 can form a protein complex with photl and NPH3 at the PM (Lariguet et al., 2006, de
Carbonnel et al., 2010, Schumacher et al., 2018). PKS4 is important to promote phototropism in
response to LBL, however when the light intensity becomes higher PKS4 is not essential and rather
inhibits phototropism (Demarsy et al., 2012, Kami et al., 2012). PKS4 is a photl kinase substrate
that is rapidly phosphorylated after 30 seconds of photl activation by BL treatment in etiolated
seedlings. PKS4 is present as the “PKS4D” isoform in darkness whereas, upon BL irradiation, the
Serine (Ser) 299 amino acid is transiently phosphorylated, which appears as the hyper-
phosphorylated isoform “PKS4L”. The appearance of this isoform is dependent on the kinase
activity of photl and has an inhibitory role on phototropism. PKS4 L isoform progressively
decreases within a few hours of BL treatment until completely disappearing around the time in
which the PKS4 proteins levels decay (Demarsy et al., 2012, Schumacher et al., 2018). The
proportion and duration of hyper-phosphorylated PKS4 isoform increase with the BL fluence.

The reversion of the PKS4L to the PKS4D isoform becomes noticeable after several minutes of
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exposure in the darkness. This phenomenon is modulated by the activity of the protein phosphatase
PP2A which acts in a photl-dependent manner (Demarsy et al., 2012, Schumacher et al., 2018).
Although treatments with other monochromatic light colors do not seem to affect PKS4
phosphorylation status, RL inhibits PKS4 hyper-phosphorylation by photl in a process depending
on phy, which correlates with phy-mediated inhibition of phototropism in response to LBL

(Demarsy et al., 2012).

3.2.3 Auxin transport in phototropism

Downstream phot activation, PKS function enables a controlled asymmetric auxin redistribution
across the hypocotyl leading to phototropic curvature (Holland et al., 2009, Demarsy et al., 2012,
Kami et al., 2014a). Three families of auxin transporters are involved in this process: PIN-
FORMED (PIN) auxin exporters, members of the B subclass of ATP-BINDING CASSETTE
(ABCB) efflux carrier, and the AUX/LAX (AUX1) influx carriers, the last one with a minor role

in phototropism (Hohm etal., 2013, Liscum etal., 2014).

3.2.3.1 PIN-FORMED (PIN)

PIN-mediated directional auxin flow is important for phototropism (Friml et al., 2002, Ding et al.,
2011). A. thaliana includes 8 PINs: the canonical PINs (PIN1 to PIN4 and PIN7), which facilitate
the auxin efflux from the cytosol to the extracellular space, and PIN5, PIN6, and PIN8, which
mediate intracellular auxin movements (Christie and Murphy, 2013b). The canonical PINs often
show polar localization at the PM, which facilitates directional auxin transport in tropic responses
(Christie and Murphy, 2013a). Based on loss of function mutant analysis, PIN3, PIN2, PIN4, and
PIN7 redundantly function during hypocotyl phototropism (Friml et al., 2002, Ding et al., 2011,
Wan et al., 2012, Willige et al., 2013). PIN3 is apolarly distributed in hypocotyl endodermal cells

in darkness and upon photl activation by unilateral BL, it is polarly relocated to the shaded side of
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the cell. This process is proposed to occur through a mechanism involving GNOM ARF GTPase
GEF (guanine nucleotide exchange factor)-dependent trafficking, which redirects the auxin flow
towards the shaded side of the cells (Ding et al., 2011). A similar relocation mechanism had been
proposed for PIN1 and PIN2 (Geldner et al., 2001, Geldner et al., 2003). Although with a more
predominant role in root phototropism, PIN2 also has a function in hypocotyl phototropism. In the
root, light inhibits PIN2 vacuolar degradation. This triggers PIN2 accumulation in the irradiated
side of the cells and degradation in the shaded side, and therefore, asymmetric distribution, a
process that depends on photl and NPH3 (Wan et al., 2012). Although its importance in hypocotyl
phototropism remains to be determined, PIN1 localizes at the base of cortical and vasculature cells
in the hypocotyl elongation zone and it relocates toward the shaded side of the cell in response to
unilateral light (Blakeslee et al., 2004). Interestingly, the D6 PROTEIN KINASE (D6PK)
subfamily of AGCVIII kinases is important for PIN3 phosphorylation leading to defects in its

relocation in response to light, which affectsauxin transport in phototropism (Willige etal., 2013).

3.2.3.2 ATP BINDING CASSETTE B (ABCB)

Inaddition to PINs, the ATP BINDING CASSETTE B19 (ABCB19) auxin efflux carrier has a role
in hypocotyl phototropic bending. ABCB19 transporter activity mediates long-distance auxin
transport from the shoot apex, where it is synthesized, to the root by facilitating the auxin efflux
towards the extracellular space (Noh et al., 2001). Different from PINs, ABCB19 is homogeneously
distributed at the PM and it is inhibited by BL-induced photl activation, which leads to enhanced
phototropism phenotype, similar to what is observed in the abcb19 mutants (Christie et al., 2011).
These phenotypes can be explained by the accumulation of auxin in the hypocotyl region above the
elongation zone, which increases the local auxin lateral redistribution mediated by PINs across the
hypocotyl elongation zone, which enhances phototropism (Noh et al., 2003, Christie et al., 2011).

These phenotypes are proposed to occur because of the role of ABCB19 in controlling the normal
34



accumulation of PIN1 on the base of hypocotyl cells, associated with a disrupted basipetal flow of

auxin (Nohetal., 2003, Titapiwatanakun etal., 2009).

3.2.3.3 Auxin passive transport

In addition to the facilitated transport, protonated auxin passively diffuses across the PM entering
the cell due to a differential pH between the cytoplasmic and apoplastic compartments. Regulation
of the apoplastic pH is achieved by the maintenance of a proton gradient across the PM, which
requires a controlled activity of the PM localized proton pumps of the AHA family (H+ATPases)
(Palmgren, 2001). According to the acid growth theory, acidification of the apoplast through the
proton efflux from inside the cell facilitates the uptake of water and solutes and activates the
expansins involved in cell wall loosening, which overall leads to cell elongation promoting
hypocotyl growth (Li et al., 2021). This process requires the activation of the H+ATPase, whose
primary activation step is the phosphorylation of its Threonine (Thr) 947 amino acid (Takahashi et
al., 2012). SMALL AUXIN UP-RNA (SAUR) and TRANSMEMBRANE KINASE (TMK)
proteins are proposed to mediate this activation step through the inactivation of protein
phosphatases 2C (PP2C), leading to apoplast acidification and cell expansion (Renetal., 2018, Du
et al., 2020, Li et al., 2021, Lin et al., 2021). Interestingly, BL irradiation leads to increased
dephosphorylation of the H+ATPase Thr947, which inhibits its activity. Moreover, controlled
H+ATPase activity is required to promote hypocotyl phototropism and lateral auxin gradient
establishment in response to unilateral BL (Hohm et al., 2014). Therefore, we could think about a
model in which a phot gradient activation across the hypocotyl might lead to an inverse gradient of
H+ATPase activation. This would trigger more cell elongation towards the shaded side of the
hypocotyl resulting from a reduced inhibition of the H+ATPase, helping the establishment of auxin

asymmetric redistribution in response to unilateral BL.
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Finally, the auxin gradient across the hypocotyl is perceived by the auxin receptor TRANSPORT

INHIBITOR RESISTANT1/AUXIN BINDING F-BOX (TIR1/AFB), which causes the
degradation of the repressor auxin-responsive protein IAA19 and liberation of the transcriptional
activator NON-PHOTOTROPIC HYPOCOTYL 4 (NPH4) leading to the auxin-responsive genes

(Liscum et al., 2014).
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AIMS OF THE STUDY

The integration of the auxin passive transport with the PIN-mediated lateral auxin redistribution
across the organ facilitated by the ABCB19 transporter provides a comprehensive overview of how
the generation of auxin gradients across the stem might occur during phototropism. However, our
main question is understanding how the perception of light direction by a plant organ leads to this
auxin gradient promoting organ differential growth and orientation in response to light.

In this thesis, we focus on hypocotyl phototropism in response to LBL, a process initiated by the
establishment of a phot1-activation gradient across the hypocotyl in response to unilateral LBL that
leads to an inverse gradient of auxin accumulation. The main goal of this work is to understand
how this phot-activation gradient across the hypocotyl leads to an asymmetric auxin redistribution
triggering its orientation toward the light.

To address our main goal, we focus on the analysis of the PKS protein family, which is found at
the PM forming a protein complex with phot photoreceptors. Although little is known about how
PKS proteins work on a mechanistic level, they are proposed to act downstream phot activation by
modulating auxin transport or signaling (de Carbonnel et al., 2010, Demarsy et al., 2012, Kami et
al., 2014a). Therefore, understanding the molecular function of PKS proteins, as early players in
phot signaling, is important to shed further light on the molecular mechanisms leading to
coordinated phototropic growth.

The nature of the PKS family makes this study a big challenge, given that PKS proteins lack a
trustable predicted conformational structure. Here, we propose studying the molecular function of
PKS4, which has an obvious role in phototropism, allowing us to undertake a structure-function
analysis. We identified six evolutionary conserved PKS protein motifs that we hypothesized to be

important for PKS function. We mutated them in PKS4 and tested the resultant variants for
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complementation. Our results suggest the requirement of two of the motifs for PKS4 function in

phototropic response and we further investigated their mode of action.

In addition to their importance in phototropism, the A. thaliana PKS protein family is required in
the establishment of several phot-mediated organ growth responses. The expression patterns of the
different PKS family members correlate with their function in phot signaling. Thereby, PKS1 is
the only member expressed in the root, where it is essential for negative root phototropism
(Boccalandro et al., 2008). Moreover, PKS2 and PKS3 are more expressed in leaves and have a
prominent role in leaf flattening, while PKS1 and PKS4, which are expressed in the hypocotyl
elongation zone, are important for hypocotyl phototropism (Lariguet et al., 2003, Schepens et al.,
2008, de Carbonnel et al., 2010, Kami et al., 2014b). However, we do not know how the other PKS
work on a mechanistic level in these light-mediated responses. An additional aim of this work is
analyzing the diversification of the A. thaliana PKS protein family members as well as the
conservation of PKS from other organisms, in order to help our understanding about PKS functional

conservation across evolution.
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BRIEF INTRODUCTION TO RESULTS

The results of this work are presented in three different chapters:

Chapter 1. | present the submitted work on the importance of PKS motif C for function and
subcellular localization. | describe my contribution to this work and then presented the submitted

manuscript.

Chapter 2. | describe my work on the functional studies of the PKS protein family concerning
evolution. Although this work requires a few additional experiments before submission, | present

it as a publication manuscript.

Chapter 3. I describe my results on the complementation of the rest of the PKS motifs and focus
on the study of motif D and one of its interactors: BPM4. | present it as a paper manuscript although

the structure of the future publication might change (depending onadditional collaborations).
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CHAPTER 1. PKS4 S- acylation controls
Its activity
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OVERVIEW

I led this project where we identified PKS evolutionary conserved motifs through a collaboration
with Christophe Dessimoz’s lab and addressed the importance of one of the motifs for PKS4
functional activity and mode of association to the PM, under the supervision of Prof. Christian
Fankhauser. Our work was submitted to the Plant Cell Journal on July 2022 and it is currently

under second revision.

I conceived the original research plans with Laure Allenbach Petrolati and Prof. Christian
Fankhauser. | generated all the unpublished transgenic lines used in the experiments that I
conducted. | conducted and analyzed the experiments of detection of PKS4 protein levels (Fig. 4a,
4c, 5a, and S2b), phototropism (Fig. 4b, 5b, 5¢, S2c, S3a, and S3b), gravitropism (Fig. S2a and
S2d), hypocotyl inhibition of gravitropism (Fig. 4d and S2e), and confocal microscopy observations
(Fig. 5d, S2f, and S3c). | interpreted the data with the participation of the authors of the manuscripts.

Prof. Christian Fankhauser and | wrote the manuscript, with the contribution of all the authors.
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ABSTRACT

PHYTOCHROME KINASE SUBSTRATE (PKS) proteins are involved in light-regulated growth
orientation responses. They act downstream of phytochromes to control hypocotyl gravitropism in
the light and act early in phototropin signaling. Despite their importance for plant development,
little is known about their molecular mode of action except that they belong to a protein complex
comprising the phototropins at the plasma membrane. Identifying evolutionarily conservation is
one approach to reveal biologically important protein motifs. Here, we show that PKS sequences
are restricted to seed plants and that these proteins share 6 motifs (A to F from the N- to the C-
terminus). While motif D is also found in BIG GRAIN proteins the remining domains are PKS
specific. We provide evidence that motif C is S-acylated on highly conserved cysteines, which
mediates PKS protein association with the plasma membrane. This motif is also required for PKS4-
mediated phototropism and control of hypocotyl gravitropism in the light. Finally, our data
suggests that the mode of PKS4 plasma membrane association is important for its biological
activity. Our work identifies the mode of plasma membrane association of PKS proteins and
strongly suggests that this is their site of action to modulate environmentally regulated organ

positioning.
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INTRODUCTION

Determination of hypocotyl growth direction is a process occurring from the early seedling
establishment that influences the adult plants’ physiology and development (Galen et al., 2004).
In Arabidopsis thaliana (Arabidopsis), etiolated seedlings grow following the direction of the
constant gravity stimulus: roots grow downwards while shoots grow upwards. However, in
response to light hypocotyls orient their growth following the integration of two main processes:
inhibition of gravitropism and phototropism (Correll and Kiss, 2002). Growth against the gravity
vector of etiolated hypocotyls is inhibited by red (RL) and far-red (FRL) light perception leading
to a random orientation of the hypocotyl growth, which is known as inhibition of gravitropism.
This process is mediated by the RL and FRL photoreceptors phytochromes (phy) (Robson and
Smith, 1996). Additionally, plants perceive the directionality of blue light (BL) to orient their
photosynthetic organs towards the light source to increase light capture, which is known as
phototropism. Despite the influence of phytochromes and cryptochromes, phototropism is mainly
controlled by the BL photoreceptors phototropins (phot) (Goyal et al., 2013). Although
phototropism and inhibition of gravitropism are independent responses, it was proposed that phy-
mediated inhibition of gravitropism enhances phototropism in response to BL (Lariguet and

Fankhauser, 2004; Liscum et al., 2014).

Gravitropism signaling comprises the perception of the gravity vector that requires the
sedimentation of starch-filled amyloplasts for the signal generation and transduction, resulting in
hypocotyls growing upwards (Sack, 1997; Nakamura et al., 2019; Vandenbrink and Kiss, 2019).
In Arabidopsis, bHLH transcription factors of the PIF (PHYTOCHROME-INTERACTING

FRACTORS) family regulate this process in darkness (Oh et al., 2004). In response to RL and

FRL, phytochromes convert the hypocotyl amyloplasts into plastids with chloroplasts’ properties
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that show a reduced starch composition, which diminishes the ability of seedlings to sense gravity
and, consequently, hypocotyls show a randomized growth orientation (Kim et al., 2011). PIFs
inhibit the conversion of amyloplasts to other plastids in the dark, however in response to RL phyB
activation in the epidermis promotes the degradation of endodermal PIFs, which releases the PIFs-
mediated inhibition of the amyloplasts conversion (Kim et al., 2016a; Kim et al., 2016b). In
addition to the phy-PIF module, the phytochrome-interacting PKS (PHYTOCHROME KINASE
SUBSTRATES) protein family acts in phytochromes signaling to regulate RL and FRL-mediated
growth responses (Fankhauser et al., 1999; Lariguet et al., 2003). PKS1 and more prominently
PKS4 regulate the inhibition of gravitropism in response to RL and FRL (Schepens et al., 2008).

However, the mechanism through which PKS proteins act in this process remains unknown.

Arabidopsis has 2 phototropins, which exhibit specific and partially redundant functions:
PHOTOTROPIN1 (photl) and phot2. Hypocotyl phototropism is mainly mediated by photl
(Christie, 2007). Phototropins form a protein complex with members of the families NRL
(NONPHOTOTROPIC HYPOCOTYL 3 (NPH3) and ROOT PHOTOTROPISM 2 (RPT2) -LIKE
proteins) and PKS, which are involved in the early steps of phot-mediated signaling (Christie et
al., 2018; Harmer and Brooks, 2018). Phototropins are serine/threonine (Ser/Thr) protein kinases
belonging to the AGC family ((CAMP-DEPENDENT PROTEIN KINASE, cGMP-DEPENDENT
PROTEIN KINASE G, and PHOSPHOLIPID-DEPENDENT PROTEIN KINASE C) that
phosphorylate NPH3 and PKS4 in response to BL (Demarsy et al., 2012; Christie et al., 2018;
Schumacher et al., 2018; Sullivan et al., 2021). Despite their hydrophilic properties, phototropins
associate with the plasma membrane (PM) where they initiate the light signaling cascade (Preuten
etal., 2015). BL leads to phot1l homodimerization, phosphorylation, and translocation to functional

membrane microdomains where the signal transduction is activated (Xue et al., 2018). Phototropic
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curvature is initiated by a higher activation of photl on the irradiated than on the shaded side of
the hypocotyl. This leads to asymmetric NPH3 aggregation correlating with the photl-activation
gradient (Sullivan et al., 2019; Legris and Boccaccini, 2020). However, how this photl-activation
gradient across the hypocotyl leads to an auxin gradient finally resulting in growth re-orientation

remains poorly understood (Fankhauser and Christie, 2015).

PKSs are a family of basic hydrophilic proteins that do not contain domain(s) of known function.
They were initially identified as phytochrome binding proteins that regulate phytochrome
signaling (Fankhauser et al., 1999). Surprisingly, despite their hydrophilic nature, they are
associated with the PM (Lariguet et al., 2006; de Carbonnel et al., 2010; Demarsy et al., 2012).
PKSs are expressed in the hypocotyl elongation zone, which correlates with their importance
during hypocotyl growth regulation (Lariguet et al., 2003; Schepens et al., 2008; Kami et al., 2014).
PKS1, PKS2, and PKS4 form a protein complex with photl and NPH3 possibly mediating the link
between photl activation and auxin gradient formation, which ultimately leads to hypocotyl
growth towards the light (Lariguet et al., 2006; de Carbonnel et al., 2010; Kami et al., 2014;
Schumacher et al., 2018). However, the molecular mode of action of PKSs remains unknown. This
led us to conduct a structure-function study of PKS proteins. Although our phylogenetic analyses
revealed a low overall similarity among PKS members within seed plants, we identified 6 short
regions of protein similarity that we called motifs A to F. We identified motif C as a key
determinant of PKS subcellular localization. Further characterization showed that conserved

cysteines in this motif are required for S-acylation, subcellular localization and PKS4 function.
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RESULTS

Phylogeny and motif organization of PKS-LIKE proteins

The primary amino-acid sequence of PKS proteins does not reveal any protein domain of known
function. Moreover, using the protein structure prediction programs Jpred-4 or AlphaFold
(Drozdetskiy et al., 2015; Jumper et al., 2021), we found that these proteins are expected to be
largely intrinsically disordered. To define functionally important regions of PKS proteins we used
a phylogenetic approach to identify evolutionary conserved sequence motifs. We identified 172
PKS homologs using the Orthologous matrix (OMA) browser (Altenhoff et al., 2021) and manual
reciprocal BLASTp searches in NCBI and dedicated plant genome databases (Table S1). This
revealed the presence of PKS genes in all angiosperms and a few PKS-LIKE sequences in
gymnosperms (Figure 1A). However, our searches did not reveal PKS-LIKE genes in ferns, mosses
or the liverwort Marchantia. The phylogeny of these genes was determined by creating an
alignment of the 172 PKS protein sequences using MAFFT (Katoh and Standley, 2013), removing
columns with gaps in more than 20% of the sequences using trimAl (Capella-Gutierrez et al.,
2009), and then building a maximum-likelihood tree using 1Q-TREE and 1000 ultrafast bootstrap
replicates (Trifinopoulos et al., 2016; Hoang et al., 2018). The phylogenetic tree obtained had a
number of internodes with ultrafast bootstrap support values <=95, thus are considered unreliable
(Minh et al., 2013). However, given the support values we were able to obtain, there is a clear
distinction between PKS1 and 3, Brassicaceae PKS1 and PKS2, as well as several basal
angiosperm splits (Figure 1A). In the basal angiosperms Amborella trichopoda, Nimphea colorata
and Persae americana, we found 2 PKS genes, which group into the PKS4 clade and a clade

formed by the ancestors of PKS1, PKS2 and PKS3 (thereafter referred to the PKS1/2/3 clade, with

names based on the Arabidopsis genes). Based on the limited data available from gymnosperms
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and the limited bootstrap support throughout the tree, the most parsimonious interpretation of our
data is that PKS was present in one copy in the ancestral spermatophyte (seed plants, including
gymnosperms and angiosperms). We hypothesize that there was a duplication in the ancestral
angiosperm to form two copies: PKS4 and PKS1/2/3. Another duplication occurred after the
divergence of Amborella, Persea americana, and Nymphaea colorata, giving rise to PKS1/2 and
PKS3 in the ancestral Mesangiospermae. An additional Brassicaceae-specific duplication gave rise
to PKS1 and PKS2. The length of tree branches suggests that evolution in the PKS4 clade is more
constrained than in the PKS1/2/3 clade. PKS4 genes are present in all analyzed monocots and
dicots (Figures 1A and S1A). Eudicots typically possess an additional PKS3 and a PKS1-LIKE
gene, while in Brassicacaea the PKS1 subfamily further duplicated into PKS1 and PKS2. In
addition to PKS4, monocotyledons genomes often also contain additional PKS genes presumably
belonging to the PKS1/2/3 clade. These sequences are not represented here because they are more
difficult to identify due to greater sequence divergence. We conclude that PKS genes are present
in seed plants, basal angiosperms possess PKS genes from two subfamilies, and in eudicots the
gene family further duplicated leading to the presence of PKS genes from at least 3 clades (PKS4,

PKS3 and PKS1).

To define conserved sequences in those genes we used the 172 taxonomically divergent PKS
sequences from all 4 subfamilies (table S1). We used the PKS protein sequences as input for
GLAM2 (Frith et al., 2008) to identify conserved sequence motifs and found that these proteins
are characterized by the presence of 6 conserved motifs that we call A to F (from the amino- to the
carboxy-terminus) (Figure 1B). In addition, many PKS proteins comprise an additional conserved
motif that we call G, which is present between motifs C and D (Figure S1B). Given that this

sequence motif is absent from Brassicaceae PKS3 and PKS4 (including Arabidopsis thaliana), we
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do not further consider this motif here. Although the order of the motifs is fully conserved among
PKS proteins, the degree of sequence conservation and the spacing between each motif is much
less conserved. Finally, we found that motifs C and F are related to each other, in particular, C-
terminal to the central Cys residue (Figure 1B). We used hidden Markov Model-based protein
searches (Gabler et al., 2020) to determine whether related motives are present in other proteins
and found a conserved sequence towards the carboxy-terminus of BIG GRAIN (BG and BG-
LIKE) proteins is related to motif D (Mishra et al., 2017). BG and BG-LIKE proteins have a similar
taxonomic distribution as PKS proteins. Unfortunately, the molecular function of the conserved
carboxy-terminal region of BIG GRAIN proteins that is related to motif D is presently unknown
(Mishra et al., 2017). We did not identify proteins containing obvious sequence conservation with
any of the other PKS motifs. In summary, our sequence analyses identified six conserved motifs
present in PKS proteins and we hypothesize that they correspond to functionally important portions

of these proteins.

Motif C of PKS proteins is S-acylated and required for their association with the plasma membrane

Arabidopsis PKS1 is not an integral membrane protein but it associates with the plasma membrane
through unknown mechanisms (Lariguet et al., 2006). Moreover, PKS1, PKS2 and PKS4 are found
in a complex with the plasma-membrane-localized phototropins and NPH3 (Lariguet et al., 2006;
de Carbonnel et al., 2010; Schumacher et al., 2018). This suggests that plasma membrane
localization of PKS proteins is a functionally relevant feature of these proteins. To test whether
one of the conserved sequence motifs controls the subcellular localization of PKS1, we determined
the subcellular localization of a series of 35S promoter driven PKS1 truncations fused to GFP in

hypocotyl epidermal cells of stably transformed Arabidopsis seedlings (Figure 2A). Full length

(ABCDEF) PKS1-GFP signal was consistent with the previously reported plasma-membrane
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localization (Figure 2). Both ABC-GFP and CDEF-GFP colocalized with the FM4-64 dye
consistent with plasma-membrane localization (Figure 2B). In contrast, AB-GFP and DEF-GFP
largely lost plasma-membrane localization suggesting that motif C plays a central role in mediating
association of PKS1 to the plasma membrane. Consistent with this idea, a portion of PKS1
comprising conserved motif C alone was sufficient for plasma-membrane localization of a GFP

fusion protein (Figure 2B).

Highly conserved Cystine (Cys) residues (in particular, Cys at position 12, and less conserved Cys
at positions 10 and 8 - see Figure 1B) are a striking feature of motif C. Such residues can be
acylated to mediate plasma-membrane association (Hemsley, 2020). To determine their
importance in controlling PKS1 subcellular localization we mutated all three Cys to Serine (Ser)
residues (Ser cannot be acylated). Mutating these residues in the ABC-GFP, CDEF-GFP or full
length PKS1-GFP constructs strongly altered the ability of the protein to associate with the plasma
membrane (Figure 3A). To test if the loss of association with the plasma membrane was specific
to the conserved Cys residues in the motif C, we also mutated the conserved Cys residue in motif
F to Ser. This did not alter the subcellular localization of PKS1-GFP (Figure 3A). This is consistent
with our observation that CDEF-GFP but not DEF-GFP associated with the plasma membrane,
indicating the central role of motif C in targeting the protein to the plasma membrane, which is
apparently mediated by conserved Cys residues (Figure 2B). To determine whether these
conserved Cys residues controlling plasma-membrane association of PKS1 are S-acylated, we
performed a biochemical assay with the same transgenic plants used for microscopic analysis. The
assay consists of exchanging acyl groups covalently bound to Cys residues with biotin which is
then revealed by affinity purification (Hemsley, 2013). This assay showed that full length PKS1-

GFP and ABC-GFP were both acylated, while mutating the conserved Cys residues in the latter
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construct prevented acylation. Moreover, the C-GFP construct was acylated as well, consistent
with acylation of at least one of the conserved residues of motif C in PKS1. To determine whether
the conserved Cys residues in motif C are also important to control the subcellular localization of
other PKS proteins, we selected PKS4, a member of the other major subfamily of PKS proteins
(Figure 1A). Arabidopsis PKS4 has two Cys residues in motif C, the most highly conserved one
at position 12 and a second one at position 10 (Figure 1B). We substituted both residues with Ser
residues in the context of full length PKS4-GFP driven by the 35S promoter and generated stable
transgenic Arabidopsis plants in the Col-0 background. While PKS4-GFP was associated with the
outline of the cell consistent with the previously reported plasma-membrane association (Figure 3
C) (Schumacher et al., 2018), mutations of the conserved Cys residues in motif C strongly impaired
plasma-membrane association as observed for PKS1 (Figure 3C). Collectively, these results
indicate that conserved Cys residues in motif C are acylated and essential to mediate plasma-

membrane association of PKS1 and PKS4.

The conserved cysteines in motif C of PKS4 are required for biological activity.

To determine whether the conserved Cys residues in motif C are functionally relevant, we used
complementation of pks4, which is defective in phototropism and phytochrome-mediated
inhibition of hypocotyl gravitropism, as a functional assay (Schepens et al., 2008; Kami et al.,
2014). This choice was dictated by the fact that amongst pks single mutants pks4 has the strongest
phototropism and gravitropism phenotype (Schepens et al., 2008; Kami et al., 2014). We tested
the same PKS4 motif C mutant as characterized for subcellular localization studies (Figure 3C)
but tagged PKS4 with a carboxyl-terminal triple HA and used a 1.5 kb PKS4 promoter to control

expression of the transgene. We generated transgenic pks4 plants expressing PKS4 mutated in

motif C (termed PKS4 C* lines) and selected three independent single insertion lines expressing
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PKS4 protein levels comparable to a wild-type PKS4-HA control line (WT-3) (Figure 4A), whose
PKS4-HA protein levels were similar to endogenous PKS4 (Schumacher et al., 2018). The PKS4
WT-3 line rescued the phototropic phenotype of the pks4 mutant as previously shown (Schumacher
et al., 2018). However, none of the three independent PKS4 C* lines complemented the mutant
(Figure 4B). Additionally, we observed that one of these lines (PKS4 C*-2) exhibited an even
stronger phototropic defect than the pks4 line, suggesting that expression of the PKS4 C* variants
might interfere with the molecular mechanism underlying phototropism. To look at a rapid
phototropin response, we analyzed the light-induced reduction of PKS4 mobility on SDS-PAGE
gels triggered by phototropin-mediated PKS4 phosphorylation (Demarsy et al., 2012). This
experiment showed that in etiolated seedlings PKS4 C* has a somewhat different migration pattern
than the WT showing two isoforms. This modification could be due to the slightly altered amino-
acid composition of the mutant and/or a change in protein acylation. In response to blue light, we
observed the previously described gradual and transient increase in the appearance of a slower
migrating PKS4 isoform for the WT (Figure 4C) (Demarsy et al., 2012). This contrasted with
PKS4 C* for which we hardly detected the slower migrating isoform in response to blue light.
Collectively, our results show that mutating conserved Cys residues in motif C impairs the ability

of PKS4 to promote phototropism and appears to limit the ability of photl to phosphorylate PKSA4.

To determine whether motif C is also important for the function of PKS4 in phytochrome signaling
we analyzed light-induced inhibition of hypocotyl gravitropism (Schepens et al., 2008) by
analyzing the hypocotyl growth orientation (relative to the vertical) in response to 30 pmol/m2/s
of continuous red light. We found that the control PKS4 WT-3 line rescued this light response,
while none of the PKS4 C* lines complemented pks4 (Figure 4D). The phenotype of these lines

was more pronounced than the pks4 phenotype, similar to the phyB mutant (Figure 4D). Therefore,
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expression of PKS4 C* enhances the pks4 null phenotype suggesting that it interferes with PKS
function during phytochrome-mediated inhibition of hypocotyl gravitropism. We then analyzed
hypocotyl gravitropism in darkness and found that the WT, pks4 and all transgenic lines showed
the same response (Figure S2A) confirming that the effect of PKS4 on hypocotyl gravitropism is
light-dependent. Collectively our data indicates that the highly conserved Cys residues of motif C

are essential for the function of PKS4 in phytochrome and phototropin signaling.

Our analysis of PKSL1 truncations fused to GFP and mutating the conserved cysteine residues in
motifs C and F, revealed that motif C is the primary determinant for plasma membrane association
(Figures 2 and 3). However, motif F is related to motif C and motif F may contribute to tight
plasma membrane association as less intracellular signal is observed in CDEF-GFP than ABC-
GFP expressing plants (Figure 2B). We therefore tested the functional importance of motif F by
generating a PKS4 motif F mutant by substituting the invariant Cys with a Ser residue and
transforming pks4 mutants as described for the PKS4 C* lines. We selected transgenic lines (PKS4
F*1-3), with similar protein levels as in our PKS4 WT control line (Supplemental figure S2B). We
found that the three PKS4 F* lines fully complemented the phototropic defect of the pks4 mutant
line (Supplemental figure S2C). Similarly, these PKS4 F* lines also complemented phytochrome-
mediated inhibition of hypocotyl gravitropism in red light and showed a normal hypocotyl
gravitropic response in darkness (Supplemental figures S2D and S2E). We conclude that mutating
the invariant Cys in motif F had no measurable consequences on the analyzed light responses. To
confirm the implication of the conserved Cys residues of motif C and motif F in the subcellular
localization of PKS4, we generated stable transgenic Arabidopsis plants expressing PKS4-GFP,
PKS4 C*-GFP, and PKS4 F*-GFP, driven by the PKS4 promoter in pks4, and we observed their

subcellular localization in hypocotyl cortex cells of etiolated seedlings using confocal microscopy
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(Supplemental figure S2F). PKS4-GFP localized at the plasma membrane while PKS4 C*-GFP
signal was apparent inside the cells (Supplemental figure S2F), consistent with our data of the
PKS4 WT and C* overexpressing lines (Figure 3C). PKS4 F*-GFP was plasma membrane
localized (Supplemental figure S2F), similar to PKS1 F*-GFP (Figure 3A). Collectively, these
data indicate that acylation of the highly conserved Cys residues in motif C is essential for the
biological functions of PKS4 and plasma membrane localization of the protein, while the role of

motif F remains to be determined.

The type of lipid mediated PKS4 plasma membrane association affects its biological activity

To determine whether the altered subcellular localization and the biological function of PKS4 C*
mutants can be rescued by targeting the protein to the plasma membrane through another
mechanism, we generated lines comprising an N-terminal myristoylation (myri) sequence. We
included a myri-WT PKS4 control construct and generated transgenic plants in the pks4 mutant
background. We selected single insertion lines (myriPKS4 WT 1-4 and myriPKS4 C* 1-3) with
comparable protein levels as in our PKS4 WT and C* lines (Figure 5A). We found that the
myriPKS4 C* lines did not complement the phototropic phenotype of pks4 (Figure 5B). However,
we observed that myriPKS4 C* lines showed a slightly stronger phototropic response than the
PKS4 C* line (Figure 5B). We observed a similar (but not significant) tendency when comparing
numerous independent T1 transformants (Supplemental figure S3A). When the myri sequence was
added to the WT PKS4 these lines were able to complement the phototropic defect of pks4 (Figure
5C). However, both in the selected T3 lines and when comparing numerous independent T1 lines
adding the myri sequence to the WT interfered with the ability of PKS4 to fully complement the
phototropic defect of pks4 (Figures 5C and S3B). To determine whether the myri sequence

influenced the subcellular localization of PKS4 and PKS4C* we generated GFP fusions driven by
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the PKS4 promoter and analyzed subcellular localization in stably transformed Arabidopsis pks4
seedlings. This experiment showed that the inclusion of the N-terminal myri sequence restored the
plasma-membrane localization of PKS4 C* while it did not visibly alter the localization of WT
PKS4. Collectively this data indicates that bringing PKS4 C* to the plasma membrane through an
N-terminal myristoylation sequence is not sufficient to restore its biological activity, while adding

this sequence to WT PKS4 moderately interferes with PKS4 function.

Given that bringing PKS4 to the plasma membrane through an N-terminal lipid modification
appears to perturb PKS4 activity, we tried plasma-membrane association through the C-terminus.
We used a farnesylation sequence that was included after the triple HA tag of both WT and C*
PKS4 and transformed these PKS4 promoter driven constructs into pks4 mutants. We then
compared the phototropic response of numerous independent T1 transformants expressing either
WT, C*, WT-farn or C*-farn PKS4 constructs. This experiment showed that the farnesylation
sequence interfered with the ability of the WT PKS4 construct to fully complement pks4 (Figure
S3B). The tendency was the opposite in the context of the C* mutant with the construct containing
the farnesylation sequence (C*-farn) displaying a slightly more robust phototropic response than
the C* construct (Figure S3B). However, the difference in complementation potential of the C*
and C*-farn constructs was not significant and neither construct complemented pks4 (Figure S3B).
To determine whether the inclusion of a C-terminal farnesylation sequence restored plasma-
membrane localization of the PKS4 C* mutant we made GFP fusion constructs driven by the PKS4
promoter and analyzed stably transformed seedlings. This experiment showed that adding a
farnesylation sequence after GFP was sufficient to bring PKS4-C*-GFP-farn to the plasma

membrane while the same modification in a WT PKS4 construct did not have any obvious effects

on subcellular localization (Figure S3C). Collectively these experiments showed that bringing
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PKS4 C* to the plasma membrane either through N-terminal myristoylation or C-terminal

farnesylation was not sufficient to restore the ability of the C* mutant to complement the

phototropic defect of pks4. However, these results are difficult to interpret given that these

modifications also altered the complementation potential of WT PKS4.
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DISCUSSION

We found PKS-LIKE sequences in seed plants but not in the genomes of mosses, ferns, liverwort
or algae indicating that these proteins appeared relatively late in land plants (Fig. 1, S1). This
evolutionary history is similar to the one of BIG GRAIN proteins which also share a sequence
motif with PKS proteins (Figure 1) (Mishra et al., 2017). In contrast, members of the NRL family
are present in all land plants while phototropin photoreceptors are present in land plants,
charophytes and chlorophytes (Christie et al., 2018). PKS proteins also appear much later than
phytochromes which are found in charophytes and land plants (not considering phytochromes in
cyanobacteria, bacteria and fungi) (Li and Mathews, 2016). Based on this evolutionary history it
is tempting to propose that PKS proteins are required for a seed-plant specific function and/or were
required following changes in the light environment triggered by the expansion of seed plants (Li
and Mathews, 2016). While a single PKS-LIKE sequence was found in some gymnosperms, basal
angiosperms have 2 members of the family that we call PKS1 and PKS4 based on the Arabidopsis

nomenclature (Figure 1, S1).

PKS proteins share 6 or 7 sequence motifs which are present in the same order and separated by
regions of various length and without obvious homology (Figure S1). These motifs appear to be
unique to PKS proteins except for motif D that is related to a conserved sequence motif present
towards the C-terminus of BIG GRAIN proteins (Mishra et al., 2017). The molecular function of
BIG GRAIN proteins is largely unknown, however, similar to PKS proteins they are proposed to
regulate auxin transport and/or signaling (de Carbonnel et al., 2010; Kami et al., 2014; Liu et al.,
2015). Additional experiments are required to determine if and how these proteins perform such
functions and whether the common sequence motif (motif D in PKS) is involved in controlling the

distribution of auxin.
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The plasma membrane is the major site of phototropin action, where these photoreceptors are part
of a protein complex comprising PKS proteins (Lariguet et al., 2006; de Carbonnel et al., 2010;
Demarsy et al., 2012; Preuten et al., 2015). We therefore tested whether any of the conserved PKS
motives are required for plasma-membrane association. We found that motif C is a major
determinant for the subcellular localization of PKS1 and PKS4 (Figures 2 and 3). Given that PKS1
and PKS4 are representatives of both PKS clades present in angiosperms (Figure 1), this suggests
that the function of motif C is broadly shared amongst PKS proteins. Motif C contains highly
conserved Cys residues, particularly C12 (12" amino acid of the motif) and to a lesser extent C10
(Figure 1D). Mutating all three conserved Cys residues of PKS1 motif C prevented protein
acylation in vivo and localization of the protein to the plasma membrane (Figure 3). PKS4 has 2
Cys residues in motif C (C10 and C12), mutating both prevents plasma-membrane association of
the GFP-tagged variant (Figures 3C and S2F). This strongly suggests that S-acylation of at least
one of those conserved Cys residues is essential for PKS association with the plasma membrane.
Interestingly, motif F, which is related to motif C, does not play a prominent role in the control of
PKS protein localization (Figures 1B, 3A and S2F). A recent large-scale analysis of protein
acylation in Arabidopsis identified PKS1, PKS2 and PKS3 as S-acylated proteins (Kumar et al.,
2022). Moreover, acylation of PKS proteins was mapped to Cys residues in motif C and in motif
F (Kumar et al., 2022), independently confirming our data on S-acylation of motif C in PKSL.
PKS4 was not identified in this study (Kumar et al., 2022), possibly because light-grown seedlings
were used and PKS4 protein levels decline rapidly in etiolated seedlings transferred into the light
(Demarsy et al., 2012). While S-acylation is very difficult to predict based on primary amino-acid
sequence, lysin residues are often found in the vicinity of S-acylated cysteines (Zaballa and van

der Goot, 2018). For some proteins S-acylation was shown to prevent ubiquitination of the nearby
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lysine and subsequent protein degradation (Zaballa and van der Goot, 2018). We note that in motif
F there is an invariant lysine residue, which is much less conserved in motif C (Figure 1B). One
possibility is that motif F regulates the stability of PKS proteins. In summary, our data is consistent
with S-acylation of highly conserved Cys residues of motif C playing a key role in plasma

membrane localization of PKS proteins, while the role of motif F requires further investigations.

By testing the ability of PKS4 variants to complement phototropism and hypocotyl gravitropism
of pks4 mutants, we found that the ability of those variants to localize to the plasma membrane
correlates with their ability to complement pks4 (Figures 4 and S2). This data suggests that
localization of PKS4 at the plasma membrane is required for PKS4 function in phototropin and
phytochrome signaling (Schepens et al., 2008; Kami et al., 2014). Moreover, we find less of the
more slowly migrating light-induced isoform in the mislocalized PKS4 C* variant (Figure 4C).
These finding are consistent with PKS4 being a phototropin signaling element acting at the plasma
membrane and a substrate of photl kinase activity (Demarsy et al., 2012). The requirement of
plasma-membrane-localized PKS4 to control phytochrome-induced inhibition of gravitropism
indicates that PKS4 does not act in the nucleus where the majority of well-characterized

phytochrome signaling events occur (Legris et al., 2019; Cheng et al., 2021).

To further test the link between PKS4 subcellular localization and its ability to regulate hypocotyl
growth orientation, we tethered PKS4 C* variants to the plasma membrane by adding either an N-
terminal myristoylation sequence or a C-terminal farnesylation sequence. Both approaches largely
restored the subcellular localization of PKS4 C* (Figures 5 and S3). However, these PKS4 variants
were not able to complement the phototropic defect of pks4 (Figures 5 and S3). Interestingly,

phototropism in plants expressing the PKS4 C* variant was often less efficient than in pks4

suggesting that expression of the mislocalized PKS4 C* interferes with phototropism (Figures 4B,
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5B and S3). Consistent with this idea plants expressing a PKS4 C* variant localized to the plasma
membrane (myristoylated or farnesylated PKS4 C*) have a less severe phenotype than those
expressing PKS4 C* (Figure 5 and S3). Nevertheless, rescuing the subcellular localization defect
of PKS4 C* was insufficient to restore the ability of this construct to promote phototropism
(Figures 5 and S3). Importantly, including a myristoylation or farnesylation sequence to PKS4
slightly interferes with the ability of wild-type PKS4 to promote phototropism (Figures 5C and
S3A, B). This suggests that the mode of plasma membrane attachment of PKS4 influences its
ability to work in phototropin signaling. Indeed, the wild-type protein is attached to the plasma
membrane through the middle of the protein, which is a distinguishing feature of S-acylation
contrasting with N-terminal or C-terminal lipid mediated plasma-membrane association occurring
through myristoylation or farnesylation (Turnbull and Hemsley, 2017; Hemsley, 2020). PKS4
including myristoylation or farnesylation tags is expected to be associated to the plasma membrane
through the C motif and the N- or C-terminus, while PKS4 C* including additional lipid
modification sequences either though the N- or the C-terminus alone. This difference in protein
attachment to the plasma membrane may explain the observed phenotypes for example because
the N- and C-terminus must be free to efficiently engage in protein-protein interactions.
Alternatively, while S-acylation is a reversible process allowing regulated association with the
plasma membrane, myristoylation or farnesylation are not reversible (Hemsley, 2020). In the case
of NPH3 cycles of plasma membrane association and dissociation are functionally important
(Sullivan et al., 2021). We do not have evidence for regulated PKS subcellular localization.
Moreover, adding either an N-terminal myristoylation or a C-terminal farnesylation sequence to
PKS4 only interfered slightly with the ability of these constructs to complement pks4 (Figures 5

and S3). Therefore, our current data do not provide evidence for regulated, S-acylation-mediated
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PKS localization playing a key functional role. We therefore propose that proper positioning of

PKS association with the plasma membrane is functionally important but cannot rule out that Cys

to Ser mutations in the conserved C motif alter PKS4 activity through a yet to be discovered

mechanism.
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METHODS

PKS phylogeny and motif discovery

The PKS sequences used to make the tree were obtained from multiple sources. The majority were
obtained from OMA Hierarchical Orthologous Groups (HOGs) from the Jan2020 version of the
OMA browser (Altenhoff et al., 2021). The first three HOGs were found by searching the browser
for protein sequences from Arabidopsis thaliana PKS1, 2, 3, and 4 genes (At2g02950, At1g14280,
At1g18810 and At5g04190). PKS1 and 2 were inferred by OMA to be in the same gene family
(rooted at the Magnoliopsida-level), and PKS3 and PKS4 were in two other families, rooted at the
Pentapetalae and Mesangiospermae levels, respectively. A final, smaller gene family was found in
OMA by searching for the Amborella trichopoda PKS4 gene rooted at the Magnoliopsida level.
Seventeen additional PKS sequences, selected to increase phylogenetic diversity, were added
covering the following: Basal angiosperms Amborella tricopoda and Nymphea colorata, monocots
Brachypodium distachyon and Setaria italica, magnolid Persea americana, asterids Solanum
tuberosum and Camellia sinensis, rosids Fragaria vesca, and Caryophyllales Beta vulgaris. The
aforementioned sequences were obtained by reciprocal blast searches using Arabidopsis PKS1 and
PKS4 protein sequences as query (Altschul et al., 1990). Two gymnosperm PKS-LIKE genes were
found from PLAZA Gymnosperms 1.0 (Proost et al., 2015). Thus, a total of 172 PKS homologs

(protein sequences) were used for the remainder of the analysis (Supplementary Table 1).

The 172 sequences were used to make an alignment using MAFFT v7.313 (Katoh and Standley,
2013), with the E-INS-i algorithm option. This algorithm was chosen because it uses a
“generalized affine gap cost” in the pairwise alignment stage, which is better to use for sequences
with long unalignable regions, such as in PKS proteins. The alignment was then filtered to remove

unreliable columns: those with gaps in more than 20% of the sequences (gap threshold 0.8),
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essentially those columns not containing the highly conserved motifs. This resulted in 250 columns

in the final alignment.

The alignment was used to make a gene tree of all the PKS sequences using 1Q-TREE web server
version 1.6.12 (Trifinopoulos et al., 2016) with the ModelFinder (Kalyaanamoorthy et al., 2017),
tree reconstruction (Nguyen et al., 2015), and ultrafast bootstrap (1000 replicates) (Hoang et al.,
2018) options. Ultrafast bootstrap was implemented because it has been shown to be orders of
magnitude faster to compute and while maintaining accurate equivalent to standard bootstrap
methods (Minh et al., 2013; Hoang et al., 2018). The resulting maximum likelihood tree was
visualized with phylo.io (Robinson et al., 2016), and manually rooted using gymnosperm

sequences as an outgroup.

To identify motifs in the highly gapped alignment GLAM2 was utilized (Frith et al., 2008). Since
GLAM2 can only find one motif per alignment, we trimmed the sequences based on manual
inspection of the alignment as well as gblocks conserved locations (Talavera and Castresana,
2007), and included a flanking 20 amino acids on each side. The parameters were set to “default”,
except the initial columns to be aligned was set to 10, the maximum columns to be aligned was set

to 20, and to shuffle the sequences.
Plant material

All plants utilized in this study are in the A. thaliana Columbia-0 ecotype. The pks4-2 allele was
utilized in this study (Schepens et al., 2008). 35Sp::PKS1-GFP (pCF202), 35Sp::PKS4-GFP
(p1S03) and PKS4p:PKS4-3XHA (pPS09) in pks4-2 were previously described (Lariguet et al.,
2006; Demarsy et al., 2012; Schumacher et al., 2018). To obtain PKS1 truncations fused to GFP
driven by the 35S promoter PKS1 amplicons were cloned Kpnl-BamHL1 into a binary vector
designed to generate C-terminal GFP fusions (pCF203). The PKS1 cDNA from plasmid pCF173
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was amplified with the following primer combinations (CF129/CF470) corresponding to amino-
acids 1-160 of PKS1 (AB); (CF129/CF471) corresponding to amino-acids 1-273 (ABC);
(CF472/CF473) corresponding to amino-acids 274-439 (DEF); (CF507/CF471) corresponding to
amino-acids 161-273 (C) and (CF507/CF473) corresponding to amino-acids 161-439 (CDEF).
The PCR products were digested with Kpnl and BamH1 and ligated into digested pCF203 to
obtain pCF524 (AB), pCF525 (ABC), pCF526 (DEF), pCF534 (C) and pCF535 (CDEF).
Mutations of the three conserved Cys residues in motif C were obtained by site directed
mutagenesis using CF173 as a template to generate pCF546 (ABC*), pCF547 (ABC*DEF),
pCF550 (C*DEF). Mutations of the conserved Cys residues in motif F (Cys 378) was also obtained
by site directed mutagenesis using CF173 as a template to obtain pCF393. For PKS4 C* lines, a
fragment corresponding to ABC (186 first amino acids of PKS4 with cysteins 143 and 145 mutated
into serine) was ordered at Eurofins and after digestion with Xmal/BpulOIl was ligated into a
35Sp:PKS4-GFP construct to replace the wild type with the mutant sequence to obtain pCF561.
For the generation of the PKS4pro::PKS4 C*-3xHA lines (pAL10), a 517 bp DNA fragment
containing the PKS4 C143S and C145S mutations was digested from the pCF561 with the
restriction enzymes EcoRV and Nrul and replaced in the pPS9 construct (Schumacher et al., 2018)
previously digested with the same restriction enzymes to replace the wild type with the mutant
sequence. Similarly, for the generation of the PKS4pro:PKS4 F*-3xHAlines (pAL40), a synthetic
682 bp DNA fragment of the PKS4 CDS containing the C358S mutation and flanked by the ECORV
and BamHI sites was ordered from Eurofins® and replaced in the pPS9 construct previously
digested with the same restriction enzymes to replace the wild type with the mutant sequence. For
the generation of the PKS4pro::myriPKS4-3xHA (pAL63) and PKS4pro::myriPKS4 C*-3xHA

(pAL64) lines, a synthetic 171 bp DNA fragment of the PKS4 CDS containing the last part of the
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PKS4 promoter and the myristoylation signal sequence ATGGGAATTTGTATGTCTAGA
followed by the beginning of the PKS4 CDS was ordered and digested with the restriction enzymes
Xhol and Nrul and replaced in the pPS9 and pAL10 constructs previously digested with the same
restriction enzymes for that purpose. For the generation of the PKS4pro::PKS4-3xHAfarn
(pPAL70) and PKS4pro::PKS4 C*-3xHAfarn (pAL71) lines, a synthetic 225 bp DNA fragment
including the last part of the PKS4 CDS, the 3xHA tag followed by the farnesylation sequence
TCT AAG GAT GGA AAG AAG AAG AAG AAG AAGTCT AAGACT AAGTGT GTT ATT
ATG, and a very short fragment of the backbone vector flanked by the unique restriction enzymes
sites BamHI and Pstl was replaced in the pPS9 and pAL10 previously digested with the same
restriction enzymes for that purpose. For the generation of PKS4pro::PKS4-GFP (pAL43) lines, a
DNA fragment containing the PKS4 pro::PKS4-GFP::term in the pED10 (Demarsy et al., 2012)
was digested with the restriction enzyme Hindlll and cloned into the pFR100 (pFP100-based
vector (Bensmihen et al., 2004) carrying the OLE1pro::OLE1-FastRed for selection of transgenic
plants) previously digested with the same enzyme for that purpose. For the generation of the
PKS4pro::PKS4 C*-GFP (pAL45) and PKS4pro::PKS4 F*-GFP (pAL65) lines, a DNA fragment
including the C143S and C145S or the C358S mutations, respectively, was digested from the
pAL10 and pAL40 with the restriction enzymes Nrul and Zral and replaced in the pAL43
previously digested with the same enzymes for that purpose. For the generation of the
PKS4pro::myriPKS4-GFP (pAL61) and PKS4pro::myriPKS4-GFP (pAL62) lines, the same
synthetic 171 bp DNA fragment used for the generation of the pAL63 and pAL64 was replaced in
the pAL43 and pAL45 previously digested with the same restriction enzymes for that purpose. For
the generation of the PKS4pro::PKS4-GFPfarn (pAL67) and PKS4pro::PKS4 C*-GFPfarn

(pAL68) lines, the same synthetic 1557 bp DNA fragment used for the generation of the pAL70
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and pAL71 was replaced in the pAL43 and pAL45 previously digested with the same restriction
enzymes for that purpose. All constructs were sequence verified. Transgenic lines were obtained
using Agrobacterium tumefaciens-mediated transformation. Several single insertion lines
expressing each of them were characterized. The use of fluorescent seeds as selection marker also

allowed us to perform experiments with large numbers of independent T1 lines.

Growth conditions

For seeds production, plants were grown on the soil at 22°C with 16h of white light (WL) per day.
For physiological experiments, seeds were surface-sterilized in 70% ethanol and 0.05% Triton-X
for 5 min and in 100% ethanol for 5 min. Seeds were then sown on Petri dishes containing half-
strength Murashige and Skoog medium, 0.8% agar. Plates were stored in the dark for 3 days at
4°C for stratification. For dark-grown seedlings experiments, germination was induced by 4-6
hours of white light (80umol/m2/s) at 22°C and plates were put back in the dark at 19°C or 22°C
for 3 days before light treatment. For inhibition of gravitropism experiments, germination was
induced by 1h of red light (50 umol/m2/s) at 22°C and plates were put back in the dark at 22°C

for 1 day before light treatment.

Light treatments

For etiolated conditions, seedlings were grown on vertically orientated plates for 3 days in darkness
at 19°C or 22°C prior to the light treatment. For phototropism seedlings were irradiated with
constant unilateral 0.1 umol/m2/s BL at 22°C for up to 24h, and for protein extraction, with
unilateral 1 pmol/m2/s BL at 22°C during 0, 1, 3, 10, and 20 minutes. For inhibition of
gravitropism, seedlings were grown on vertically orientated plates for 1 day in darkness at 22°C
prior to the light treatment. Seedlings were irradiated with constant 30 umol/m2/s RL at 22°C for
3 days.
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Hypocotyl measurements and analysis

Plates were pictured using an infra-red CCD camera system at different timepoints. The curvature
angles were calculated by subtracting average angle of orientation of upper region (85-95% of
total length) of each hypocotyl with respect to vertical after light treatment determined by a
customized MATLAB script developed in the Fankhauser Lab. One-way ANOVA (aov) and
Compute Tukey’s Honest Significance Differences (HSD.test) [agricolae package] using the R

software was performed. We considered p values <0.01 significant.

Fluorescence microscopy

Confocal microscopy images were taken with an Airy confocal microscope (Zeiss), either model
LSM 510 or 880. Model LSM 510 was used for all the PKS1 imaging and for 35Spro:PKS4-GFP
and 35Spro:PKS4_C*- GFP. Excitation was done using an Argon laser at 488nm and detection
used a band pass emission between 505 and 530 nm. For some images, the plasma membrane was
stained with FM4-64 dye (Cat. T13320, Invitrogen) at a concentration of 50uM, by soaking the
seedlings 1 minute and then washing three times in ¥2 MS. In that case the signal was detected at
a long pass emission from 650nm. Model LSM 880 was used for imaging pPKS4::PKS4-GFP,
pPKS4::PKS4 C*-GFP, pPKS4::PKS4 F*-GFP, pPKS4::myriPKS4-GFP WT, pPKS4::myriPKS4
C*-GFP, pPKS4::PKS4-GFPfarn, and pPKS4::PKS4 C*-GFPfarn. Samples were excited with an
Argon laser (488nm) and detection was done between 495 and 518 nm. In all cases a channel was
set to detect chlorophyll, exciting with the laser used for excitation of the fluorophore of interest,

and detecting between 607 and 691 nm.

Biotin switch assay
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Palmitoylation of the PKS1 fragments were assayed as described in (Hemsley et al., 2008) with
some modifications. Three-day-old etiolated seedlings were ground in cold mortar at 4°C and
resuspended in 2x volume of lysis buffer per fresh weight. After the first centrifugation, 1ml of the
supernatant was combined to 1ml of lysis buffer and incubation was done during 3h at 4°C on a
roller table. All centrifugation steps were performed at 4°C. The loading control was not
precipitated. We used 60pl of high capacity neutravidin-agarose beads (Thermo Fisher) instead of

15ul.
Western blot

For the biotin switch assay, proteins extracted in 2x Laemmli buffer were separated on 12%
SDS/PAGE gels and transferred onto nitrocellulose in CAPS buffer. Blots were probed with anti-
GFP monoclonal antibody JL-8 (632381, Clontech) diluted at 1/3000 in 1X PBS containing 0.1%
Tween-20 and 5% non-fat milk. For the other western blots, total proteins (80ul 2x Laemmli buffer
for 20mg fresh weight; 10ug per lane) were separated on 4-15% precast polyacrylamide gels and
transferred onto nitrocellulose using the Trans-Blot Turbo RTA Transfer Kit. Anti-HA-HRP
monoclonal antibody 3F10 was used at 1/4000 (12013819001, Roche), anti-GFP monoclonal
antibody JL-8 (632381, Clontech) was used at 1/3000, and anti-DET3 antibody was used at
1/20000 dilutions (Schumacher et al., 1999) in 1X PBS containing 0.1% Tween-20 and 5% non-
fat milk. Chemiluminescence signals were generated using Immobilon Western HRP Substrate
(Millipore). Signals were detected with a Fujifilm ImageQuant LAS 4000 mini CCD camera

system and quantifications were performed with ImageQuant TL software (GE Healthcare).

Accession Numbers
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The Arabidopsis Genome Initiative numbers for the genes mentioned in this article are as follows:

AT2G02950 (PKS1), AT1G14280 (PKS2), AT1G18810

AT5G64330

(PKS3),

AT5G04190

(PKS4),
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Figure 1. PKS proteins are present in seed plants and comprise 6 conserved sequence motifs.

(A) Simplified phylogeny of PKS proteins, obtained using IQ-TREE and the JTT+I+G4 substitution model. Some
nodes are collapsed, indicated by triangles at the leaves, and represent multiple genes. Ultrafast bootstrap values are
shown at each node. The full version of the tree can be found in Supplemental Figure S1. (B) Sequence motifs
conserved amongst members of the PKS family. Motifs A to F are found from the N- to the C-terminus of the proteins.

GLAMZ2 was used to find the conserved motifs and to create the logos images.
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Figure 2. PKS1 is plasma membrane associated and motif C is required for this association.

(A) Hlustration of PKS1 protein, with the 6 motifs as defined in figure 1. Motifs C and F are shown in red, as they
share homologies. Cystein residues are shown as blue lines, one thick line in motif C to represent the 3 cystein residues,
one thin line in motif F to represent one cystein residue. (B) Confocal images of hypocotyl hooks from 3 days old
transgenic etiolated seedlings, expressing GFP-tagged PKSL1 either full length or truncated fragments. In red the FM4-

64 staining, to show the plasma membrane. Scale bar is 30um.
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Figure 3. Cysteines of motif C from PKS1 and PKS4

are essential for plasma membrane localization.

(A) Confocal images of hypocotyl hooks from 3 days
old transgenic etiolated seedlings, expressing GFP-
tagged PKS1 full length or truncated fragments with
mutated cysteines either in motif C or F. Scale bar is
30um. (B) Cysteine residues of motif C are S-acylated.
Western blots of full length PKS1 or truncated
fragments either WT or with mutated cysteines. Protein
extracts were used in a biotin switch assay. L = loading,
E= elution, H = hydroxylamine-treated. Marker sizes
are 72, 55, 36 KDa. (C) Confocal images of hypocotyl
hooks from 3 days old transgenic etiolated seedlings,
expressing GFP-tagged PKS1 or PKS4 full length
proteins, either WT or mutated in cysteines of motif C.

Scale bar is 30um.
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Figure 5. Targeting PKS4 C* to the PM through myristoylation
does not rescue PKS4 function. (A) Western blot probed with
anti-HA antibody from Col-0, pks4-2, pks4-2 PKS4 WT-3,
pksd4-2 PKS4 C*-2, pks4-2 myriPKS4 WT-1, -2, -3, -4,
myriPKS4 C*-1, -2, and -3 samples of 3- day- old dark grown
seedlings. The same membrane was probed with alpha-DET3
antibody as a loading control. (B) Phototropic curvature of 3-
day-old dark grown Col-0, pks4-2, pks4-2 PKS4 C*-2 and pks4-
2 myriPKS4 C* (myriC*-1, myriC*-2, and myriC*-3) lines
seedlings treated with unidirectional blue light coming from one
side. Seedlings were exposed to 0.1 pmol m2 s blue light
during 24 h prior to measurement of growth reorientation. n= 25
— 60, means with the same letter are not significantly different
(p > 0.01, two-way ANOVA with Tukey’s HSD test). (C)
Phototropic curvature of 3-day-old dark grown Col-0, pks4-2,
pks4-2 PKS4 WT-3 and pks4-2 myriPKS4 WT (myriwT-1,
myriwT-2, and myriwT-3) lines seedlings treated with
unidirectional blue light coming from one side. Seedlings were
assayed as in b. (D) Confocal microscopy images of 3-day-old
etiolated hypocotyls cortex cells expressing PKS4-GFP, PKS4
C*-GFP, myriPKS4-GFP, and myriPKS4 C*-GFP (green
signal) from the PKS4 promoter. Note that these lines also show
remaining oily bodies (in magenta) resulting from the
expression of OLE1-RFP from the OLE1 promoter, used as a

seeds coats selection marker. Scale bar: 50 pum.
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SUPPLEMENTARY MATERIAL

Control of PHYTOCHROME KINASE SUBSTRATE subcellular localization and biological

activity by protein S-acylation.

Ana Lopez Vazquez?, Laure Allenbach Petrolati?, Christophe Dessimoz ® ¢, Edwin R. Lampugnani

d Natasha Glover? ¢ and Christian Fankhauser®”

Figure S1. PKS protein phylogeny and motif composition.

Figure S2. The invariant Cys residue of motif F is not required for PKS4 function.

Figure S3. Targeting PKS4 C* to the PM through farnesylation does not rescue PKS4 function.
Table S1. PKS sequences used in the phylogenetic analysis

Table S2. Primers used in this study
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Supplemental figure S1. PKS protein phylogeny and motif composition.

(A) phylogeny of PKS proteins and motif composition. The tree was obtained using 1Q-TREE and the JTT+I+G4
substitution model. The orange, green, and blue boxes highlighting the sequences indicate clades of PKSs 1/2, 3, and
4, respectively. The table to the right of the tree corresponds to the phylogeny: each row in the table corresponds to
the sequence to its left, and each column is a motif. A black box in the table indicates absence of a motif in a given

sequence. (B) Conserved motif G that is absent in Brassicacea PKS3 and PKS4 proteins
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Supplemental figure S2. The invariant Cys residue of motif F is not required for PKS4 function. (A) Hypocotyl
growth orientation of 3-day-old Col-0, pks4-2, pks4-2 PKS4 WT-3 and pks4-2 PKS4 C*-1, C*-2, and C*-3 etiolated
seedlings. 0° represents vertical growth. We consider the absolute value of the angle, no matter if the seedling bends
towards the left or the right side. n= 50 — 60, means with the same letter are not significantly different (p > 0.01, two-
way ANOVA with Tukey’s HSD test). (B) Western blot probed with anti-HA antibody from pks4-2 PKS4 WT-3 and
pks4-2 PKS4 F*-1, F*-2, and F*-3 samples of 3- day- old dark grown seedlings. The same membrane was probed
with alpha-DET3 antibody as a loading control. (C) Phototropic curvature of 3-day-old dark grown Col-0, pks4-2,
pks4-2 PKS4 WT-3 and pks4-2 PKS4 F*-1, F*-2, and F*-3 seedlings treated with unidirectional blue light coming
from one side. Seedlings were exposed to 0.1 umol m2 st blue light during 24 h prior to measurement of growth
reorientation. n= 40 — 60, means with the same letter are not significantly different (p > 0.01, two-way ANOVA with
Tukey’s HSD test). (D) Hypocotyl growth orientation of 3-day-old Col-0, pks4-2, pks4-2 PKS4 WT-3 and pks4-2
PKS4 F*-1, F*-2, and F*-3 etiolated seedlings. Considerations and data analysis were as in S2a. (E) Hypocotyl growth
orientation of Col-0, pks4-2, pks4-2 PKS4 WT-3 and pks4-2 PKS4 F*-1 and F*-2 seedlings growing in continuous 30
pumol m2 s red light. Seedlings were kept for 24h in darkness prior to 4 days of red light treatment following
measurement of growth orientation. 0° represents vertical growth. We consider the absolute value of the angle, no
matter if the seedling bends towards the left or the right side. n= 70 — 80, means with the same letter are not
significantly different (p > 0.01, two-way ANOVA with Tukey’s HSD test). (F) Confocal microscopy images of 4-
day- old pks4-2 dark-grown seedlings expressing pPKS4:PKS4 WT:GFP, pPKS4:PKS4 C*:GFP oand pPKS4:PKS4

F*:GFP. Scale bar: 50 pm.
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Supplemental figure S3 Targeting PKS4 C* to the PM through farnesylation does not rescue PKS4 function.

(A) Phototropic curvature of 3-day-old dark grown Col-0, pks4-2, pks4-2 PKS4 WT-3, pks4-2 PKS4 C*-2, pks4-2
myriPKS4 WT and pks4-2 myriPKS4 C* seedlings treated with unidirectional blue light coming from one side. The
pks4-2 lines expressing the PKS4 WT and the different variants were assayed in the T1 generation. Seedlings were
exposed to 0.1 umol m?2 s* blue light during 24 h prior to measurement of growth reorientation. n= 40 — 60, means
with the same letter are not significantly different (p > 0.01, two-way ANOVA with Tukey’s HSD test). (B)
Phototropic curvature of 3-day-old dark grown Col-0, pks4-2, pks4-2 PKS4 C*-2, pks4-2 PKS4 WTfarn and pks4-2
myriPKS4 C*farn seedlings treated with unidirectional blue light coming from one side. Considerations, light
treatment, and data analysis were as in S3a. (C) Confocal microscopy images of 3-day-old etiolated hypocotyls cortex
cells expressing PKS4-GFP, PKS4 C*-GFP, PKS4-GFPfarn, and PKS4 C*-GFPfarn (green signal) from the PKS4
promoter. Note that these lines also show remaining oily bodies (in magenta) resulting from the expression of OLE1-

RFP from the OLE1 promoter, used as a seeds coats selection marker. Scale bar: 50 pm.
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Supplemental table 1. PKS sequences used in the phylogenetic analysis

PKS sequences Source Nb
sequences

PKS1/2 root HOG OMA database 59
Jan2020 version

PKS3 root HOG OMA database 42
Jan2020 version

PKS4 root HOG OMA database 40
Jan2020 version

HOG with missing PKS4 Amborella gene OMA database 14
Jan2020 version

Other sequences in Beta vulgaris, Nymphea colorata, Persea NCBI 15

americana, Setaria, Phalaenopsis, Fragaria vesca, Camellia sinensis

(word doc from Christian)

Gymnosperm sequences PAB00020933 & PAB00056196 from Picea | Gymno PLAZA 2

abies (from PLAZA) 1.0




59

60

61

62

63

64

65

66

67

Supplemental table 2. Primers used in this study

Name Sequence

CF129 5’- ggggtaccaaaatggtgacactaacacca-3’
CF470 5’- cgcggatccccttttccttgaaggaactgttg-3°
CF471 5’- cgcggatccctgtgtegtectectctgtte-3

CF472 5’- cggggtaccaaaatgaagagtgaagggagtgattc-3°
CF473 5’- cgcggatcccctgactataaagaagagatg-3’
CF507 5’- cggggtaccaaaatgaagaacagtaatggtcaga-3’
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CHAPTER 2. Evolutionary analysis of
the PKS protein family function
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OVERVIEW

I led this project where we made a functional analysis of PKS proteins to help our understanding of
their evolutionary history and made an analysis of their subcellular localization to find how it relates
with function, under the supervision of Prof. Christian Fankhauser. Our work has not been submitted
yet because we are waiting for the generation of transgenic lines to include a few additional
experiments.

I conceived the original research plans with Laure Allenbach Petrolati and Prof. Christian Fankhauser.
I generated the transgenic lines of the PKS4 orthologs for complementation analysis and confocal
microscopy. | also helped in the generation of the CRISPR mutant lines in collaboration with Alja
Van der Schuren and Amelia Maria Amiguet Vercher. | conducted and analyzed all the experiments
presented in this chapter. | interpreted and discussed the data with the participation of Prof. Christian
Fankhauser and the rest of the lab members. | wrote the manuscript about the current available data,

with comments from Martina Legris and Prof. Christian Fankhauser.
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ABSTRACT

PHYTOCHROME KINASE SUBSTRATE (PKS) genes are present in all angiosperms. It is predicted
that duplication in the ancestral angiosperm PKS gene gave rise to the clades PKS4, where evolution
was more constrained, and PKS1/2/3 (names based on the Arabidopsis thaliana genes). Later
divergence gave rise to the clades PKS3 and PKS1/2, the last one splitting into PKS1 and PKS2 within
Brassicaceae. A. thaliana includes 4 PKS genes, among which PKS4 and PKS1 are important for
hypocotyl orientation in response to light, while PKS3 and PKS2 are important for leaf flattening and
movement. Although A. thaliana PKS divergence can be explained by changes in their expression
patterns, it is unknown whether there is also a functional diversification in their coding sequence. Our
data show that PKS1 conserves the function of PKS4 while PKS2 and PKS3 functionally diverged.
Moreover, PKS2 showed a different subcellular localization than PKS1 and PKS4, which are
associated with the plasma membrane to function in phototropin and phytochrome signaling.
Moreover, we provide evidence that PKS4 from the basal angiosperm Amborella trichopoda can
partially function as A. thalianaPKS4, suggesting functional conservation across evolution.
Additionally, our work shows that PKS4 is required to promote phototropism in Brachypodium

distachyon, additionally suggesting deep conservation of PKS function in monocots.
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INTRODUCTION

Gene families evolve through the processes of speciation, gene duplication, and horizontal gene
transfer leading to the appearance of genes related by common ancestry, also called homologs, that
are mainly classified into orthologs and paralogs. Orthologs are pairs of genes that started diverging
via speciation, while paralogs are pairs of genes that started diverging via gene duplication (Fitch,
1970). Moreover, the connotation homoeologs appeared later to refer to pairs of genes in the same
species that started diverging via speciation and were brought back together in the same genome via
hybridization and genome doubling, which often occurred in genomes of plant species through the
course of evolution (Glover et al., 2016).

The Orthologous Matrix (OMA) browser uses an algorithm to infer orthologs, paralogs, and
homoeologs by considering all-against-all alignments between all the genomes in addition to taking
into account evolutionary processes such as gene duplication, differential gene loss, chromosomal
rearrangements, and genes movements (Glover etal., 2016, Altenhoff et al., 2017, Glover et al., 2021).
Therefore, combined with experimental data, OMA can be useful to reconstruct the functional
evolutionary story of plant gene families. The study of the plant-specific BRX protein family in root
development represents a great example of functional validation where the most ancient BRX
ortholog and the Arabidopsis thaliana (A. thaliana) BRX family members were tested for subcellular
localization and functional complementation potential in the brx mutant (Briggs et al., 2006, Beuchat
etal., 2010, Marhava etal., 2020, Koh et al., 2021).

OMA and other plant genome databases identified PKS ortholog and paralog genes that were present
in all angiosperms. PKS phylogenetic studies predict that one PKS gene was present in the ancestral
spermatophyte preceding a duplication in the ancestral angiosperm to form two copies: PKS4 and

PKS1/2/3 (names based on A. thaliana genes). Additionally, after the basal angiosperms divergence,
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it was predicted that another duplication occurred giving rise to PKS1/2 and PKS3, and an additional
Brassicaceae-specific duplication happened to give rise to PKS1 and PKS2. The length of the
phylogenetic tree branches suggests that evolution in the PKS4 clade is more constrained than in the
PKS1/2/3 clade. The PKS4 gene was present in all analyzed monocots and dicots. Moreover, while
eudicots typically possess an additional PKS3 and PKS1- like gene (the last one including PKS1 and
PKS2 in Brassicaceae), monocots include a diverse number of additional PKS genes (Vazquez et al.,
2022).

PKS gene expression patterns in A. thaliana correlate with their importance in phototropin (phot)-
mediated growth responses. Thereby, PKS1 expresses in the root, where it functions in root
phototropism (Boccalandro et al., 2008). Moreover, PKS2 and PKS3 are rather expressed in leaves,
where they are important for leaf movement and flattening, while PKS1 and PKS4 are expressed in
the hypocotyl elongation zone, where they are important for hypocotyl growth orientation (Lariguet
et al., 2003, Lariguet et al., 2006, Schepens et al., 2008, de Carbonnel et al., 2010, Kami et al., 2014,
Legris et al.,, 2021) (Legris Martina, personal communication). PKS4 functions at the plasma
membrane (PM) to mediate hypocotyl phototropism by leading to an auxin gradient across the
hypocotyl in response to unilateral blue light (BL) (Lariguet et al., 2006, Demarsy et al., 2012, Kami
et al., 2014a, Schumacher et al., 2018, Vazquez et al., 2022). Although PKS1 and PKS3 are also
localized at the PM, their capability to function as PKS4 remains elusive (Legris Martina, personal
communication) (Lariguet et al., 2006, Vazquez et al., 2022). Here, we compared the subcellular
localization of the A. thaliana members that belong to the same clade: PKS1 and PKS2, and used
complementation of the pks4 mutant, which is defective in phototropism and inhibition of
gravitropism, to test the PKS members’ potential to function as PKS4. We additionally tested the
complementation of the PKS4 orthologs from a basal angiosperm and a monocot and further provided

data suggesting that the function of PKS4 in phototropism is conserved in monocots.
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RESULTS

PKS1 retains the function of PKS4 at the plasma membrane to promote hypocotyl growth

orientation

A. thaliana possesses 4 PKS genes (PKS1-PKS4), among which PKS4 and PKS1 are the most
important ones to promote hypocotyl growth orientation during early seedlings establishment, while
PKS2 and PKS3 are more important for other adaptative responses such as leaf flattening. The
diverse PKS expression patterns correlate with their importance in different light-mediated
responses, suggesting that functional diversification could be due to changes in the expression
patterns (Lariguet et al., 2003, Boccalandro et al., 2008, Schepens et al., 2008, de Carbonnel et al.,
2010, Kami et al., 2014). Additionally, we wondered whether there is a functional diversification
in the coding sequence (CDS) of the PKS genes. To address that question, we used complementation
of pks4, which is defective in hypocotyl phototropism and phytochrome (phy)-mediated inhibition
of gravitropism (Schepens et al., 2008, Kami et al., 2014a). Then, we generated transgenic pks4
plants expressing the PKS1, PKS2, and PKS3 CDS from a 1.5 kb PKS4 promoter to control the
expression of the transgene, PKS tagged with a carboxyl-terminal triple HA. We selected a few
independent single insertion lines expressing the protein of interest comparable to the wild-type
PKS4-HA control lines WT-3 and WT-2 (Figure 1A), whose PKS4-HA protein levels were similar
or lower to endogenous PKS4 respectively (Schumacher et al., 2018). The three pks4 lines
expressing PKSL1 could rescue the pks4 phenotype in phototropism (Figure 1B), comparable to the
PKS4 WT-3 line (Schumacher et al., 2018, Vazquez et al., 2022), which demonstrates that PKS1
can function as PKS4 in phototropism. However, none of the independent selected pks4 lines
expressing PKS2 nor PKS3 could complement the pks4 phenotype as the PKS4 WT-2 line did,

suggesting that PKS2 and PKS3 cannot function as PKS4 and PKS1 when they are expressed from
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the PKS4 promoter (Figures 1C and 1D). Additionally, we observed that lines 1 and 2 expressing

PKS2 aggravated the pks4 phenotype, suggesting that expression of PKS2 might interfere with the

molecular mechanism underlying phototropism (Figure 1C). Although less pronounced, lines 1 and

2 expressing PKS3 also led to a worse phenotype than pks4 (Figure 1D), which also suggests an

interference of PKS3 with the molecular system.
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Figure 1. PKS1 but not PKS2 and PKS3 can complement the phototropic defect of pks4 mutants.
(A) Western blots probed with an anti-HA antibody from pks4-2 PKS4-3 and pks4-2 PKS1 (-1, -2,
and -3), pks4-2 PKS4-2, and pks4-2 PKS2 (-1 and -2), and pks4-2 PKS4-2, and pks4-2 PKS3 (-1, -2,
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and -3) samples of 3- day- old dark-grown seedlings. The same membranes were probed with an anti-
DET3 antibody as a loading control. (B) Phototropic curvature of 3-day-old dark-grown Col-0, pks4-
2, pks4-2 PKS4-3, and pks4-2 PKS1 (-1, -2, and -3) lines treated with BL coming from one side. (C)
Phototropic curvature of 3-day-old dark-grown Col-0, pks4-2, pks4-2 PKS4-2, and pks4-2 PKS2 (-1
and -2) lines treated with BL coming from one side. (D) Phototropic curvature of 3-day- old dark-
grown Col-0, pks4-2, pks4-2 PKS4-2, and pks4-2 PKS3 (-1, -2, and -3) lines treated with BL coming
from one side. In (B), (C), and (D) seedlings were exposed to 0.1 pmol m-2 s-1 BL for 24h before
measurement of growth reorientation. For each experiment, n= 25 — 55, means with the same letter

are not significantly different (p > 0.01, two-way ANOVA with Tukey’s HSD test).

We then analyzed hypocotyl gravitropism in darkness and observed that Col-0, pks4, and all
transgenic lines expressing PKS1, PKS2, or PKS3 showed a comparable response (Figures 2A, 2B,
and 2C), confirming that the observed phototropic phenotype of the lines expressing the different A.
thaliana PKS genes from the PKS4 promoter is light-dependent. Moreover, to determine whether
PKS1, PKS2, and PKS3 can complement the pks4 phenotype in phy signaling we analyzed light-
induced inhibition of hypocotyl gravitropism by analyzing the hypocotyl growth orientation relative
to the vertical in response to 30 umol m2 s-1 of continuous RL (Schepens et al., 2008). We observed
that the control PKS4 WT-3 line rescued the pks4 phenotype as previously shown (Vazquez et al.,
2022) and that the pks4 lines expressing PKS1 could similarly rescue it (Figure 3A), showing that
PKS1 can function as PKS4 in response to RL. We additionally observed that the PKS4 WT-2 line
complemented as the PKS4 WT-3 did, however, the lines expressing PKS2 or PKS3 showed a
phenotype similar to pks4 and phyB, showing that PKS2 and PKS3 cannot complement pks4 in
response to RL (3C). Altogether our data indicate that PKS1 can complement pks4 in phy and phot

signaling, while PKS2 and PKS3 cannot do it.
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Figure 3. PKS1 but not PKS2 and PKS3 can complement the defect of pks4 in light-induced inhibition
of hypocotyl gravitropism. (A) Hypocotyl growth orientation of Col-0, pks4-2, pks4-2 PKS4 WT-3,
and pks4-2 PKS1 (-1, -2, and -3), (B) Col-0, pks4-2, pks4-2 PKS4 WT-2, pks4-2 PKS2 (-1 and -
2), and (C) phyB-9, and Col-0, pks4-2, pks4-2 PKS4WT-2, and pks4-2 PKS3 (-1, -2, and -3) seedlings
growing in continuous 30 pmol m-2 s'1 RL. Seedlings were kept for 24h in darkness before 4 days of
RL treatment following measurement of growth orientation. 0° represents vertical growth and an
average of 90° represents a random distribution. We consider the absolute value of the angle, no
matter if the seedling bends towards the left or the right side. n= 70 — 80, means with the same letter
are not significantly different (p > 0.01, two-way ANOVA with Tukey’s HSD test).
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PKS1, PKS2, and PKS4 form a protein complex with the PM-localized phot and NPH3 (Lariguet et
al., 2006, de Carbonnel et al., 2010, Schumacher et al., 2018). Given that PKS4 needs to be effectively
attached to the PM to functionally mediate hypocotyl growth orientation in response to light
(Schumacher et al., 2018, Vazquez et al., 2022), we wondered whether the subcellular localization of
the other PKS members might explain the complementation potential of pks4 when the different PKS
genes are expressed from the PKS4 promoter. To answer this question, we compared the subcellular
localization of 35S promoter-driven PKS1 and PKS2 fused to GFP in root, hypocotyl, and hook
epidermal cells. We observed that, as previously reported (Lariguet et al., 2006, Vazquez et al., 2022),
PKSL1 localized to the PM in hook epidermal cells (Figure 4A top panel). Moreover, PKS1 also
localized to the PM in the hypocotyl and root tissues (Figure 4A top right and middle panels),
confirming that PKS1 generally associates with the PM. However, we found that PKS2 was mainly
localized at the nucleus and cytoplasm in the epidermal root, hypocotyl, and hook cells (Figure 4A
bottom panel). Collectively, our data suggest that PKS1 can complement pks4 and is localized at the
same place as PKS4, while PKS2 cannot complement pks4 and it appears localized in different

subcellular compartments.
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Figure 4. PKS1 localizes to the PM while PKS2 mainly localizes at the nucleus and cytosol. (A)
Confocal microscopy images of roots, hypocotyls, and hooks from 3-day-old transgenic dark-grown
seedlings expressing PKS1-GFP (top) and PKS2-GFP (bottom) from the 35S promoter. Scale bar: 50

pm.

A. trichopoda PKS4 localizes at the plasma membrane and can complement pks4 in response to red

light in A. thaliana

Phylogenetic studies revealed that all the angiosperms, including the most basal ones, already
possess at least 2 PKS genes, one belonging to the PKS4 clade and the rest belonging to the
PKS1/2/3 clade. Given these studies suggest a more constrained evolution in the PKS4 clade than
in the PKS1/2/3 clade (Vazquez et al., 2022), we first wondered if the PKS4 function has been

conserved across evolution. To address that question, we used the complementation of pks4 with
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the PKS4 ortholog from the basal angiosperm Amborella trichopoda (A. trichopoda) and the
monocot Brachypodium distachyon (B. distachyon). We generated transgenic A. thaliana pks4
plants expressing an A. thaliana codon optimized CDS of A. trichopoda PKS4 from a 1.5 kb PKS4
promoter to control the expression of the transgene, A. trichopoda PKS4 tagged with a carboxyl-
terminal triple HA. Then, we selected a few independent single insertion lines expressing A.
trichopoda PKS4 (termed PKS4 Amt lines) comparable to the wild-type PKS4-HA control line WT-
2 (here named as At-2 for consistency with the rest of the nomenclatures) (Figure 5A), whose
PKS4-HA protein levels were lower to endogenous PKS4 (Schumacher et al., 2018). We found that
none of the three independent PKS4 Amt1-3 lines could complement the pks4 phenotype as the At-
2 did (Figure 5B), showing that A. trichopoda PKS4 does not work on promoting phototropism in
A. thaliana. Similarly, we tested three independent A. thaliana pks4 lines expressing an A. thaliana
optimized CDS of B. distachyon PKS4 (termed PKS4 Bd lines) and found that none of these lines
could complement the pks4 phenotype as the PKS4 At-2 did (Figure 5C). The expression levels
of B. distachyon PKS4 were equal to or higher than the PKS4 At-2 complementing line (Figure 5D),
suggesting that the lack of complementation is not due to a lower expression of the B. distachyon
PKS4. Moreover, the PKS4 Bd lines showed a much more severe phenotype than pks4, suggesting
that the expression of B. distachyon PKS4 in A. thaliana strongly interferes with the molecular

mechanism promoting phototropism.
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Figure 5. Expression of A. trichopoda and B. distachyon PKS4 does not rescue the phototropic defect
of the pks4 mutants in A. thaliana. (A) Western blot probed with an anti-HA antibody from pks4-2,
pks4-2 A. thaliana PKS4 (At-2), and pks4-2 A. trichopoda PKS4 (Amt-1, -2, and -3) sample s of 3-
day- old dark-grown seedlings. The same membrane was probed with an anti-DET3 antibody as a
loading control. (B) Phototropic curvature of 3-day-old dark-grown Col-0, pks4-2, pks4-2 A. thaliana
PKS4 (At-2), and pks4-2 A. trichopoda PKS4 (Amt-1, -2, and -3) lines treated with BL coming from
one side. (C) Phototropic curvature of 3-day-old dark-grown Col-0, pks4-2, pks4-2 A. thaliana PKS4
(At-2), and pks4-2 B. distachyon PKS4 (Bd-1, -2, and -3) lines treated with BL coming from one side.
In (B) and (C) seedlings were exposed to 0.1 umol m-2 s-1 BL for 24h before measurement of growth
reorientation. For each experiment, n= 25 — 55, means with the same letter are not significantly
different (p > 0.01, two-way ANOV A with Tukey’s HSD test). (D) Western blot probed with an anti-
HA antibody from pks4-2, pks4-2 A. thaliana PKS4 (At-2), and pks4-2 B.
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distachyon PKS4 (Bd-1, -2, and -3) samples of 3- day- old dark-grown seedlings. The same membrane
was probed with an anti-DET3 antibody as a loading control.

To check whether the expression of A. trichopoda and B. distachyon PKS4 in A. thaliana affects the
hypocotyl growth orientation independent of light, we analyzed hypocotyl gravitropism in darkness
and observed that the WT, pks4, and all transgenic lines expressing A. trichopoda or B. distachyon
PKS4 showed the same response (Figures 6A and 6B), which confirms that the observed phenotypes

in the hypocotyl orientation are solely due to light.
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Figure 6. Expression of A. trichopoda and B. distachyon PKS4 in A. thaliana does not alter hypocotyl
gravitropism in dark-grown seedlings. (A) Hypocotyl growth orientation of 3-day-old Col-0, pks4-2,
pks4-2 A. thaliana PKS4 (At-2), and pks4-2 A. trichopoda PKS4 (Amt-1, -2, and -3) and (B) Col-0,
pks4-2, pks4-2 A. thaliana PKS4 (At-2), and pks4-2 B. distachyon PKS4 (Bd-1, -2, and -3) dark-
grown seedlings. 0° represents vertical growth and an average of 90° represents a random distribution.
We consider the absolute value of the angle, no matter if the seedling bends towards the left or the
right side. n= 45 — 60, means with the same letter are not significantly different (p > 0.01, two-way
ANOVA with Tukey’s HSD test).
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To determine whether A. trichopoda and B. distachyon PKS4 can complement the pks4 phenotype
in phy signaling in A. thaliana, we analyzed light-induced inhibition of hypocotyl gravitropism as
we did for the A. thaliana PKS members. Surprisingly, we found that the PKS4 Amt lines rescued the
pks4 phenotype in A. thaliana, as the control PKS4 At-2 line did (Figure 7A). Only the PKS4 Amt-1
line showed an intermediate phenotype between Col-0 and pks4, which might be because the
expression levels of this line were lower than the PKS4 At-2 line (Figure 5A), which had already
lower expression levels compared to the endogenous PKS4 (Schumacher et al 2018). This shows that
A. trichopoda PKS4 can function as A. thaliana PKS4 in RL-induced inhibition of hypocotyl
gravitropism. On the contrary, when we tested the PKS4 Bd lines in A. thaliana, we found that none
of the three lines could complement the pks4 phenotype in response to RL (Figure 7B), suggesting

that B. distachyon PKS4 cannot function as A. thaliana PKS4 in phototropism in A. thaliana.
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Figure 7. A. trichopoda PKS4 complements the defect of pks4-2 in inhibition of gravitropism in A.
thaliana while B. distachyon PKS4 does not. (A) Hypocotyl growth orientation of Col-0, pks4-2,
pks4-2 A. thaliana PKS4 (At-2), and pks4-2 A. trichopoda PKS4 (Amt-1, -2, and -3) and (B) Col-0,
pks4-2, pks4-2 A. thaliana PKS4 (At-2), and pks4-2 B. distachyon PKS4 (Bd-1, -2, and -3) seedlings

growing in continuous 30 umol m-2 s RL. Seedlings were kept for 24h in darkness before 4 days of
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RL treatment following measurement of growth orientation. 0° represents vertical growth and an
average of 90° represents a random distribution. We consider the absolute value of the angle, no
matter if the seedling bends towards the left or the right side. n= 70 — 80, means with the same letter
are not significantly different (p> 0.01, two-way ANOVA with Tukey’s HSD test).

Our data showing that A. trichopoda PKS4 can rescue the function of pks4 in response to RL but
not to BL and that B. distachyon PKS4 cannot rescue any of the PKS4 function in A. thaliana led us
to check the subcellular localization of A. trichopoda and B. distachyon PKS4 in A. thaliana. We
made A. trichopoda and B. distachyon PKS4 (A. thaliana codon optimized CDS) GFP fusion
constructs driven by the 35S promoter and analyzed stably transformed seedlings. We found that
while A. trichopoda PKS4 localized to the PM as A. thaliana PKS4, B. distachyon PKS4 mainly
localized to the nucleus and cytoplasm (Figure 8A). These data suggest that A. trichopoda PKS4 can
bind to the PM where A. thaliana PKS4 functions and can efficiently complement the pks4 function
in response to RL, although it cannot complement in response to BL. Moreover, B. distachyon PKS4
cannot effectively associate with the PM or complement the pks4 phenotype in response to red nor

blue light.
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At PKS4 Amt PKS4 Bd PKS4

Figure 8. A. trichopoda PKS4 localizes at the PM in A. thaliana while B. distachyon PKS4 localizes
at the nucleus and cytosol. (A) Confocal microscopy images of roots (top) and hypocotyls (bottom)
from 3-day-old transgenic dark-grown A. thaliana seedlings expressing A. thaliana PKS4- GFP, A.
trichopoda PKS4-GFP, and B. distachyon PKS4 -GFP from the 35S promoter. Note that these lines
also show remaining oily bodies (in magenta) resulting from the expression of OLE1- RFP from the

OLEL1 promoter, used as a seeds coats selection marker. Scale bar: 50 pm.

The function of PKS4 in phototropism is conserved in B. dystachion

Given that the expression of B. distachyon PKS4 from the PKS4 promoter in A. thaliana could not
rescue the pks4 phenotype, we wondered whether B. distachyon PKS4 is still important to promote
phototropism but it does not work in the A. thaliana molecular system or whether PKS4 does not have
an important function in phototropism in B. distachyon. To address that question, we generated three

independent B. distachyon CRISPR mutant lines in Bradi2g09750v3 (BdPKS4). Bdpks4-1 lacked the
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CDS comprising the nucleotides from 1-26 and from 1565 to 1573, and Bdpks4-2 and Bdpks4-3 had
both the same mutational event: T nucleotide insertion in the position 20 that causes an ORF shift
and a premature STOP codon (Figure 9A). This suggests that in Bdpks4-1 the B. distachyon PKS4
protein is not produced and in the Bdpks4-2 and Bdpks4-3 lines a very small protein might be

produced. We first tested etiolated WT (Bd21-3) and Bdpks4-2 coleoptiles for phototropism in

response to 24h unilateral low BL (LBL) (0.1 pmol m-2 s-1) as we did for the previous phototropic
experiments shown in this study. We found that Bd21-3 bended towards the BL source with an
average angle of 70 degrees (Figure 9B top panel), which is close to the 80 degrees’ average angle
that A. thaliana WT hypocotyls usually showed after 24h in this study (Figures 1 and 5). Moreover,
we found that the Bdpks4-2 line was significantly impaired in this response, showing almost no
bending after 24h unilateral LBL (Figure 9B bottom panel). Then, we tested the three independent
Bdpks4 lines together with Bd21-3 for phototropism in bigger-scale experiments, and we found that
the three independent mutant lines were notably impaired in phototropic bending in response to LBL
compared to the WT (Figure 9C). These data indicate that the function of PKS4 in phototropism is

conserved in B. distachyon.
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representation of the PKS4 CRISPR mutant independent lines Bdpks4-1, Bdpks4-2, and Bdpks4-3
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and consequences in protein translation. (B) Pictures showing Bd21-3 (WT) and Bdpks4-2 5-day-
old dark-grown coleoptiles after 24h treatment with 0.1 umol m-2 s-1 BL coming from one side. (C)
Phototropic curvature of 5-day-old dark-grown Bd21-3, Bdpks4-1, Bdpks4-2, and Bdpks4-3 lines
treated with BL coming from one side. Seedlings were exposed to 0.1 pmol m-2 s-1 BL for 24h
before measurement of growth reorientation. n= 10 — 20, means with the same letter are not
significantly different (p > 0.01, two-way ANOVA with Tukey’s HSD test). (D) Coleoptiles
elongation of the Bd21-3, Bdpks4-1, Bdpks4-2, and Bdpks4-3 lines for phototropism in response
to 0.1 pmol m-2 st BL coming from one side. The length of the coleoptiles assayed in C was
measured at times 0 and 24h after the BL treatment and the subtracted values were represented. n=
10 — 20, means with the same letter are not significantly different (p > 0.01, two-way ANOVA with
Tukey’s HSD test). (E) Coleoptile growth orientation of 5-day-old Bd21-3, Bdpks4-1, Bdpks4-2,
and Bdpks4-3 dark-grown seedlings. 0° represents vertical growth. We consider the absolute value
of the angle, no matter if the seedling bends towards the left or the right side. n= 10 — 20, means
with the same letter are not significantly different (p > 0.01, two-way ANOVA with Tukey’s HSD
test).

To confirm that the bending phenotype that we observed in the three Bdpks4 lines is due to
unresponsiveness to the light treatment and not because of a difference in coleoptile elongation due
to the BL treatment, we measured the coleoptile elongation of these lines during the phototropic
experiment. Then, we subtracted the coleoptile length at the start of the experiment from the coleoptile
length after 24h of BL treatment. We found no significant difference in the Bdpks4 lines elongation
compared to Bd21-3 (Figure 9D), corroborating that the mutations in BAPKS4 lead to a defect in
phototropism in B. distachyon. We also measured the coleoptile gravitropism angle in the WT and
the three Bdpks4 lines in the darkness and we found that all the lines showed the same response (Figure
9E), suggesting that BAPKS4 is not involved in coleoptile gravitropism in B. distachyon. Additionally,
we tested coleoptile bending in response to higher BL intensity (10 pmol m-2 s-1). We found that

while Bd21-3 bent toward the light source with an average angle of around 60 degrees after 24h, the
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Bdpks4 lines were significantly impaired (Figure 10A), showing an average bending angle similar to
that in response to LBL. As we did when we tested phototropism in response to LBL, to confirm that
the bending phenotype that we observed in the three Bdpks4 is not due to a reduced coleoptile growth
in the Bdpks4 lines, we measured the coleoptile elongation during the phototropic experiment in
response to higher BL and we found no significant difference among them (Figure 10B). Collectively

these data show that the function of PKS4 in phototropism in young seedlings is conserved in B.

distachyon.
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Figure 10. The PKS4 function in phototropism is conserved also in response to higher light fluence.
(A) Phototropic curvature of 5-day-old dark-grown Bd21-3, Bdpks4-1, Bdpks4-2, and Bdpks4-3 lines
treated with 10 umol m2 s1 BL coming from one side for 24h before measurement of growth
reorientation. n= 10 — 20, means with the same letter are not significantly different (p > 0.01, two-
way ANOVA with Tukey’s HSD test). (B) Coleoptiles elongation of the Bd21-3, Bdpks4-1, Bdpks4-
2, and Bdpks4-3 lines for phototropism in response to 10 pmol m-2 s-1 BL coming from one side. The
length of the coleoptiles assayed in E was measured at times 0 and 24h after the BL treatment and the
subtracted values were represented. n= 10 — 20, means with the same letter are not significantly
different (p > 0.01, two-way ANOVA with Tukey’s HSD test).
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DISCUSSION

PKS4 function is conserved in Brachypodium dystachion

Numerous studies have addressed the importance of the A. thaliana PKS genes, however, the
importance of PKS from other organisms had not been investigated to date (Kami et al., 2014a, de
Carbonnel et al., 2010, Legris et al., 2021). Although phototropism has been previously studied in
monocots, here we showed for the first time that B. distachyon, phylogenetically close to the cereal
crops, can efficiently perform phototropic curvature in response to unilateral LBL (Figure 9B)
(Salomon et al., 1997). Given that they are predicted to be related by common ancestry, we
hypothesized that B. distachyon PKS4 (Bd PKS4) has a similar biological function to A. thaliana
PKS4. To test that, we generated independent knock-out and loss-of-function mutant lines in B.
distachyon (BdPKS4) using CRISPR and we found that phototropism was significantly impaired in
all the tested BdPKS4 mutant lines compared to the WT (Figure 9B, C, and 10A). Moreover,
gravitropism in darkness remained unaltered in the BdPKS4 lines compared to the WT, indicating
that, as in A. thaliana, PKS4 function in stem orientation is light-dependent (Figure 9E) (Vazquez et
al., 2022). This, together with the fact that the NPH3 ortholog COLEOPTILE PHOTOTROPISM1
(CPT1) in rice is required for auxin distribution across the coleoptile in response to unilateral BL
stimulation, suggests that the molecular mechanisms underlying asymmetric auxin redistribution in
response to phot activation are conserved in monocots (Haga et al., 2005). Moreover, coleoptile
elongation of the BAPKS4 lines was comparable to WT after the phototropic experiment, suggesting
that, as A. thaliana PKS4, Bd PKS4 is not involved in BL- mediated stem growth inhibition (Figures
9D and F) (Folta and Spalding, 2001, Demarsy et al., 2012, Pedmale et al., 2016). Further
complementation analysis by expressing Bd PKS4 from its promoter in these defective BAPKS4

mutant lines would confirm functional conservation.
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However, we found that Bd PKS4 could not complement the A. thaliana pks4 phenotype in
phototropism nor inhibition of gravitropism and it severely aggravated the pks4 phototropic
phenotype (Figure 5C, 6B, and 7B). These data suggest that Bd PKS4 divergence does not allow it to
function in A. thaliana and it further interferes with A. thaliana molecular system leading to
phototropism. Although Bd PKS4 shares the conserved Cysteine (Cys) amino acids in motif C, it
seemed to be mainly localized to the nucleus and cytosol when it was expressed in A. thaliana (Figure
8), which might explain why Bd PKS4 cannot complement pks4 in A. thaliana (Vazquez et al., 2022).
Nevertheless, we do not know whether Bd PKS4 functions at the PM in B. distachyon as At PKS4
does in A. thaliana. Future confocal observation of plants expressing Bd PKS4 translational reporters
from the endogenous promoter in B. distachyon might answer this question.

Ancestral PKS function correlates with localization at the PM

Given that they are predicted to originate from the same gene in the common ancestor and share all
the conserved PKS protein motifs, we hypothesized that the PKS4 ortholog from one of the most basal
angiosperms, A. trichopoda (Ambt PKS4), may have a similar biological function to A. thaliana PKS4
(Vazquez et al., 2022). We found that, despite having appeared later in evolution than phot, Ambt
PKS4 could not complement the pks4 phenotype in phototropism (Figure 5B) (Christie et al., 2018).
However, Ambt PKS4 complements the pks4 phenotype in the inhibition of gravitropism in response
to red light (RL) (Figure 7A), suggesting PKS functional conservation in phy signaling. The different
phot and phy predicted gene duplication story might explain the differential complementation
potential of Ambt PKS4 in response to BL and RL in A. thaliana (Li and Mathews, 2016). Our data
additionally support the idea of the independence of the signaling events leading to phototropism and
inhibition of gravitropism (Lariguet and Fankhauser, 2004, Liscum et al., 2014). However, more
studies addressing the importance of PKS proteins in A. trichopoda will help to understand PKS

functional evolution.

115



To determine whether the complementation potential of the Ambt PKS4 correlates with changes in its
subcellular localization, we tested its localization as C-terminal GFP fusions in A. thaliana. We
observed that Ambt PKS4 was localized in the cell periphery, similar to A. thaliana PKS4 (Figure 8).
Collectively, given that A. trichopoda is the sister species to the rest of the angiosperms, our data
suggest deep conservation of the association of the ancestral PKS with the cell periphery for biological
activity (Soltis etal., 2008).

PKS4 function is conserved in PKS1 but diverged in PKS2 and PKS3 in Brassicaceae

We found that the expression of A. thaliana PKS1 from the PKS4 promoter can complement the pks4
phenotype in phototropism and inhibition of gravitropism (Figures 1B and 3A), suggesting that in
addition to being expressed in the hypocotyl as PKS4, PKS1 can perform the same function (Lariguet
et al., 2003, Schepens et al., 2008). On the contrary, we observed that the expression of PKS2, which
is predicted to be the closest homolog to PKS1, could not complement the pks4 phenotype in
phototropism nor inhibition of gravitropism, making the phenotype worse especially in phototropism
(Figures 1C and 3B) (Vazquez et al., 2022). This suggests that PKS2, which is expressed in the leaves
in addition to the hypocotyl, has also functionally diverged in the CDS and does not retain the same
function as PKS1 and PKS4 (Lariguet et al., 2003). Our confocal microscopy observations of lines
overexpressing PKS C-terminal GFP fusions revealed that while PKS4 and PKS1 were localized at
the PM, PKS2 was mainly localized to the cytosol and nucleus (Figure 4) (Lariguet et al., 2006,
Schumacher et al., 2018, Vazquez et al., 2022). This suggests that the divergence of PKS2 additionally
involved changes in the PKS2 protein subcellular localization, which might explain why PKS2 cannot
complement pks4. Nevertheless, we should not exclude the possibility that a small fraction of PKS2
is associated with the PM and/or with other endomembrane compartments, which might explain the
fact that PKS2 can be found in a protein complex with the PM-associated proteins PKS1, PKS4,

phot, and NPH3 (Lariguet et al., 2006, de Carbonnel et al., 2010, Demarsy et al., 2012, Preuten et
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al., 2015, Vazquez et al., 2022). Doing a molecular evolution study aimed at finding Single Nucleotide
Polymorphisms (SNPs) distinguishing PKS1 and PKS2 might give us some hints about amino acids
that led to the functional diversification of PKS2 in Brassicaceae.

Moreover, the expression of PKS3, whose clade is predicted to have split from the PKS1/2/3 clade
after the divergence of the basal angiosperms, could not complement the pks4 phenotypes either
(Figures 1D and 3C) (Vazquez et al., 2022). Given that PKS3 expression is mainly restricted to the
leaf, this suggests that in addition to changes in the expression patterns, PKS3 divergence includes
functional changes in the CDS (Legris Martina, personal communication). Although we did not show
it in this work, it seems that the divergence of PKS3 does not include changes in subcellular
localization, given that PKS3 appeared mainly associated with the PM (Legris Martina, personal
communication). Curiously, conserved Cys amino acids in PKS3 motif C did not appear among the
identified s-acylated Cys amino acids in the A. thaliana s-acylation atlas (Kumar et al., 2022),
suggesting that PKS3 conserved Cys in motif C might not be s-acylated. It would be interesting to
test whether these Cys are s-acylated in vivo and if not, investigate whether the association with the
PM might involve a different mechanism other than the s-acylation of the conserved Cys in motif C.
Collectively our functional complementation data together with previous phylogenetic analysis
support that PKS4 and PKS1, which are the representatives of the two main clades in which
angiosperms PKS genes are grouped: PKS4 and PKS1/2/3, conserve the ancestral function of PKS.
However, PKS3 and PKS2 have acquired functional novelty, as it is hypothesized for genes diverged

by duplication events (Conant and Wolfe, 2008).
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METHODS

Plant material

The plants utilized in this study are in the A. thaliana Columbia-0 or the B. distachyon Bd21-
3 ecotypes. The pks4-2 and phyB-9 alleles were utilized in this study (Reed et al., 1993, Schepens
et al., 2008). 35Sp::PKS1-GFP (pCF202) and PKS4p:PKS4-3XHA (pPS9) in pks4-2 were
previously described (Lariguet et al., 2006, Schumacher et al., 2018). For the generation of the
35Sp::PKS2- GFP (pMC21) lines, the PKS2 CDS was amplified with the primers PL21 and
PL18 from the pCF204 and cloned into a modified pPZP212 with basta resistance to which
we added a 35S promoter, GFP and rbcs terminator for C-terminal fusion. For the generation of the
PKS4pro::PKS1-3xHA  lines  (pCF575), PKS4pro::PKS2-3xHA lines (pCF576), and
PKS4pro::PKS3-3xHA lines (pCF577), the PKS4 promoter amplified from the pPS9 construct
(Schumacher et al., 2018) with the primers LA25 and LA26 was assembled by Gibson assembly
with the PKS1 CDS amplified from the pCF202 with the primers LA24 and LA18 into the pCF398*
previously digested with the restriction enzymes Hindlll and BamHI. For the generation of the
PKS4pro::PKS2-3xHA lines (pCF576), the PKS4 promoter amplified from the pPS9 construct
(Schumacher et al., 2018) with the primers LA25 and LA29 was assembled by Gibson assembly
with the PKS2 CDS amplified from the pMC21 with the primers LA27 and LA28 into the pCF398*
previously digested with the restriction enzymes Hindlll and BamHI. For the generation of the
PKS4pro::PKS3-3xHA lines (pCF577), the PKS4 promoter amplified from the pPS9 construct
(Schumacher et al., 2018) with the primers LA25 and LA32 was assembled by Gibson assembly
with the PKS3 CDS amplified from the pMT12 with the primers LA30 and LA31 into the pCF398*
previously digested with the restriction enzymes Hindlll and BamHI. pMT12 is a pJHOON212

where we introduced via Kpnl a sequence containing a PKS3 promoter region, PKS3 CDS, and 1.2
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kb 3°UTR amplified from the BAC F6A14. For the generation of the PKS4pro::A. trichopoda
PKS4-3xHA (pAL20) lines, a synthetic DNA fragment of 2159 containing the last part of the A.
thaliana PKS4 promoter followed by the A. thaliana codon optimized PKS4 CDS from A.
trichopoda (Supl mat) was ordered from Eurofins® and digested with the restriction enzymes Xhol
and BamHI and replaced in the pPS9 construct previously digested with the same restriction
enzymes for that purpose. Similarly, for the generation of the PKS4pro::B. distachyon PKS4-3xHA
(pAL33) lines, a synthetic DNA fragment of 1703 bp containing the last part of the A. thaliana
PKS4 promoter followed by the A. thaliana codon optimized PKS4 CDS from B. distachyon (Supl
mat) was ordered from Eurofins® and digested with the restriction enzymes Xhol and BamHI and
replaced in the pPS9 construct previously digested with the same restriction enzymes for that
purpose. For the generation of the 35Spro::GFP construct carrying the (pAL73), the GFP sequence
was amplified from the pAL43 (Vazquez et al., 2022) with the primers AL60 and AL61 and cloned
using the In-fusion HD cloning kit (Cat#639649) into the pFR101 previously digested with the
unique restriction site enzyme Sall. For the generation of the 35Spro::A. thaliana PKS4-GFP
(pAL74), 35Spro:: B. distachyon PKS4-GFP (pAL75), and 35Spro:: A. trichopoda PKS4-GFP
(PAL76) lines, the PKS4 CDS was amplified from the pPS9, pAL33, and pAL20, respectively, with
the primers pairs AL62 + AL63, AL64 + AL65, and AL66 + AL67, respectively, and cloned using
the In-fusion HD cloning kit into the pAL73 previously digested with the unique restriction site
enzyme BamHI for that purpose. For the generation of the CRISPR Bdpks4-1, Bdpks4-2, and
Bdpks4-3 mutant lines, the BdPKSa (GGACAGGTACAGAGTGGCGC) and BdPKSc
(GCCGCGTCCACATGCCGGTC) gRNAs were chosen among the gRNAs proposed by Breaking-
Cas (Oliveros et al., 2016) and cloned into the p5Cas via BamHI-Hindlll restriction digest (van der
Schuren et al., 2018). All constructs were sequence verified. A. thaliana transgenic lines were

obtained using Agrobacterium tumefaciens-mediated transformation. Several single insertion
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lines expressing each of them were characterized. The use of fluorescent seeds as a selection marker
also allowed us to perform experiments with large numbers of independent T1 lines. B. distachyon
CRISPR mutant lines were obtained using Agrobacterium tumefaciens-mediated transformation
(Pacheco-Villalobos et al., 2013). Transformants for the CRISPR/Cas9 BdPKS4 construct were
selected on hygromycin as described (Pacheco-Villalobos et al., 2013) with the addition of

600 ug ml-! copper sulfate (CuSO4) to the regeneration media.

Growth conditions

For A. thaliana seeds production, plants were grown on the soil at 22°C with 16h of white light
(WL) per day. For physiological experiments, seeds were surface-sterilized in 70% ethanol and
0.05% Triton-X for 5 min and 100% ethanol for 5 min. Seeds were then sown on Petri dishes
containing half-strength Murashige and Skoog medium, 0.8% agar. Plates were stored in the dark
for 3 days at 4°C for stratification. For dark-grown seedlings experiments, germination was induced
by 4-6 hours of white light (80 umol m-2 s-1) at 22°C, and plates were put on vertically orientated
position back in the dark at 19°C or 22°C for 3 days before light treatment. For inhibition of
gravitropism experiments, germination was induced by 1h of RL (50 pmol m-2 s-1) at 22°C, and
plates were put back in the dark at 22°C for 1 day before light treatment. For B. distachyon seeds
production, plants were grown on the soil at 22°C with 20h of white light (WL) per day. For
physiological experiments, seeds were surface-sterilized in 70% ethanol and 0.05% Triton-X for 30
secs and 1.3% sodium hypochlorite for 4 mins. Seeds were then sown on boxes containing half-
strength Murashige and Skoog medium, 0.7% agar. For dark-grown seedlings experiments,
germination was induced by 1 hour of RL (50 pmol m-2 s'1) at 22°C and boxes were put in the dark

at 22°C for 5 days before light treatment.

Light treatments
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For phototropism experiments, seedlings were irradiated with constant unilateral 0.1 pumol m-2 s1 or
10 pmol m-2 s'1 BL at 22°C for up to 24h. For inhibition of gravitropism, seedlings were grown on
vertically orientated plates for 1 day in darkness at 22°C before the light treatment. Seedlings were

irradiated with constant 30 umol m-2 s-1 RL at 22°C for 3 days.

Hypocotyl measurements and analysis

Plates were pictured using an infra-red CCD camera system at different timepoints. The curvature
angles were calculated by subtracting the average angle of orientation of the upper region (85-95%
of total length) of each hypocotyl to vertical after light treatment determined by a customized
MATLAB script developed in the Fankhauser Lab. The curvature angles in B. distachyon phototropic
experiments were calculated the same way but by subtracting the angle of orientation of the upper
region (85-95% of total length) of each coleoptile to the angle of orientation before the light
treatment. The B. distachyon coleoptile growth was calculated by subtracting the coleoptile length
before the start of the experiment to the coleoptile length at 24h after light treatment. The coleoptile
length was measured using the ‘segmented line’ tool in (Fiji Is Just) ImageJ. One-way ANOVA (aov)
and Compute Tukey’s Honest Significance Differences (HSD.test) [agricolae package] using the R

software were performed. We considered p values <0.01 significant.

Fluorescence microscopy

Confocal microscopy images were taken with an Airy confocal microscope (Zeiss), model LSM 880.
The samples 35Spro::PKS1-GFP, 35Spro::PKS2-GFP, 35Spro::A. thaliana PKS4-GFP, 35Spro::A.
trichopoda PKS4-GFP, and 35Spro::B. distachyon PKS4 -GFP were excited with an Argon laser
(488nm) and detection was done between 495 and 518 nm. In all cases a channel was set to detect
chlorophyll and OLE1-RFP, exciting with the laser used for excitation of the fluorophore of interest,
and detecting between 607 and 691 nm.
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Western blot

Total proteins (80pl 2x Laemmli buffer for 20mg fresh weight; 10ug per lane) were separated on 4-
15% precast polyacrylamide gels and transferred onto nitrocellulose using the Trans-Blot Turbo RTA
Transfer Kit. Anti-HA-HRP monoclonal antibody 3F10 was used at 1/4000 (12013819001, Roche)
and anti-DET3 antibody was used at 1/20000 dilutions (Schumacher et al., 1999) in 1X PBS
containing 0.1% Tween-20 and 5% non-fat milk. Chemiluminescence signals were generated using
Immobilon Western HRP Substrate (Millipore). Signals were detected with a Fujifilm ImageQuant
LAS 4000 mini CCD camera system and quantifications were performed with ImageQuant TL

software (GE Healthcare).

Accession Numbers

The Arabidopsis Genome Initiative numbers for the genes mentioned in this article are as follows:
AT2G02950 (PKS1), AT1G14280 (PKS2), AT1G18810 (PKS3), AT5G04190 (PKS4),

AT5G64330, AMBTC04918 (A. trichopoda PKS4), Bd2g09750 (B. distachyon PKS4).
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SUPLEMENTAL MATERIAL

Supplemental material 1. A. thaliana codon optimized PKS4 CDS from A. trichopoda

ATGGAACGGTATACCGTCAGCGCATCTTTGAATGGTGAATTCCCTTTCAGTCAAAGCAC
TACACACTTGAGAGATGCTTCTTTCTCTTCTTACATTAGCAATCCGCCAGATCCGAAAC
TTCATATCTCGCCCAATAACCTTTCATTGGAGAACCCTCTCTCAGAGTTTAGCCAAATC
CCTAAACTTACTATCTCGTCCAATATCAGTCTCGAAAACCCAGTTAACGAGTCATCACA
AACTCCAAAGCTGACCATCAATTCAAATAATTTGTCACTTCAGAATCCACCTAACGAGT
TCTTTTCCAAACCGAAGTTGACCATTCAGCCAAACTCATTCAGCCTCGAAGATCCTCAC
TCTGAATTTTCCCAGAATCCAAAACTGATAAACAACCCCAACAATCTTACCCTGGAAA
ACCCCATTCCAGCGTCCCTCAGAAAACCGGGGAATGTTGGCAGAACTCGTACCAACTA
TTCTGAAATCTCTATCTTTGATGCGGAGAAGTACTTCAATGGGACCAGCTTGGAGAGAA
TTCCAGAGAAAGGGCTCGTTAGTGAGCTCAGTCGTCCGAAAACAAATGGGGAGAACTT
AAACTTTTCTATTCCAAGGGATTCCTCTGCATCGTCAGCAGATGGATTTAGCCGTAACT
ACCGTAGTGTCTCTTTCCATGCGACTCCAACATCTTCCAGTGAAGCGTCGTGGAACTCA
CAATCAGGCTTGCTATGCAATCCTCCGGGGTCTATATCAGTGACTGTTAGGAATCTTCC
CGTTAAACCACAGAGGAAGGGTGCAAGTAAATGGTCGTTCTCTTGTAGGTGTCCTTGTT
ATGGTAAGAAGTCCGTTGGTGTGAGAGAACGTAAGTCAGAAACGCGTAATGAAGCCTC
TAGTATGGCTGCTTCAACGGAAGGAAGCCCTAGCTCATCCAGAAAGACTTTAGGGCCT
AATGAGAACTCTAACTCCCATGCCTCTGAGAGAGAGAAGAGTCAAGCTAGTGAGACAG
AGATGTCCCATGCATCTGAACGAGAGATGACACAGGCTAGAGGTAGAGAAACGAAAG
TAGTTGCCGGCAAAGTCAAGCCAGCGGGTAATTGGGAAGCACAATCGCCTGAGATTCA
TTTCCGTGCTGAAATAGGCAGAAGAAAGATGAACCCTGATGCTGGATTTTCCTTTCCCA

TTCTTAATCCTATGGCTGGAAAGTTCGCTGGTAAACCTAATGGTCTACCGGAAAAGAG
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AATTGATGACAAACCTAGGGATTCTATAGAGGTGTTTCAGCCGTCTAAGGAGCTTCATG
GGCCACCTGAATTCAGAATCTCTGGTGAGGGATTACGACGATCATTCGGCTTTCCAGCA
AGAGGCCTATTAGACAACGAAAGGGATGACGCTGGTTCAGATAGTTCTTCTGACCTGT
TCGAAATCGAATCATTTTCTACAGGAATTACTAGTTCGCTCTATAATATGAGGGATTCT
CTTGACGAACTATCCTCTTGCACGGGTAGCGAATTTCCGGCTCGTAGATTACCTACCAA
TCCAAACGCCTCGTTCTTCAGGCAAGGACCTCACGAGGAAGCTGTCACACCAAGTGCC
TTAAGTGACTGCTATGAGCCAAGTGAGGCTAGCGTAGAGTGGAGCGTAACAACAGCTG
AGGGTTTTGATAGAGGATCGATATCAAACTTCACAGTTGATGGTTTGGAACGAGTATC
GATAGGAAACTTTAGTGCAGCACCAACGGAATGTGGTGATCCGAAAGTCTTTGGTGTG
AGGGGATACTCTGATACTAGAGCTATAGGAGCAAGCCACAAGTCTAAGAACAAATCTA
AATCCGGATTGCTTTGGTGTAAGTGTGAGAAGGCTGTTAATGTGGTTCCCCAACCTATC
AAAGGAGGACCTGATCGGGCTCATCTAGACAGAGGAATGGGACTTGTTCGGGTGCAGG
AAGTGTGCATTACTGACCCTTCAGCACATGTTAATGGAATTATGGATCGAAGAATGTTG

GCCAGATCACCTTCAGAGCACTTTTCTCGGGCGCTGGCTACTCAT
Supplemental material 2. A. thaliana codon optimized PKS4 CDS from B. distachyon

ATGGATCGATACCGAGTAGCTCCAGCCAGACCGGTTTTCCTTTCATCTGGCGCTACTCA
TCACCACGTTCAAGCTCCACCTCCACCTAGACGTTCTGATGGAGCAGAACTTGACATCT
TTACGGCCGAGAGGTACTTCAATGCCGCAGATGCCACGAAGTATCGTGCTGCATCTGCT
GCAACTCCTGTCCCTGTCGACTCTCCGACTGCTCCGCATTTAGCCATGGATAGCGCGGC
ATCTCAGTCAGGCAGAACAGCTGCTTCTTCCGAAGCTAGTTGGAACTCCAGATCTGGAC
TTCTGGCGTCGAACAATAACAACAACCAGTCAGCATCTGCGCGACAGCAACATGACGG
AAAAGGCGGTTATGGAGGGGTAGGTGTGGGTAACGGAGGTGTTGTAGATGGCACAAG

AGATGAACGATACCACAGAGCTAAGAAACCCGCAGGACAACGGTGGGGACTCTTCTCC
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AGAGTAGATTGTCCTTGTGTGGGTCGTAAAGCCGTGACCGTTGGAGTGGCCTCAGAGC
CACCATCGCCAAGAACGCAACATGCAACTTCCAGTGCGGCTACAGACCAAGAGATTTC
AGCTATCTTCAAAGCGAATCGTCTTTTACTGGCTCCTCCCTCACCCACACATGAACCGG
AACCTAGCACAGCCAAGATCATATCTACCACTGGTAGTTGCACCTTTCTCCTTAGAGCA
AACAACAATAGCGGGATGTTGGCACCACCGGGGCCGAATAAGGTCGCTGCATTTAGGG
CTCCAGATATTGGTAGACGGGTTGTGGTTAGCTCCTCAGGAGCAGTAGGGTTTACGTTC
CCCGTGATTGGACCAGCAACCAACGTCGTCATTGATGAACCTCCTAGAGAGTCACTTG
AAGTTTTCCGTCCTATAGACGAGGACAGTGTCCTCTTAGCGGATGAACCTCCACCTCGT
CCTCCATCTCTATCTGCTCCCGGAGCTTTTCTACGTGCGCCTGTTTTGGCAACAGCTGAA
GAAGATGCCATGAGTGATGCTTCGAGTGACTTGTTTGATTTGGAGTCATTTGCGGCTAG
CTCCTCTTACCCGACTACATGTAGAGGTGGGAGGGGTTCATCGAGGCGGAATTCACGA
GAGGAGGATGACAATTTGCCTCCATATGCGGAGGCAATGGCTGCTATGGCTGCAGAGC
CTGCTCTATCGGAATGCATGTATGCCCCATCTGAGGCTTCCGTTGTTTGGTCGGTAGCT
ACTGCCGAAGGTTTTGCACCATACGATGCCGCACCATCTGTGGCTAATTTCAGTAGTGC
AGCAAGCGCTTGTGGGGCAGATGATTTTGCCAGGTTTGTGGTTCAGCCGCCAGCGGCT
GGAGGTGGAGGGTTCACAGCGGCTATGAGTAGATCAGCGGCTGGTAGGAAGAAAGGT
GGAGGTGGATTCCTCAATTCTTGTCGGTGCGAGAAGGCAGTGAGCGTTGGCCCCACTC
CTGTTAGAGTGGCTAGACCAAGACCTCCGGTTCCTGAAGCTAAAACCGCTATGGCTTTC

GAGTCTGGCGGTGCTGCAAGGTATCACCATGGAAGGGTTCATATGCCTGTCAGAACT

Supplemental table 1. Primers used in this study

Name Sequence

ALGO 5’- ctgactctagaggatccgtcgacatgagtaaaggagaagaacttttc -3’
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ALG1

5°- gaacgatctgcaggtcgacttatttgtatagttcatccatgeca -3’

AL62 5’- gacaagctgactctagaggatccaaaaatggcgcaaactactgtca -3’
ALG63 5’- tactcatgtcgacggatccttgecttggtctactcgtca -3’

AL64 5’- gacaagctgactctagaggatccaaaaatggatcgataccgagtage -3’
ALG65 5’- tactcatgtcgacggatccagttctgacaggcatatgaac -3’

AL66 5’- gacaagctgactctagaggatccaaaaatggaacggtataccgtcag -3’
AL67 5’- tactcatgtcgacggatccatgagtagccagcgeecga -3’

LA18 5’- gtatgggtagtcgacggatccctgactataaagaagagatgattg -3’
LA24 5’- aagaagcaaaagatacttcaatggtgacactaacaccatc -3’

LA25 5’-atccaagctcaagctaagctctaagctttaaatagtaatgttctagaatttgg -3°
LA26 5’- gatggtgttagtgtcaccattgaagtatcttttgcttctttttctc -3’

LA27 5’- aagaagcaaaagatacttcaatggtgaccttaacttcatcttc -3’

LA28 5’- gtatgggtagtcgacggatccagtatacaaaaaaggcgattgc -3’
LA29 5’- gatgaagttaaggtcaccattgaagtatcttttgcttctttttctc -3’

LA30 5’- aagaagcaaaagatacttcaatggatgctgaaaagaagagtg -3’
LA31 5’- gtatgggtagtcgacggatccaagaaagctcaagtcttgaatcc -3°
LA32 5’- ctcttcttttcagcatccattgaagtatcttttgettctttttcte -3°

PL21 5’- ggggtaccaaaatggtgaccttaacttcatc -3’

126




PL18

5’- cgggatccgtatacaaaaaaggcegattgc -3°
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ABSTRACT

PHYTOCHROME KINASE SUBSTRATE (PKS) proteins regulate plant growth in response to light.
They control hypocotyl growth orientation by integrating the processes of phytochrome- mediated
inhibition of gravitropism and phototropins (phot)-mediated phototropism. Phototropism arises from
a gradient of photl activation across the hypocotyl, which leads to an increase in growth on the shaded
side of the hypocotyl resulting from asymmetric auxin accumulation. Little is known about the
molecular mechanisms of PKS in this process except that they share six protein motifs (A to F), among
which motif C is required for function and association with the plasma membrane, where PKS form
a protein complex with phot. Here, we show that the conserved protein sequence DLFEIE in PKS
motif D is required for PKS4-mediated hypocotyl phototropism and control of gravitropism in
response to light. Our work identifies six candidates that interact with PKS4 motif D in yeast and
addresses the importance of some of the conserved amino acids for the interactions. We provide
evidence that the central F amino acid is fundamental for all the tested interactions and PKS4
biological activity. Finally, our work suggests that PKS4 and PKS2 interact with members of the

BTB/POZ AND MATH DOMAIN (BPM) family through its MATH domain to control phototropism.
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INTRODUCTION

In A. thaliana, phototropins (photl and phot2) control numerous physiological responses such as
phototropism, leaf positioning and flattening, chloroplast movements, and stomata opening (Christie,
2007). PKS proteins are part of the phototropins complex and are required for the establishment of
several light adaptative growth responses: PKS1 is essential for negative root phototropism while
PKS2 and PKS3 are more important for leaf movement and flattening (Lariguet et al., 2003, Lariguet
et al., 2006, Boccalandro et al., 2008, de Carbonnel et al., 2010, Legris et al., 2021) Moreover, PKS1
and PKS4 are important for hypocotyl phototropism and inhibition of gravitropism (Schepens etal.,
2008, Kami et al., 2014a).

In angiosperms, phototropism arises from a phototropins activation gradient across the hypocotyl in
response to unilateral BL irradiation, which leads to a gradient of concentration of the plant growth
hormone auxin that is accumulated on the shaded side of the hypocotyl. Phototropins form a protein
complex at the plasma membrane (PM) with NPH3 and PKS4, PKS1, and PKS2, however, the
molecular mechanisms of PKS leading to a lateral auxin gradient are not well understood (Goyal et
al., 2013, Legris and Boccaccini, 2020). A. thaliana includes 4 PKS protein family members (PKS1-
PKS4), among which PKS4 is the most important in phototropism, followed by PKS1 and PKS2.
PKS4 and PKS1 promote phototropism in response to LBL, while PKS2 together with PKS1 promote
phototropism in HBL (Kami et al., 2014b). PKS3 does not promote phototropism in response to any
BL fluence (Legris Martina, personal communication). Although it is not required to promote
phototropism in HBL, PKS4 is a negative regulator of the process at higher fluence rates (Kami et al.,
2014a, Schumacher et al., 2018). In addition to phototropism, PKS4 and PKS1 are involved in phy-
mediated inhibition of hypocotyl gravitropism, a process depending on RL and FRL (Schepens et

al., 2008).
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PKS primary amino acid sequence does not reveal any protein domain of a known function. Moreover,
protein structure prediction programs reveal that PKS proteins are expected to be largely intrinsically
disordered, which makes the study of their molecular mechanism a big challenge (Vazquez et al.,
2022). Phylogenetic studies based on protein sequence alignments of all the PKS found in plants
allowed the identification of 6 evolutionary conserved protein motifs that are present in all the existing
PKS proteins (motifs A to F). Structure-function analysis of the PKS motifs C and F revealed the
requirement of PKS4 motif C for PKS4 localization at the PM and function in phototropism and
inhibition of hypocotyl gravitropism, while the PKS4 motif F is not required (Vazquez et al., 2022).
PKS4 associates with the PM through the s-acylation of the conserved Cysteine (Cys) amino acids in
motif C, and this type of lipid-mediated association to the PM is essential for the biological activity
of PKS in mediating hypocotyl growth orientation in response to light (Vazquez et al., 2022).

In this study, we addressed the importance of the rest of the conserved PKS4 motif for function in
phototropism and inhibition of gravitropism. According to the hidden Markov Model-based protein
searches, PKS motif D is related to a conserved sequence in the carboxy terminus of BIG GRAIN
(BG and BG LIKE) proteins (Vazquez et al., 2022). The molecular function of this conserved
sequence is currently unknown, however, as PKS, BG proteins are proposed to regulate auxin
signaling and/or transport, suggesting that this conserved motif might be involved in auxin-mediated
growth regulation (de Carbonnel et al., 2010, Kami et al., 20144, Liu et al., 2015, Mishra et al., 2017).
Interestingly, we found that the PKS4 motif D is essential for PKS4 function while it does not have
an apparent role in bringing PKS4 to the PM, which led us to make a deeper analysis of motif D to
investigate its molecular mechanisms. We further found several candidates that appear to interact with

PKS through motif D and here we followed up on one of them: BPM4.
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RESULTS

The conserved motif D of PKS4 is required for biological activity.

PKS form a protein complex with photl and NPH3 at the PM to promote phototropism, however

little is known about PKS molecular mode of action (Lariguet et al., 2006, Schumacher et al., 2018,

Christie et al., 2018). To determine the functional importance of the rest of the PKS conserved

motifs whose function in hypocotyl growth orientation had not been previously addressed, we used

complementation of pks4, which is defective in phototropism and phytochrome (phy)-mediated

inhibition of hypocotyl gravitropism, as we did for the analysis of motifs C and F (Schepens et

al., 2008, Kami et al., 2014a, Vazquez et al., 2022). First, we analyzed the PKS4 protein motifs

sequence (Figure 1A).

A

A

A motif
A* motif

B motif
B* motif

D motif
D* motif

E motif
E* motif

PKS4 protein sequence

B C D E F

EDTELSIFEARSYFSENGSN
EDTALSIAEARSAASENGSN

FTVGQTASSEASWNSQTGLL

FTVGQTASAAAAWAAQTGAL

DEEATSDASSDLFEIESFST

EYGAAAAAAAVTAAVMTAEP

Figure 1. Illustration of the PKS4 motifs A, B, D, and E and mutant variants. (A) Schematic

representation of the A. thaliana PKS4 protein sequence. The square boxes represent the PKS motifs

(A to F) as described (Vazquez et al., 2022). The length of the boxes and the spaces between them are

proportional to the length of the protein motifs and the spacing among them. (B) Primary structure of
the PKS4 protein motifs A, B, D, and E and the designed variants A*, B*, D*, and E*. Underlined

letters indicate the selected amino acids to be replaced with the ones in red color.
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We selected the highly conserved amino acids of motifs A and B, the highly conserved hydrophobic
and negatively charged amino acids of motif D, and a combination of highly conserved, hydrophobic,
polar, and negatively charged amino acids of motif E. We designed the variants PKS4 A*, B*, D*,
and E* motifs in which the selected amino acids were replaced with Alanine (A) (Figure 1B). We
then tested the functional importance of motifs A, B, D, and E by generating PKS4 motifs A*, B*,
D*, and E* mutants where the selected amino acids were replaced with Alanine and transforming
pks4 mutants as described for the PKS4 C* and F* lines. To test the importance of motifs A and B,
we first selected transgenic lines (PKS4 A*1-2 and PKS4 B*1-4) with protein levels comparable to
the PKS4 WT-3 control line (Figure 2A). We found that both PKS4 A* lines fully complemented the
phototropic defect of the pks4 mutant line as the PKS4 WT-3 did in response to blue light (BL) (Figure
2B). Similarly, the PKS4 B*-2 and B*-4 lines fully complemented the phototropic defect of the pks4
mutant line (Figure 2C). Only the PKS4 B*-1 line did not complement, however, given that the
expression level of the PKS4 B*-1 line was lower compared to the WT and the rest of the lines (Figure
2 A), these data overall suggest that the motifs A and B are not required for the function of PKS4 in
phototropism in the tested conditions. To test the importance of motifs D and E, we similarly selected
transgenic lines (PKS4 D*1-3 and PKS4 E*1-3) with comparable protein levels to the PKS4 WT-3
control line (Figure 2D). We found that none of the PKS4 D* lines complemented the phototropic
defect of the pks4 mutant line. Moreover, these lines notably aggravated the phototropic phenotype
of pks4, particularly the lines PKS4 D*-1 and D*-2 which showed higher expression levels than the

rest (Figures 2D and 2E).
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Figure 2. PKS4 A*, B*, and E* complement the phototropic phenotype of pks4 while PKS4 D* do
not. (A) Western blot probed with anti-HA antibody from pks4-2 PKS4 WT-3, A*-1, A*-2, B*-1, B*-
2, B*-3, and B*-4 samples of 3- day- old dark-grown seedlings. The same membrane was stained
with Ponceau as a loading control. (B) Phototropic curvature of 3-day-old dark-grown Col-0, pks4-

2, pks4-2 PKS4 WT-3, and pks4-2 PKS4 A* (A*-1 and A*-2) lines treated with BL coming from one
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side. (C) Phototropic curvature of 3-day-old dark-grown Col-0, pks4-2, pks4-2 PKS4 WT- 3, and pks4-
2 PKS4 B* (B*-1, B*-2, and B*-4) lines treated with BL coming from one side. (D) Western blot
probed with anti-HA antibody from pks4-2 PKS4 WT-3, pks4-2 PKS4 D*-1, D*-2, and D*-3, and
pks4-2 PKS4 E*-1, E*-2, and E*-3 samples of 3- day- old dark-grown seedlings. The same membrane
was probed with an anti-DET3 antibody as a loading control. The black box marks a region of the
membrane that is not shown. (E) Phototropic curvature of 3-day-old dark-grown Col-0, pks4-2, pks4-
2 PKS4 WT-3, and pks4-2 PKS4 D* (D*-1, D*-2, and D*-3) lines treated with BL coming from one
side. (F) Phototropic curvature of 3-day-old dark-grown Col-0, pks4-2, pks4-2 PKS4 WT-3, and pks4-
2 PKS4 E* (E*-1, E*-2, and E*-3) lines treated with BL coming from one side. In (B), (C), (E), and
(F) seedlings were exposed to 0.1 pmol m=2 s1 BL for 24h before measurement of growth
reorientation. In each experiment, n= 40 — 60, means with the same letter are not significantly
different (p > 0.01, two-way ANOVA with Tukey’s HSD test).

This indicates that the motif D is important for the function of PKS4 and that mutating this motif
significantly interferes with the molecular mechanism leading to phototropism. On the contrary, all
the PKS4 E* lines complemented the phototropic defect of the pks4 mutant line (Figure 2F),

suggesting that this motif is not required for phototropism.

We analyzed hypocotyl gravitropism in darkness and observed that Col-0, pks4, and transgenic lines
expressing PKS4 WT, A*, B*, or D* showed the same response (Figures 3A, 3B, and 3C), showing
that the expression of PKS4 WT, A*, B*, or D* did not lead to an unusual gravitropism response in
darkness and that the observed phenotype of the PKS4 D* lines is light-dependent. Although the line
PKS4 E*-3 showed more randomized growth orientation than Col-0, pks4, and PKS4 WT-3, the lines
PKS4 E*-1 and -2 showed a similar orientation compared to the control lines (Figure 3D), indicating
that the expression of PKS4 E* does not lead to an unusual gravitropism response in darkness either.
Collectively our data indicate that the conserved amino acids DLFEIE in PKS4 motif D are
important to promote phototropism, while the motifs A, B, and E are not important, and that the

expression of PKS4 A*, B*, D*, or E* does not lead to a defective gravitropism response in darkness.
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Figure 3. Expression of the PKS4 A*, B*, D*, or E* mutants does not alter hypocotyl gravitropism

in dark-grown seedlings. (A) Hypocotyl growth orientation of 3-day-old Col-0, pks4-2, pks4-2 PKS4
WT-3 and pks4-2 PKS4 A* (A*-1 and A*-2), (B) Col-0, pks4-2, pks4-2 PKS4 WT-3, and pks4-2
PKS4 B* (B*-1, B*-2, and B*-4), (C) Col-0, pks4-2, pks4-2 PKS4 WT-3, and pks4-2 PKS4 D* (D*-
1, D*-2, and D*-3), and (D) Col-0, pks4-2, pks4-2 PKS4 WT-3, and pks4-2 PKS4 E* (E*- 1, E*-2,

and E*-3) dark-grown seedlings. 0° represents vertical growth and an average of 90° represents

a random distribution. We consider the absolute value of the angle, no matter if the seedling bends

towards the left or the right side. In each experiment, n= 50 — 60, means with the same letter are not
significantly different (p > 0.01, two-way ANOVA with Tukey’s HSD test).
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To determine the importance of these motifs in phy signaling we analyzed light-induced inhibition of
hypocotyl gravitropism by measuring the hypocotyl growth orientation relative to the vertical in
response to 30 umol m-2 s-1 of continuous red light (RL) (Schepens et al., 2008, Vazquez et al., 2022).
We found that similar to the control PKS4 WT-3 line, the PKS4 A* lines complemented the pks4
phenotype in response to this light treatment (Figure 4A), suggesting that motif A is not important for
this function. Comparably, the PKS4 B* lines complemented the pks4 phenotype and further showed
an overall bigger deviation angle from the vertical compared to the WT (Figure 4B). However, the
PKS4 D* lines did not complement pks4 and they often showed a phenotype similar to phyB-9 (Figure
4C), indicating the relevance of motif D for PKS4 function in the inhibition of gravitropism. Similar
to the lines expressing PKS4 A* and PKS4 B*, the PKS4 E* lines complemented the pks4 phenotype

(Figure 4D).
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Figure 4. PKS4 A*, B*, and E* complement the phenotype of pks4 in the inhibition of gravitropism
while PKS4 D* do not. (A) Hypocotyl growth orientation of Col-0, pks4-2, pks4-2 PKS4 WT-3, and
pks4-2 PKS4 A* (A*-1 and A*-2), (B) Col-0, pks4-2, pks4-2 PKS4 WT-3, and pks4-2 PKS4 B* (B*-
1, B*-2, and B*-4), (C) Col-0, pks4-2, pks4-2 PKS4 WT-3, and pks4-2 PKS4 D* (D*-1, D*-2, and
D*-3), and (D) Col-0, pks4-2, pks4-2 PKS4 WT-3, and pks4-2 PKS4 E* (E*- 1, E*-2, and E*-3)
seedlings growing in continuous 30 umol m-2 s1 red light. Seedlings were kept for 24h in darkness
before 4 days of red light treatment following measurement of growth orientation. 0° represents
vertical growth and an average of 90° represents random distribution. We consider the absolute value
of the angle, no matter if the seedling bends towards the left or the right side. n= 70 — 80, means with

the same letter are not significantly different (p > 0.01, two-way ANOVA with Tukey’s HSD test).
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Given that PKS4 requires to be associated with the PM to function in response to blue light BL and
RL, we wondered whether the lack of complementation of the lines expressing PKS4 D* could be
due to altered subcellular localization of PKS4 D* (Vazquez et al., 2022). To address that question,
we generated stable transgenic Arabidopsis plants expressing PKS4 D*-GFP driven by the PKS4
promoter in pks4, and we determined their subcellular localization compared with that of plants
expressing PKS4 WT-GFP in etiolated seedlings using confocal microscopy (Figure 5A). These
results suggested that PKS4 D*-GFP maintains the same subcellular localization as the WT. This

finding aroused our interest in making a more extended analysis of motif D.

Figure 5. PKS4 motif D is not required for the association of PKS4 to the PM. (A) Confocal
microscopy images of 3-day-old dark-grown hypocotyls cortex cells expressing PKS4-GFP and PKS4
D*-GFP (green signal) from the PKS4 promoter. Note that these lines also show remaining oily bodies
(in magenta) resulting from the expression of OLE1-RFP from the OLE1 promoter, used as seeds coats

selection marker. Scale bar: 100 pum.

We selected mutant combinations including one or two negatively charged and/or hydrophobic
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amino acids to design the variants PKS4 D1*, D2*, D3*, D4*, and D5* in which the selected amino
acids were replaced with Alanine (Figure 6A). To test the importance of these amino acids, we started
by looking at the expression levels of the transgenic lines expressing PKS4 D1* and PKS4 D2* (PKS4
D*1-6 and PKS4 D2*1-6) and selected those with expression levels more similar to the PKS4 WT-3
control line: PKS4 D1*-1 and PKS4 D1*-6 and PKS4 D2*-3 and PKS4 D2*-4 (Figure 6B). We found
that none of the PKS4 D1* lines could complement the phototropic phenotype of pks4 and they further
aggravated the phenotype (Figure 6C). This was supported by the phenotype of the progeny of the
D1* lines that did not carry the transgene (shown with “-*), which was comparable to pks4 (Figure
6C). This suggests that the highly conserved negatively charged amino acids D276 and E279 are
important for the function of PKS4, and mutating them interferes with the molecular system leading
to phototropism. Similarly, the PKS4 D2*-3 and D2*-4 lines could not complement the phototropic
phenotype of pks4 as the PKS4 WT-3 did and they remarkably aggravated the pks4 phenotype (figure
6D), suggesting that the central F278 and E279 amino acids are important for PKS4 function and their
mutation notably interfere with the molecular mechanism of PKS4 leading to phototropism. Later, we
wondered which amino acids, among the ones that had been replaced in the PKS4 D1* or D2*
variants, are key for PKS4 function, therefore, we generated PKS4 D3* and D4* mutants where the
selected amino acids were replaced with Alanine and transformed pks4 as done for the rest of the
variants in this study. Although stable transgenic single insertion lines expressing PKS4 D3* or D4*
were not available at the moment, we could preliminarily test how mutating the single amino acids
F278 (D3*) or E279 (D4*) affected phototropism in populations integrated by more than 50 seedlings
with independent transgene insertion events. Although these results have not been repeated yet, we
observed that the expression of the D3* and D4* variants could not complement the phototropic

phenotype of pks4 and notably enhanced the phenotype (Figure 6E).
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Figure 6. Subtler mutations in PKS4 motif D led to a strong phototropic defect. (A) Illustration of

the primary structure of the PKS4 protein motif D and the designed mutant variants D*, D1*, D2*,

D3*, D4*, and D5*. Underlined letters indicate the selected amino acids to be replaced with the
ones in red color. (B) Western blot probed with anti-HA antibody from pks4-2 PKS4 WT-3, pks4-2
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PKS4 D1*-1, D1*-2, D1*-3, D1*-4, D1*-5, D1*-6, D2*-1, D2*-2, D2*-3, D2*-4, D2*-5, and D2*-
6 samples of 3- day- old dark-grown seedlings. All the D1* and D2* samples come from 3:1 ratio
segregating independent transgenic lines that carried the transgene. The same membrane was stained
with Ponceau as a loading control. (C) Phototropic curvature of 3-day-old dark-grown Col- 0, pks4-
2, pks4-2 PKS4 WT-3, and pks4-2 PKS4 D1* (D1*-1 and D1*-6) lines treated with BL coming from
one side. Segregating lines D1*-1 and D1*-6 were split into a population carrying at least one copy
of the transgene (D1*-) and a population without carrying the transgene (-), which were separated
from the ones carrying the transgene by screening the seeds coat fluorescence marker before the
experiment (D) Phototropic curvature of 3-day-old dark-grown Col-0, pks4-2, pks4-2 PKS4 WT-3,
and pks4-2 PKS4 D2* (D2*-3 and D2*-4) lines treated with BL coming from one side. Segregating
lines D2*-3 and D2*-4 were split into a population carrying at least one copy of the transgene (D2*-
) and a population without carrying the transgene (-) the same way as for D1* lines. In (C) and (D),
seedlings were exposed to 0.1 pmol m-2 s*2 BL for 24h before measurement of growth reorientation.
In each experiment, n= 40 — 60, means with the same letter are not significantly different (p > 0.01,
two-way ANOVA with Tukey’s HSD test). (E) Phototropic curvature of 3-day-old dark-grown Col-
0, pks4-2, pks4-2 PKS4 WT-3, pks4-2 T1 PKS4 WT, pks4-2 T1 PKS4 D3*, and pks4-2 T1 PKS4 D4*
lines treated with BL coming from one side. Seedlings were exposed to 0.1 umol m-2 s-1 BL for 24h
before measurement of growth reorientation. The population of T1 results from independent events
of transgene insertion. n= 40 — 60, means with the same letter are not significantly different (p > 0.05,
two-way ANOVA with Tukey’s HSD test).

Collectively, our data suggest that the charged and hydrophobic conserved amino acids D276, F278,

and E279 in motif D are essential for PKS4 biological activity.

Identification of PKS motif D interactors

Our study of the PKS4 motifs revealed the striking importance of motif D for PKS4 function and
excluded the possibility of this motif having an apparent role in PKS4 PM association. To elucidate
the molecular mechanisms underlying motif D function, we looked for PKS4 motif D interactors in

the Yeast two-hybrid (Y2H) system. We first designed a PKS4 WT bait from amino acids 250 to
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308 that included the D motif (Figure 7A). With the help of Hybrigenics services, we made a Y2H
screening against an A. thaliana light-grown seedlings cDNA library with this PKS4 bait that was
tested for 146 million interactions. Among those, we selected six candidates to interact with our bait
which we further tested in the lab. We generated an additional PKS4 D* bait of the same length as
the PKS4 WT where the DLFEIE amino acids were replaced with AAAAAA (Figure 7A), and we
tested the six candidates that we found with our PKS4 WT and D* baits in the Y2H system to address
the importance of motif D for those interactions. We found that our PKS4 WT bait interacted with the
6 candidates: PHOTOREGULATORY PROTEIN KINASES 3 and 4 (PPK3 and PPK4), RCC1-like
domain proteins 2 and 4 (RLD2 and RLD4), BTB/POZ AND MATH DOMAIN 4 (BPM4), and a
candidate belonging to the BTB/POZ protein domain superfamily that has an Ankyrin repeats domain
and that we described as PKS MOTIF D INTERACTING PROTEIN (PDIP) (Figure 7B) (Gingerich
et al., 2007, Liu et al., 2017, Furutani et al., 2020). On the contrary, we observed that our PKS4 D*
bait did not interact with any of the candidates in the HIS assay nor the 3-galactosidase system (Figure

7B), suggesting that the PKS4 motif D is required for the interaction with the six candidates.
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Figure 7. Identification of interactors
of PKS4 motif D. (A) Illustration of
the PKS4 bait that was used for a
Y2H screening (PKS4 amino acid
from 250 to 308) and the PKS4 D*
bait. In red are the amino acids that
were replaced with the underlined
ones from the WT protein sequence.
(B) Interaction  between the
identified candidates PPK3, PPK4,
RLD2, RLD4, PDIP,

and BPM4 and the WT and D* forms
of PKS4 in the Y2H system.

The functional complementation analysis of pks4 used in this study revealed the importance of the

amino acids D276, F278, and E279 in motif D for the function of PKS4 in phototropism (Figures

6C, 6D, and 6E). We then wondered about their relevance to mediate the interaction with the

different candidates we found. To address this question, we designed PKS4 D1*, D2*, D3*, D4*,
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and D5* baits of the same length as WT but including the described amino acids replaced with Alanine
(Figure 8A). We tested the designed baits with the different candidates and found that while PKS4
D1* could interact with only PPK4, PKS4 D2* did not interact with any (Figure 8B), suggesting that
the negatively charged D276 and E279 amino acids are important for the interaction with all the
candidates except PPK4 and that the central part of the conserved DLFEIE represented by F278 and
E279 is essential for all the interactions. The analysis of the single amino acid substitutions revealed
that PKS4 D3* prevented the interaction with all the candidates except with BPM4, PKS4 D4*
prevented the interaction with all the candidates except with PPK4, and PKS4 D5* interacted only
with PPK3, PPK4, and RLD2 (Figure 8B). These data suggested that the F278 is required for the
interaction with all the candidates except BPM4, that the E279 is required for the interaction with all
the candidates except PPK4, and that D276 is required for the interaction with RLD4, PDIP, and
BPM4. We randomly selected the cotransformants with PPK3 and BPM4 to test the expression of the
WT and all the mutant baits and we observed that all the cotransformants comparably expressed the
bait (Figure 8C), suggesting that the lack of interaction of the D* and D2* is not due to a lack of

expression of the bait.
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Figure 8. Interaction between the PKS4 motif D interactors and subtler PKS4 motif D mutant forms.
(A) Hlustration of the PKS4 baits D*, D1*, and D2* comprising several amino acids mutated (left)
and the PKS4 baits D3*, D4*, and D5* comprising a single amino acid mutated (right). In black are
the WT amino acids and in red are the amino acids that they were replaced with. (B) Interaction
between PPK3, PPK4, RLD2, RLD4, PDIP, and BPM4 and the PKS4 WT, D*, D1*, D2*, D3*, D4*,
and D5* mutant forms in the Y2H system. (C) Western blot probed with an anti- LexA antibody from
samples of yeast culture cotransformed with the PKS4 WT, D*, D1*, D2*, D3*, D4*, and D5* baits,
and the PPK3 and BPM4 preys. The same membrane was probed with an anti-H3 antibody as a

loading control.
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Given that we found that the DLFEIE sequence in motif D is conserved in all the Arabidopsis PKS
protein family members and that it is required for the biological function of PKS4 and the interaction
with all the found candidates, we wondered about the capability of the other Arabidopsis PKS protein
family members to interact with the PKS4 interactors. To address that, we generated a PKS1, a PKS2,
and a PKS3 bait including an equivalent protein sequence to the one of the PKS4 bait, and tested them
for interaction with the PKS4 interactors. We found that while RLD2 and RLD4 interacted with all
the PKS members, PPK3 and PPK4 did not interact with any other than PKS4 (Figure 9A).
Additionally, BPM4 interacted with PKS2 in addition to PKS4, and PDIP had the capability of
interacting with PKS1 in addition to PKS4 (Figure 9A). We tested the expression levels of the PKS4
WT, D*, PKS1, PKS2, and PKS3 baits in the cotransformants with PPK3 and RLD4 preys and they

were comparable (Figure 9B).
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Figure 9. Interaction between the PKS4 motif D interactors and the PKS protein family members.
(A) Interaction between PPK3, PPK4, RLD2, RLD4, PDIP, and BPM4 and the PKS1, PKS2, and
PKS3 including motif D forms in the Y2H system. PKS1 (from amino acid 263 to 310), PKS2 (from
amino acid 258 to 318), and PKS3 (from amino acid 234 to 285) baits comprise an equivalent portion
of protein sequence to the one of the PKS4 bait. (B) Western blot probed with anti-LexA antibody
from samples of yeast culture cotransformed with the PKS members’ baits and the PPK3 and RLD4

preys. The same membrane was stained with Ponceau as a loading control.

BPMA4 interacts with PKS through the MATH domain and has a role in phototropism

In this study, we found that the negatively charged amino acids D276 and E279 are strictly required
for the interaction of PKS4 with BPM4 through the motif D (Figure 8), and we further observed that
in addition to PKS4, BPM4 can interact with PKS2 (Figure 9). BPM proteins are constituted by an N-
terminal Meprin and TRAF homology (MATH) domain, a Broad Complex/Poz virus and Zinc finger
(BTB/POZ) domain, and a C-terminal domain (Weber et al., 2005). Several studies suggested BPM as
substrate adaptors of Cullin-RING E3 Ubiquitin Ligases (CRLs) interacting through the BTB/POZ
domain with the Cullin of the CRL and with the substrate through their MATH domain to regulate
substrate ubiquitination and degradation (Weber and Hellmann, 2009, Zhuang et al., 2009, Julian et
al., 2019, Chico et al., 2020). To find out the part of BPM4 protein that interacts with PKS motif D,
we generated three different preys expressing: the BPM4 N-terminal part that includes the MATH
domain (BPM4 MATH prey), the middle part of the protein that includes the BTB/POZ domain
(BPM4 BTB/POZ prey), and the C-terminal part of BPM4 (BPM4 C-terminal prey) (Figure 10A).
We tested them for interaction with the PKS4 and PKS2 baits and we found that in addition to the
BPM4 full length, the N-terminal prey containing the MATH domain also interacted with the PKS4
and PKS2 baits, however, the middle prey containing the BTB/POZ domain and the C-terminal prey

did not interact (Figure 10B). These data suggested that PKS4 and PKS2 interact with BPM4 through
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its MATH domain.
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Figure 10. Interaction between PKS and BPM4 protein regions. (A) Schematic representation of the
A. thaliana BPM4 protein sequence. The square boxes represent the MATH and BTB/POZ protein
domains. The length of the boxes and the spaces between them are proportional to the length of the
protein domains and the spacing among them. On the bottom, an illustration of the designed BPM4
preys including the MATH domain (from amino acid 1 to 187), the BTB/POZ domain (from amino
acid 178 to 343), or the C-terminal part (from amino acid 392 to 465) of the BPM4 protein sequence.
(B) Interaction between PKS4 and PKS2 including motif D forms and the BPM4 full length, MATH
domain, BTB/POZ domain, and C-terminal forms in the Y2H system.

We then wondered whether the other BPM protein family members could also interact with PKS4
and PKS2. To address that question, we generated BPM1, BPM2, BPM3, BPM5, and BPM6 N-
terminal preys including an equivalent protein sequence to the one of the BPM4 that included the
MATH domain, and tested them for the interaction with all the PKS protein family members. We
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found that, in addition to interacting with the BPM4 MATH prey, PKS2 interacted with the BPM2
MATH prey and PKS4 with the BPM2 MATH and BPM6 MATH preys (Figure 11A). The xgal assay
additionally suggested the interaction of PKS4 with BPM1 and BPMS5 preys (Figure 11A). These data
indicated that different PKSs can potentially interact with different BPMs through the MATH domain

in yeast.
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Figure 11. Interaction between the PKS protein family members and the N-terminal region including
the MATH domain of the BPM protein family members. (A) Interaction between PKS1, PKS2, PKS3,
PKS4, and PKS4 D* and BPM1 (from amino acid 1 to 174), BPM2 (from amino acid 1 to 173),
BPMS3 (from amino acid 1 to 165), BPM4 (from amino acid 1 to 187), BPM5 (from amino acid 1 to
169), and BPM6 (from amino acid 1 to 176) MATH domain forms in the Y2H system.
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Given that our studies demonstrate that the PKS-BPM interaction occurs through the MATH domain,
we hypothesized that PKS4 could be a potential substrate of BPM4 bringing it to the CLRBPM complex
for poly-ubiquitination and proteasomal degradation. To test our first hypothesis, we generated
transgenic Arabidopsis plants expressing 3xHA-BPM4 and BPM4-3xHA from the strong constitutive
35S promoter and we determined the PKS4 protein abundance by western blot (Figure 12A). We

found that different lines of etiolated seedlings expressing 3XHA-BPM4 and BPM4-3xHA at
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different levels showed similar PKS4 protein abundance compared to Col-0 (Figure 12A), suggesting
that the overexpression of BPM4 does not enhance PKS4 degradation in etiolated seedlings.
Additionally, given that BPM interaction with PKS seems to depend on the motif D (Figure 7), we
wondered whether the PKS4 D* variant, which is not expected to interact with BPM, shows higher
PKS4 protein abundance compared to PKS4 WT in response to light treatment (Demarsy et al., 2012).
To test this hypothesis, we tested the PKS4 protein levels in the dark, 2, and 4 hours after continuous
white light treatment in the pks4 lines expressing PKS4 WT and PKS4 D*, and we found that the
pattern of PKS4 protein levels was not altered in the PKS4 D* lines in comparison with the PKS4
WT lines (Figure 12B), suggesting that the observed decrease of PKS4 protein levels in response to
light does not occur because of the interaction with BPM. Altogether, these data suggest that the

regulation of PKS4 protein abundance in response to light is not controlled by BPM.

A
A
AL
s
P‘\st
o\
iy o
Col-0 _?\(\ A
35Sp:3xHA-BPM4 35Sp:BPM4-3xHA ?\(\%b‘iksi\’l?’
4 2 3 4 5 6 -1 2 3 -4 -5 5,
. : ] : -70
:
—» A---- -Hdu— .55
aHA
-70
TP - —— e — —_—
- - -55
aPKs4 Y@
o W o = . -
Ponceau » 3 - 55
B
pks4-2
PKS4-WT-3 PKS4-WT-1 PKS4-D*-2  PKS4-D*-3
D 2h 4h D 2h 4h D 2h 4h D 2h 4h ,p,
-70
— - — -— pa—
-55
aHA
Ponceau = = - bt BN N S e e .55

Figure 12. PKS4 protein abundance does not depend on BPM4. (A) Western blot probed with anti-
HA antibody (top) and anti-PKS4 antibody (bottom) from Col-0, Col-0 35Spro::3xHA-BPM4 (-1,
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-2, -3, -4, -5, -6), Col- 35Spro::BPM4-3xHA (-1, -2, -3, -4, -5), pks4-2 PKS4pro::PKS4-3xHA, and
pks1234 samples of 3- day-old dark-grown seedlings. The same membrane was stained with Ponceau
as a loading control. (B) Western blot probed with anti-HA antibody from pks4-2 PKS4 WT-3, pks4-
2 PKS4 WT-1, pks4-2 PKS4 D*-2, and pks4-2 PKS4 D*-3 samples of 3- day- old dark- grown
seedlings treated with continuous white light during 0, 2, and 4 h. The same membrane was stained
with Ponceau as a loading control.

The fact that BPMs interact with PKS4 and PKS2, the PKS members “specialized” in promoting
phototropism in response to low and high BL (HBL) respectively (Kami et al., 2014a), led us to
analyze the importance of BPM in phototropism. In this study, we analyzed the kinetics of hypocotyl
bending in response to low BL (LBL) in bpm4 and bpm34 mutant alleles. Our data showed that the
hypocotyl orientation with respect to the vertical in the darkness in the bpm mutants was comparable
to Col-0 and pks4 (Figure 13A). However, bpm4 and bpm34 were impaired in phototropism in
comparison to Col-0 after 4 h of BL treatment, showing bpm34 a phenotype comparable to pks4 and
bpm4 an intermediate phenotype between Col-0 and pks4 (Figures 13B). After 6h of BL treatment,
the phenotype of the bpm4 and bpm34 lines remained impaired, showing an intermediate phenotype
between Col-0 and pks4 (Figure 13C). However, bpm4 and bpm34 behaved as Col-0 after 24h of BL
treatment while pks4 was impaired as previously shown (Figure 13E). These data suggested that
BPMs have a role at least in the early phases of phototropism while they are dispensable to promote

the response after 24h.
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Figure 13. BPM is involved in hypocotyl phototropism. (A) Hypocotyl growth orientation of 3- day-
old Col-0, pks4-2, bpm4, and bpm34 dark-grown seedlings. 0° represents vertical growth and an
average of 90° represents a random distribution. (B) Phototropic curvature of 3-day-old dark- grown
Col-0, pks4, bpm4, and bpm34 lines treated with BL coming from one side for 4 hours, (C) 6 hours,
and (D) 24 hours. In (B), (C), and (D) seedlings were exposed to 0.1 umol m-2s-1 BL for 24h before
to measurement of growth reorientation. For each experiment, n= 25 — 45, means with the same letter

are not significantly different (p > 0.01, two-way ANOVA with Tukey’s HSD test).

Our data suggested that PKS4 and BPM4 interact in yeast (Figure 7B), therefore we wondered
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whether they could associate with each other in vivo in the plant. To test that, we generated
transgenic Arabidopsis plants expressing EYFP-BPM4 and BPM4-EYFP driven by the strong
constitutive 35S promoter and we observed the subcellular localization in etiolated seedlings using
confocal microscopy. We observed that EYFP-BPM4 was mainly localized in the cytosol in roots,

hypocotyls, and hook epidermal cells and also in the nucleus in roots and hook tissues (Figure 14A).

A
Root Hypocoty!

Hypocotyl hook

EYFP-BPM4

BPM4-EYFP

Figure 14. BPM4 localizes at the cytosol and nucleus in dark-grown seedlings. (A) Confocal
microscopy images of roots, hypocotyls, and hooks from 3-day-old transgenic dark-grown seedlings
expressing EYFP-BPM4 (top) and BPM4-EYFP (bottom) from the 35S promoter. Scale bar: 50 pm.

Similarly, we observed that BPM4-EYFP was localized mainly in the cytosol of epidermal cells in
those tissues (Figure 14B) (Weber and Hellmann, 2009). Collectively, our data suggested that BPM4

could potentially interact with PKS4 motif D through the MATH domain to promote early
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phototropism.
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DISCUSSION

PKS motif D is essential for biological activity

PKS proteins share 6 motifs (A to F from the N- to the C-terminus) that appear in the same order in
all the angiosperms. While s-acylation of the conserved Cys amino acids of Motif C is required for
PKS1 and PKS4 association with the PM and biological function, the role of its related motif F
remains to be determined (Vazquez et al., 2022). To determine the functional importance of the rest
of PKS motifs, we generated the PKS4 A*, B*, D*, and E* variants in which the highly conserved
amino acids of each motif were replaced with Alanine. Here, we found that PKS4 D* variant, in
which the highly conserved amino acids DLFEIE (D276, L277, F278, E279, 1280, and E281) were
replaced with Alanine, did not complement pks4 in phototropism nor inhibition of gravitropism,
showing that motif D is essential to trigger these responses (Figures 2E, 3C, and 4C). While the
PKS4 C* variant failed to function and to associate with the PM, where PKS function with phot to
mediate phototropism, we found that the PKS4 D* variant was localized at the cell periphery
similar to PKS4 WT (Figure 5) (Lariguet et al., 2006, de Carbonnel et al., 2010, Preuten et al.,
2015, Vazquez et al., 2022). This suggests that the mutation in motif D does not alter the subcellular

localization of PKS4.

Additionally, we found that the PKS4 A*, B*, and E* variants complemented the hypocotyl
phototropism phenotype of pks4 mutants after 24h of BL treatment, suggesting that motifs A, B,
and E are not essential for PKS4 function in phototropism (Figures 2B, 2C, and 2F and 3A, 3B, and
3D) (Kami et al., 2014a). Moreover, these variants complemented the pks4 phenotype in the
inhibition of gravitropism, showing that they are not essential to trigger this response either (Figures

4A, 4B, and 4D) (Schepens et al., 2008). However, a more careful analysis of the bending kinetics
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from the start of the light treatment will be required to determine whether these motifs have a role
in phototropism. Collectively, our functional studies indicate that among all the conserved PKS
motifs, motifs C and D appeared to be essential for function, and motif C is additionally required

for the association of PKS with the PM (Vazquez et al., 2022).

To determine a more specific importance of the conserved amino acids comprising motif D
(DLFEIE), we generated the PKS4 D1* (D276A and E279A), D2* (F278A and E279A), D3*
(F278A), D4* (E279A), and D5* (D276A) variants and tested their ability to complement the pks4
phenotype in phototropism. We found that the expression of D1* and D2* in individuals from the
second generation of transgenic lines aggravated the pks4 phenotype, suggesting the importance of
maintaining the motif D negative charge and the central Phenylalanine 278 for function (Figures
6C and 6D). Moreover, pks4 mutants expressing the D3* and D4* variants aggravated the pks4
phenotype (Figure 6E). This suggests that each of the amino acids comprising the middle part of
the conserved DLFEIE sequence: F278 and E279, are required for PKS biological activity,
additionally supporting the importance of the central Phenylalanine 278 and the charged Glutamic

acid 279 for function.

PKS4 motif D interactors

We performed a Y2H screening against an A. thaliana light-grown seedlings cDNA library by using
a short sequence of PKS4 protein (58 amino acids) that included motif D as bait. Among the 146
million tested interactions, we confirmed that PKS4 interacts with PPK3 and PPK4, RLD2 and
RLD4, BPM4, and PDIP (Figure 7) (Gingerich et al., 2007, Wywial and Singh, 2010, Ni et al.,
2017). The replacement of the conserved DLFEIE sequence with Alanine (PKS4 D* variant)
prevented the interaction of PKS4 with all the candidates, showing the requirement of this sequence

for all the tested interactions in yeast (Figure 7). We performed a more detailed analysis of these
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interactions by generating equivalent baits including the PKS4 D1* (D276A and E279A), D2*
(F278A and E279A), D3* (F278A), D4* (E279A), and D5* (D276A) modifications (Figure 8A).
Among them, PKS4 D2* could not interact with any of the candidates, suggesting that the central
F278 and E279 amino acids of the conserved DLFEIE sequence are important for all the tested
interactions, in addition, to being required for biological activity (Figures 6D and 8B). The rest of
the motif D mutant variants prevented the interaction with most of the candidates, only PKS4 D5*
could interact with PPKs and RLD2, suggesting that among the single tested amino acids, the D276
might be overall the less important for all the interactions. Testing the interaction of PKS4 with

these candidates in Arabidopsis will confirm whether these interactions happen in vivo.

PKS4 interacts with BPM through the MATH domain

We found that BPM4 does not interact with any of the PKS4 variants in which at least one
negatively charged amino acid was mutated (D1*, D2*, D4*, and D5*), however, it could interact
with the variant in which the F278 was mutated (D3*). This suggests that the interaction of PKS
with BPM4 might be electrostatic and different from the rest of the motif D interactions, which
require the Phenylalanine 278 (Figure 8). We further showed that PKS4 bait interacts with BPM4
through the N-terminal part of the protein containing the MATH domain (Figure 10). The next steps
to follow up on the characterization of this interaction in yeast might involve searching conserved
positively charged amino acids in the MATH domain and mutating them in the N-terminal prey to

test the interaction.

The interaction through the MATH domain led us to wonder whether the PKS4 protein abundance
might depend on BPM. This was based on a model proposing BPM as substrate adaptors of CRLS
interacting with the substrate through their MATH domain to regulate substrate ubiquitination and

degradation (Weber and Hellmann, 2009, Zhuang et al., 2009, Julian et al., 2019, Chico et al.,
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2020). However, we found that the PKS4 protein levels remained unaltered in numerous transgenic
35S promoter-driven lines that expressed BPM4 at different levels in the dark (Figure 12A). Given
that PKS4 protein abundance is regulated by light, we additionally checked the PKS4 levels in lines
expressing PKS4 WT vs. the PKS4 D* variant, which is expected to not interact with BPM
(Demarsy et al., 2012). We found no difference between PKS4 WT and D* in the dark and upon 2
and 4 hours of light treatment, suggesting that light-mediated PKS4 abundance does not depend on
BPM interaction (Figure 12B). This would need to be confirmed by analyzing the light-controlled
PKS4 levels in the bpm mutants. Although our data suggest that PKS4 protein abundance does not
seem to be controlled by BPM, it does not exclude the possibility of PKS4 being a BPM substrate
for ubiquitination, which could lead to changes in function, other posttranslational modifications,
or subcellular localization, as it has been previously reported for photl in response to BL (Christie
et al., 2018). In response to BL, overall PKS4, photl, and NPH3 phosphorylation status changes,
therefore, testing these modifications in the bpm mutants and BPM overexpressing lines would help
to determine BPM importance in the early phot signaling events (Pedmale and Liscum, 2007,

Sullivan etal., 2008, Demarsy etal., 2012, Schumacher etal., 2018).

To determine the importance of BPM4 in phototropism, we analyzed the hypocotyl bending kinetics
of the bpm4 and bpm34 mutants in response to LBL. Both mutants showed an intermediate
phenotype between Col-0 and pks4 after 4 and 6 hours of BL treatment, however, they behaved as
Col-0 after 24h (Figure 13). This suggests a mild role of BPM4 in the early stages of phototropins
(phot) signaling. However, given that PKS4 can also interact with BPM2 and BPMG6 in yeast, we
should not exclude a possible role of other BPM proteins in the process (Figure 11). To test this, we
are currently obtaining higher-order mutants, particularly those with mutations in BPM4 and BPM2,
whose expression levels are significantly higher than those of BPM6 in the hypocotyl (Sun et al.,

2016). Moreover, we plan testing higher-order bpm mutants in response to HBL given that BPM
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can also interact with PKS2, which promotes phototropism in HBL (Figure 11) (Kami et al.,

20144).

As previously reported, we found BPM4 localized mainly at the cytosol and nucleus, suggesting
that, although it is not mainly associated with the PM as PKS and photl, BPM4 might potentially
interact with PKS4 motif D to promote phototropism (Figure 14) (Lariguet et al., 2006, de
Carbonnel et al., 2010, Demarsy et al., 2012, Preuten et al., 2015, Vazquez et al., 2022, Weber and
Hellmann, 2009, Morimoto et al., 2017). However, given that BPM also interacts with PKS2, which
is also localized in the cytosol and the nucleus, we should not exclude the possibility of BPM
functioning with PKS2 in the nucleus, where BPM have been previously pointed out to work in

modulating transcriptional regulation (Holland etal., 2009, Lechneretal., 2011, Chico etal., 2020).
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METHODS

Plant material

All plants utilized in this study are in the A. thaliana Columbia-0 ecotype. The pks4-2, phyB-9,
bpm4, and bpm34 alleles were utilized in this study (Reed et al., 1993, Schepens et al., 2008, Chico
et al., 2020). PKS4p:PKS4-3XHA (pPS9) in pks4-2 was previously described (Schumacher et al.,
2018). For the generation of the PKS4p::PKS4 A*-3xHA lines (pAL30), a 523 bp DNA fragment
containing the PKS4 motif A sequence ELSIFEARSYF mutated to ALSIAEARSAA was ordered
from Eurofins® and digested with the restriction enzymes Nrul and EcoRV and replaced in the
pPS9 construct previously digested with the same restriction enzymes to replace the wild type with
the mutant sequence. For the generation of the PKS4p::PKS4 B*-3xHA lines (pAL31), a 523 bp
DNA fragment containing the PKS4 motif A sequence SEASWNSQTGL mutated to
AAAAWAAQTGA was ordered from Eurofins® and digested with the restriction enzymes Nrul
and EcoRV and replaced in the pPS9 construct previously digested with the same restriction
enzymes to replace the wild type with the mutant sequence. For the generation of the PKS4p::PKS4
D*-3xHA lines (pAL9), a 682 bp DNA fragment containing the PKS4 motif D sequence DLFEIE
mutated to AAAAAA was ordered from Eurofins® and digested with the restriction enzymes
EcoRV and BamHI and replaced in the pPS9 construct previously digested with the same restriction
enzymes to replace the wild type with the mutant sequence. For the generation of the PKS4p::PKS4
E*-3xHA lines (pAL14), a 682 bp DNA fragment containing the PKS4 motif E sequence
YEPSEASVTWS mutated to AAAAAAAVTAA was ordered from Eurofins® and digested with
the restriction enzymes EcoRV and BamHI and replaced in the pPS9 construct previously digested
with the same restriction enzymes to replace the wild type with the mutant sequence. For the
generation of the PKS4p::PKS4 D1*-3xHA (pAL38), PKS4pro::PKS4 D2*-3xHA (pAL39),
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PKS4p::PKS4 D3*-3xHA (pAL49), PKS4p::PKS4 D4*-3xHA (pAL50), and PKS4p::PKS4 D5*-
3xHA (pALb51) lines, a 682 bp DNA fragment containing the PKS4 motif D sequence DLFEIE
mutated to ALFAIE, DLAAIE, DLAEIE, DLFAIE, or ALFEIE, respectively, were ordered from
Eurofins® and digested with the restriction enzymes EcoRV and BamHI and replaced in the pPS9
construct previously digested with the same restriction enzymes to replace the wild type with the
mutant sequences. For the generation of the PKS4p::PKS4 D*-GFP (pAL44) lines, a DNA
fragment including the DLFEIE sequence mutated to AAAAAA was digested from the pAL9 with
the restriction enzymes Nrul and Zral and replaced in the pAL43 (Vazquez et al., 2022) previously
digested with the same enzymes for that purpose. For the generation of the 35Sp::3xHA-BPM4
(pAD1) and 35Sp::BPM4-3xHA (pAD2) lines, the BPM4 CDS was cloned BamH-1 into a binary
vector designed to generate N-terminal 3xHA (pFP101-HA) (Bensmihen et al., 2004) and C-
terminal 3xHA (inverted pCF398) (Schumacher et al., 2018) fusions using the In-fusion HD cloning
kit Cat#639649. The BPM4 CDS was amplified from the pGAD424 gateway-BPM4 (provided by
Pascal Genschik’s lab) with the primers AD001 and AD002 and AD003 and ADO0O04, respectively.
For the generation of the 35Spro::EYFP-BPM4 (pAD3) and 35Spro::BPM4-EYFP (pAD4) lines,
the BPM4 CDS was cloned BamH-I into a binary vector designed to generate N-terminal EYFP
(pCF499) or C-terminal EYFP (pCF497) fusions using the In-fusion HD cloning kit. The BPM4
CDS was amplified from the pGAD424 gateway-BPM4 with the primers AD005 and AD006 and
ADOQ07 and ADO0O08, respectively. The pCF499 and pCF497 come from pPZP312, a modified
pPZP200 with a basta resistance to which we added a 35S promoter, EYFP, and rbcs terminator for
either N- or C- terminal fusion (Hajdukiewicz et al., 1994). All constructs were sequence verified.
Transgenic lines were obtained using Agrobacterium tumefaciens-mediated transformation. Several
single insertion lines expressing each of them were characterized. The use of fluorescent seeds
as a selection marker also allowed us to perform experiments with large numbers of independent

169



T1 lines.

Yeast material

The empty bait expression vector containing the LexA DNA binding domain and the tryptophan-
auxotrophic marker TRP1 (pB27), the empty prey expression vector containing the GAL4 activation
domain and the leucine-auxotrophic marker LEU2 (pP6), and the PPK3 (pB27_B-24), RLD4
(pB27_B-35), RLD2 (pB27_B-46), PPK4 (pB27_B-75), PDIP (pB27_B-84), and BPM4 (pB27_B-
98) prey expression vectors containing the GAL4 activation domain and the leucine-auxotrophic
marker LEU2 were provided by Hybrigenics services. For the generation of the PKS4 WT

(hgx5115v5_pB27), D* (pAL34), D1* (pAL41), D2* (pAL42), D3* (pAL52), D4* (pAL53), and

D5* (pAL54) bait expression vectors, the PKS4 CDS was amplified from the ISA_Topol MT,
pALO9, pAL38, pAL39, pAL49, pAL50, and pAL51, respectively, with the primers pair AL6 +
AL7 and digested with the restriction enzyme Sfi-1 and cloned into the pB27 previously digested
with the same enzyme for that purpose. For the generation of the PKS1 (pAL57), PKS2 (pAL58),
and PKS3 (pAL59) bait expression vectors, the CDS was amplified from the pCF575, pCF576, and
pCF577 (chapter 2 of this work), respectively, with the primers pairs AL43 + AL44, AL45 + AL46,
and AL47 + AL48, respectively, and digested with the restriction enzyme Sfi-1 and cloned into the
pB27 previously digested with the same restriction enzyme for that purpose. For the generation of
the BPM4 MATH (pAD6), BPM4 BTB/POZ (pAD7), and BPM4 C-terminal (pAD8) prey
expression vectors, the BPM4 CDS was amplified from the pGAD424 gateway-BPM4 with the
primers pairs AD11 + AD12, AD13 + AD14, and AD15 + AD16, respectively, and cloned Sfi-1 into
pB27 using the In-fusion HD cloning kit. For the generation of the BPM1 MATH (pAD9), BPM2
MATH (pAD10), BPM3 MATH (pAD11), BPM5 MATH (pAD13), and BPM6 MATH (pAD14)

prey expression vectors, the CDS was amplified from the Arabidopsis Biological Resource Center
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(ABRC) U24902, U10745, U16043, U82612, and U87547, respectively, with the primers pairs
AD17 + AD18, AD19 + AD20, AD21 + AD22, AD23 + AD24, and AD25 + AD26, respectively,
and cloned Sfi-I into pB27 using the In-fusion HD cloning kit. The bait and prey vectors were co-
transformed into the diploid yeast strain TATA provided by Hybrigenics services and whose
phenotype is MATa/a, gal4::loxP-kanMX-loxP/Gal4D, ade2-101/ade2-101::loxP-kanMX-loxP,
leu2-3,112/ leu2-3,-112, his3D200/ his3D200, trp1-901/trp1-901, LYS2/LYS2::(lexAop)4-HIS3,
ura3-52::URA3(lexAop)8-lacZ/ ura3-52 URA3::UASGAL1-LacZ. Transformants were selected
on solid yeast extract nitrogen base (YNB) synthetic Drop-out (SD) media containing appropriate
auxotrophic supplements.

Plant growth conditions

For seed production, plants were grown on the soil at 22°C with 16h of white light (WL) per day. For
physiological experiments, seeds were surface-sterilized in 70% ethanol and 0.05% Triton-X for 5
min and 100% ethanol for 5 min. Seeds were then sown on Petri dishes containing half- strength
Murashige and Skoog medium, 0.8% agar. Plates were stored in the dark for 3 days at 4°C for
stratification. For dark-grown seedlings experiments, germination was induced by 4-6 hours of white
light (80 umol m-2 s1) at 22°C, and plates were put on a vertically orientated position in the dark at
19°C or 22°C for 3 days before light treatment. For inhibition of gravitropism experiments,
germination was induced by 1h of red light (50 pmol m-2 s1) at 22°C, and plates were put back in the

dark at 22°C for 1 day before light treatment.

Light treatments

For etiolated conditions, seedlings were grown on vertically orientated plates for 3 days in darkness
at 19°C or 22°C before the light treatment. For phototropism seedlings were irradiated with constant

unilateral 0.1 pumol m-2 s-1 BL at 22°C for up to 24h, and for protein extraction, with 80 umol m-2 s-1
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white light at 22°C during 0, 2, and 4 hours. For inhibition of gravitropism, seedlings were grown on
vertically orientated plates for 1 day in darkness at 22°C before the light treatment. Seedlings were

irradiated with constant 30 pmol m-2 s-1RL at 22°C for 3 days.

Hypocotyl measurements and analysis

Plates were pictured using an infra-red CCD camera system at different timepoints. The curvature
angles were calculated by subtracting the average angle of orientation of the upper region (85-95%
of total length) of each hypocotyl to vertical after light treatment determined by a customized
MATLAB script developed in the Fankhauser Lab. One-way ANOVA (aov) and Compute Tukey’s
Honest Significance Differences (HSD.test) [agricolae package] using the R software was performed.

We considered p values <0.01 (0.05 in T1 lines) significant.

Fluorescence microscopy

Confocal microscopy images were taken with an Airy confocal microscope (Zeiss), model LSM
880. The samples PKS4p::PKS4-GFP and PKS4p::PKS4 D*-GFP were excited with an Argon laser
(488nm) and detection was done between 495 and 518 nm. The samples 35Sp::GFP- BPM4 and
35Sp::BPM4-GFP were excited with the same laser and detection was done between 495 and 525 nm.
In all cases a channel was set to detect chlorophyll and OLE1-RFP, exciting with the laser used for

excitation of the fluorophore of interest, and detecting between 607 and 691 nm.

Yeast-Two-Hybrid experiments

Screening with PKS4 against a plant cDNA library was performed at Hybrigenics Services per their
standard protocols. The screen parameters are as follow: (1) Nature: cDNA; (2) Reference Bait
Fragment: Arabidopsis thaliana - PKS4 (aa250-308); hgx5115v5; (3) Prey Library: Arabidopsis
thaliana seedlings_RP3; (4) Vectors: pB27 (N-LexA-bait-C fusion); (5) Processed Clones: 111

(pB27_B); Analyzed Interactions: 146 millions (pB27_B), and (6) histidine-antagonist 171



3-aminotriazole (3AT) concentration: 5.0 mM. Double transformants were selected as cells growing in
solid SD media in the absence of L and W. Cells bearing interacting proteins were selected on media
lacking L, W, and H, but containing SmM of 3AT, and tested for -galactosidase activity as described

(Duttweiler, 1996).
Western blot

For plant material, total proteins (80pl 2x Laemmli buffer for 20mg fresh weight; 10ug per lane) were
separated on 4-15% precast polyacrylamide gels and transferred onto nitrocellulose using the Trans-
Blot Turbo RTA Transfer Kit. For yeast material, total proteins (80ul 2x Laemmli buffer; 0.5 OD600-
units per lane) were separated and transferred following the same. Yeast lysis buffer: 50 mM Tris—
HCIpH 7.5,5mM MgCI2, 150 mM NaCl, 1 mM DTT, 0.1% Triton X-100, 2 mM PMSF. Anti-HA-
HRP monoclonal 3F10 was used at 1/4000 (12013819001, Roche), anti-LexA (Cat No PA1-4966)
was used at 1/2500 dilutions, anti-PKS4 was used at 1/300 (Demarsy et al., 2012), and anti-DET3 was
used at 1/20000 dilutions (Schumacher et al., 1999) in 1X PBS containing 0.1% Tween-20 and 5%
non-fat milk. Chemiluminescence signals were generated using Immobilon Western HRP Substrate
(Millipore). Signals were detected with a Fujifilm ImageQuant LAS 4000 mini CCD camera system

and quantifications were performed with ImageQuant TL software (GE Healthcare).

Accession Numbers

The Arabidopsis Genome Initiative numbers for the genes mentioned in this study are as follows:
AT2G02950 (PKS1), AT1G14280 (PKS2), AT1G18810 (PKS3), AT5G04190 (PKS4), AT3G03940
(PPK3), AT2G25760 (PPK4), AT5G12350 (RLD2), AT5G42140 (RLD4), AT2G04740 (PDIP),
AT5G19000 (BPM1), AT3G06190 (BPM2), AT2G39760 (BPM3), AT3G03740 (BPMA4),

AT5G21010 (BPM5), and AT3G43700 (BPMS6).
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Supplemental table 1. Primers used in this study

Name Sequence

AD1 5’- gcagatatctctagagcggatccaatgaaatctgtcattttcacagag -3’

AD2 5’- ctgcaggtcgacttggatcctcaatcttctagttctgecattg -3°

AD3 5’- gctgacaagctgactctagaggatccaaaaatgaaatctgtcattttcacag -3’
AD4 5’- gtatgggtagtcgacggatccatcttctagttctgccattgg -3’

AD5 5’- tggacgagctgtacaaggcggatccaatgaaatctgtcattttcacagag -3’
AD6 5’- tatctagagccctaggatcctcaatcttctagttctgecattg -3°

AD7 5’- gacgagctcggtacccggggatccaaaaatgaaatctgtcattttcacagag -3’
AD8 5’- caccattctagagcgggatccatcttctagttctgccattgg -3’

AD11 5’- ctagccatggccgcaggggccacgaagatgaaatctgtcattttcacagag -3’
AD12 5’- gctactcgaggggccccaggggecacgaactatttctgagaccacaactec -3’
AD13 5’- ctagccatggccgecaggggcecacgaagtgcaccgtgggagtty -3’

AD14 5’- gctactcgaggggccccaggggccacgaacgtaacggtcagcaageg -3’
AD15 5’- ctagccatggecgcaggggcecacgaagtcagtagattcegttgcaaatattttg -3
AD16 5’- gctactcgaggggccccaggggccacgaacatcttctagttetgecattgg -3°
AD17 5’- ctagccatggecgcaggggcecacgaagatgggcacaactagggte -3’
AD18 5’- gctactcgaggggccccaggggccacgaaccgtaactgacttcaccacac -3’
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AD19

5°- ctagccatggecgcaggggecacgaagatggacacaattagggtttee -3

AD20 5’- gctactcgaggggccccaggggccacgaactgtgegtgacttcaceac -3
AD21 5’- ctagccatggecgcaggggcecacgaagatgagtaccgtcggagg -3°
AD22 5’- gctactcgaggggccccaggggccacgaacgagtcgggctctaacaac -3
AD23 5’- ctagccatggcecgcaggggcecacgaagatgtcagaatcagtgattcagg -3’
AD24 5’- gctactcgaggggccccaggggccacgaactatttctgaaaccacaactccaac -3
AD25 5’- ctagccatggecgcaggggecacgaagatgtcaaagctaatgaccagaac -3’
AD26 5’- ctactcgaggggccccaggggccacgaaccatttctgaaacgacaactcc -3’
AL6 5’- tggaattcggggcecggacgggcecccgattaaaccggttctgaatect-3°

AL7 5’- aggtcgaggggccccagtggectcaaccgtactcagacacggtetctte-3’
AL43 5’- tggaattcggggccggacgggccccatggaaatcgagaacagaggag-3’
AlL44 5’- aggtcgaggggccccagtggcctcaacacgtaggtgaagctggatcact-3°
AL45 5’- tggaattcggggccggacgggcecccatgggaatactcgagctctgeg-3°
AL46 5’- aggtcgaggggccccagtggcctcaaccatctggtgagtctggatcact-3°
AL47 5’- tggaattcggggccggacgggccacatgggacgcaataccaaaccaa-3’
AL48 5’- aggtcgaggggccccagtggcectcagacactgctegttatgttctcaat-3°
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GENERAL DISCUSSION AND OUTLOOK

In the present work, we identified PKS genes in all angiosperms and a few gymnosperms but we
could not find them in earlier appearing organisms in the green lineage, suggesting that the PKS
proteins appeared in evolution later than their associated phot and phy photoreceptors (Ch 1, Fig.
1a) (Li and Mathews, 2016, Christie et al., 2018). A combined phylogenetic and experimental
analysis suggested that PKS4 is the family member appearing the earliest in evolution and whose
function in phototropism is conserved in B. distachyon, suggesting PKS4 conservation in monocots
(Ch 2, Fig. 9, and 10). We could complement pks4 with the PKS4 ortholog from the basal
angiosperm A. trichopoda in response to RL, suggesting a co-evolution of PKS4 and phyB signaling

components (Ch 2, Fig. 7A).

Our main goal of unrevealing how PKS proteins work to trigger organ differential growth led us to
undertake a PKS structure-function analysis. Our phylogenetic studies identified 6 evolutionary
conserved motifs shared by all the angiosperms PKS (motifs A to F) that we hypothesized to be
functionally important (Ch 1, Fig.1b). Therefore, we mutated the highly conserved amino acids of
each of these motifs in PKS4 to test their complementation potential. Our data showed that
conserved motifs C and D are essential for PKS4 function in phototropism in response to unilateral
LBL (Ch 1, Fig 4, Ch 3, Fig. 2D, 2E, 4C). Additionally, motifs C and D are also required for
inhibition of hypocotyl gravitropism in response to RL, suggesting the common importance of
these motifs in hypocotyl growth orientation in response to BL and RL (Ch 1, Fig. 4D and Ch 3,

Fig. 4C).

In chapter 1, we studied the mode of action of PKS4 motif C. Our studies showed that conserved

PKS4 and PKS1 motif C Cys amino acids are s-acylated and required for association with the PM
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(Fig. 3) (Kumar et al., 2022). PKS4 contains 2 conserved Cys whose replacement to Serine (Ser)
prevented PKS4 function (Fig. 4). We did not test the functional relevance of PKS1 motif C, which
contains an additional conserved Cys, but given that PKS1 can function as PKS4, we propose that
PKS1 shares the mechanism of action concerning motif C. Nevertheless, it will be interesting to test
whether the conserved Cys are also required for function and subcellular localization of PKS2 and
PKS3, whose divergence included changes in subcellular localization and function, in addition to
expression patterns (Ch 2, Fig. 1C and 1D, and 4) (Schepens et al., 2008, de Carbonnel et al., 2010)
(Legris Martina, personal communication). Our data did not reveal a role of the invariant Cys in
motif F in function nor subcellular localization, however, a deeper analysis of this Cys might reveal
a yet to be discovered role (Ch 1, Fig S2c and S2e). Moreover, the importance of the rest of the

highly conserved amino acids in motif F has not been addressed.

Our data further proposed that the mode of association with the PM affects PKS4 function, given
that bringing the PKS4 C* variant to the PM by the addition of N-terminal myristoylation (myri-)
or a C-terminal farnesylation (-farn) sequence did not complement the pks4 phenotype (Fig. 5 and
S3). In the discussion of chapter 1, we hypothesized that the permanent attachment to the PM
through myri- or -farn might affect PKS4 N- or C-terminal freedom to engage with potential protein
interactions to function. However, WT PKS4 associated with the PM through myri- or -farn only
slightly interfered with function (Fig. 5 and S3). Therefore, we should not exclude the possibility
that motif C Cys s-acylation might have an additional function other than associating PKS with the
PM. For instance, internalization, as it has been reported for NPH3 in response to light (Sullivan et
al., 2021). Other possible roles might include mediating some protein dynamics at the PM in
response to light, as it has been proposed for photl functioning in specific lipid regions (Xue etal.,

2018). However, we did not observe light-regulated dynamics of PKS proteins. More detailed
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observations would be needed to determine whether there are some differences in subcellular
localization in response to light. Moreover, given that PKS4, PKS1, and PKS2 can be found in a
protein complex, an additional hypothesis could be that the conserved Cys in PKS motif C are
involved in forming disulfide bonds to interact with each other (Ch 2, Fig. 4) (Lariguet et al., 2006,
de Carbonnel et al., 2010, Schumacher et al., 2018, Vazquez et al., 2022). A working model
involving direct interaction of PKS proteins might explain the more aggravated phenotypes shown
in the higher-order pks mutants in comparison with the added effect of the single mutant
phenotypes (Kami et al., 2014a). Moreover, identifying and studying the enzymes that mediate
these Cys s-acylation and de-s-acylation might be helpful to our understanding of the molecular

mechanisms concerning motif C.

In chapter 3, we showed that the strictly conserved DLFEIE amino acids comprising motif D are
essential for PKS4 function in phot and phy signaling, given that mutating them abolished the
function (Fig. 2E and 4C). Moreover, a detailed functional analysis revealed that mutating the
D276, F278, and/or E279 amino acids was enough to abolish the function in phototropism and
further aggravate the phenotype (Fig. 6). This, together with the fact that mutating the F278 and
E279 together prevented the interaction with all the candidates found to interact with PKS4 motif
D, suggest a central role of the F278 E279 amino acids in the molecular mechanisms concerning
PKS motif D (Fig. 7 and 8). Interestingly, the F278 E279 amino acids in PKS motif D are shared
by all the BG protein family members. Therefore, it will be interesting to study whether, in addition
to participating in auxin signaling and/or transport, BG proteins have a role in response to light

(Liu etal., 2015, Mishra etal., 2017).

Our Y2H screening identified two motif D interacting candidates: BPM4 and a member that we

described as PDIP, both containing a BTB domain as NPH3, which is required for phototropism
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over a broad range of BL intensities (Gingerich et al., 2007, Christie et al., 2018). Interestingly,
our data showed that PDIP caninteract with PKS4 and PKS1, while BPM4can interact with PKS4
and PKS2 (Fig. 9A). Given that PKS4 works with PKS1 to promote phototropism in LBL, and
PKS?2 rather functions in HBL, we could speculate that PDIP might work with NPH3, PKS4, and
PKS1 in LBL while BPM might act with NPH3, PKS2, and PKS4 in HBL (Kami et al., 2014a).
We should not rule out the possibility of BPM having a role in leaf elevation response, where PKS2
has a function. We are currently analyzing the importance of BPM and PDIP for phototropism to
determine the conditions in which they are important. The phototropic curvature defect in the bpm4
and bpm34 mutants in LBL was very mild and only observable in the early stages of phototropism
(Fig. 13). Higher-order mutants of BPM will need to be tested to determine the functional
importance of BPM in LBL and HBL. We found PKS motif D to interact with BPM through its
MATH domain, which is proposed to act as a substrate adaptor of E3 ubiquitin ligases (Fig. 10)
(Weber et al., 2005). Therefore, although we did not find an obvious role of BPM in PKS4 protein

abundance regulation, it is still to be determined whether PKS4is ubiquitinated.

Our work also identified the photo-regulatory protein kinases PPK4 and PPK3 to interact with
PKS4 motif D, however, they did not interact with any of the other A. thaliana PKS protein family
members (Figure 9). As for cry interaction with PPK, our Y2H screening revealed that PKS4
interacts with PPK through the C-terminal part that does not contain the PPK catalytic kinase
domain (Liu etal., 2017). Therefore, we hypothesize that PPK could regulate phototropism through
the interaction with PKS4 by controlling important phosphorylation changes in photl signaling
components like PKS4, photl, or NPH3, similar to the mechanisms through which PPK proteins
control cry2 activity in response to BL (Sullivan et al., 2008, Demarsy et al., 2012, Liu etal., 2017,
Schumacher et al., 2018, Sullivan et al., 2021). Given that our data showed no BPM-mediated

regulation of PKS4 protein abundance, we could speculate that PPK proteins might be involved in
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PKS4 degradation in response to light through a similar mechanism through which cry2 is degraded
by the LRB E3 ubiquitin ligases in a PPK-dependent manner (Fig. 12B) (Chen et al., 2021).
Additionally, given that PPKs also play a role in RL signaling by inducing PIF3 phosphorylation
and degradation, we should not exclude a possible role of PPK in controlling inhibition of
gravitropism, where PKS4 also has a function, through PIFs-degradation (Schepens et al., 2008,
Christie et al., 2011, Dong et al., 2017, Ni et al., 2017). The lab is currently addressing the

importance of PPKin BL and RL signaling.

Moreover, we show that RLD2 and RLD4 interact with all the PKS protein family members’ motif
D (Fig. 7, 8, and 9). The analysis of the Y2H screening determined that this interaction occurred in
PKS4 through the RLD C-terminal BRX domain. Through a collaboration with Miyo Morita’s lab,
which is analyzing the co-crystal structure of motif D-BRX, we are currently making a functional
characterization of the RLD family to determine their importance in hypocotyl growth orientation.
Importantly, LZY recruits RLD at the PM through the BRX domain to regulate auxin transport by
relocating PIN3 in response to gravity stimuli (Furutani et al., 2020). Therefore, we can hypothesize
a model in which, similarly to LZY, PKS recruits RLD through the BRX domain to control auxin

transport in response to light stimuli.

Although this work focused on the study of the mode of action of PKS motifs C and D, the role of
motifs A, B, E, and F remains to be determined (Ch 3, Fig. 2 and 4). Our functional studies were
based on phototropism experiments in which we analyzed the response after 24h of LBL.
Measuring the hypocotyl bending kinetics from the start of the light treatment might suggest an
influence earlier in the phototropic curvature. Given that we found that PKS1 can function as PKS4
in phototropism and inhibition of gravitropism, it could be possible that we did not observe a

phenotype in the PKS4 mutated motifs variants because PKS1 might take over the function of the
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PKS4 mutated motifs. Complementation of the pkslpks4 double mutant with the mutated motif
PKS4 variants might be a good strategy to help our understanding of the role of these motifs in
promoting phototropism in LBL. Moreover, we should not exclude a possible role of these motifs
in the regulation of phototropism at higher light fluence, where PKS4 has an inhibitory role
(Demarsy et al., 2012, Schumacher et al., 2018). An additional motif called G appears in many
PKS proteins between motifs C and D, but it is absent in Brassicaceae PKS4 and PKS3, so we did
not test its requirement in this work (Vazquez et al., 2022). The high conservation of these motifs
in PKS proteins suggests that they were under positive selection, so it would be interesting to test
their importance in other phot- mediated responses in which other PKS family members are

involved.
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